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Erweiterte deutsche Zusammenfassung
Schénherr, Gabriele

Starke Magnetfelder akkretierender Neutronensterne
— Modellierung von Zyklotronlinien —

Akkretierende Neutronensterne in Rontgendoppelstetaisyen sind einzigartige
astrophysikalische Laboratorien fiir das Studium der Rhyster extremen Bedin-
gungen. Nicht nur bedingt ihre Kompaktheit ein Maf3 an Gedidih das nur noch von
Schwarzlochsystemen Ubertroffen wird; sie kénnen auateexstarke Magnetfelder,
millionenfach starker als das starkste bisher auf Erdeaugte Magnetfeld, haben.
Diese Magnetfelder bestimmen die beobachtbaren Strasthiagakteristika, darun-
ter das wohl auffalligste die Emission von Strahlungspul&é&sprung und Struktur
der Magnetfelder sind allerdings bis heute noch sehr téfel

Die einzig derzeit bekannte Methode, das Magnetfeld einestidnensterns zu
vermessen, basiert auf dem Studium von ZyklotronlinieresBiSpektrallinien wur-
den erstmals fUr das Doppelsternsystem Hercules X-1 exttdgeitdem sind Zyklo-
tronlinien fir mehr als ein Dutzend Réntgenpulsare beotedctorden. Sie entste-
hen durch resonante Streuprozesse von hochenergetisbbem®n mit quantisier-
ten Elektronen in der akkretierten Materie an den Polen dasgtridnensterns. Die
Linienenergien sind nahezu proportional zum Oberflachgmeifield des Neutronen-
sterns. Die Untersuchung ihrer Profile bietet einen méehtfugang zu der faszinie-
renden jedoch nur schlecht verstandenen Physik der Akkreti

Der Zugriff auf qualitativ hochwertige Daten von Satelitesie BeppoSAX RX-
TE, INTEGRAL und Suzaky hat die diagnostische Bedeutung von Zyklotronlinien
heutzutage einerseits gesteigert. Andererseits gibtsbebkein konkretes physikali-
sches Modell, um ihre komplexen Profile im Detail zu erkla'stattdessen werden
die Linienparameter und die Magnetfeldstarke mit phanartogiischen Modellen be-
stimmt. Mit solchen Ansétzen die zugrunde liegende Physil_thienentstehung zu
erschlief3en ist extrem schwierig.

Im Rahmen dieser Arbeit werden Zyklotronlinien mit Monterl@eSimulationen
berechnet. Die Linienprofile werden von Parametern wie deagitfeld, der Akkre-
tionsgeometrie, der Plasmatemperatur und optischen, Tiatkdes Austrittswinkels
der Photonen abgeleitet. Darauf aufbauend wird ein neuegpllations- und Fal-
tungsmodell zur Modellierung von Zyklotronlinien in denefgren von Réntgenpul-
saren entwickelt. Dessen Implementierung als lokales Magmanntycl onct, fur
die XSPECSpektralanalyse-Software erméglicht einen direkten Méct mit Beob-
achtungsdaten. Fitresultate fir die Beobachtungen dRéietgenpulsare, V03353,
Cen X-3 und 4U 190709, mitcycl ont erlauben einen ersten Blick auf die grund-
legende Physik Uber einen ph&nomenologischen Ansatzdiinau



Abstract
Schonherr, Gabriele

Strong magnetic fields of accreting neutron stars
— Modeling cyclotron lines —

Accreting neutron stars in X-ray binaries are unique astysizal laboratories for
studying the physics of matter under extreme conditions.ddty does their compact
nature lead to an amount of gravity only topped by black hgktesns; they can
also possess extreme magnetic fields, exceeding the highgsietic field which has
ever been produced on Earth by a million times. These magfielils dominate the
observed radiation characteristics, the most promineinigbgulsed emission. The
origin and structure of the magnetic fields, however, i$ lstijhly enigmatic.

The only direct method currently known for probing the magnféeld of a neutron
star is the study of cyclotron resonance scattering festurbese features, first dis-
covered in the spectrum of the binary system Hercules X:le haen observed as ab-
sorption lines in the spectra of more than a dozen accretingypulsars. They form
due to resonant scattering processes of high energy phettinguantized electrons
in the accreted matter at the neutron star poles. Their lieegies are approximately
proportional to the surface magnetic field strength of thetnom star. Moreover, the
analysis of their shapes is a powerful tool for assessingabenating but poorly
understood physics of accretion.

Today, with the access to data from satellites BeppoSAX RXTE, INTEGRAL
and Suzakuithe diagnostic potential of cyclotron lines has grown aneith these
instruments the observed cyclotron line features have beergetically resolved in
detail. On the other hand, explicit physical models to ustderd their complex ob-
served shapes are lacking. Phenomenological models adetasdbtain their char-
acteristic parameters and to determine the magnetic fiedthgth. The underlying
physics, however, are extremeley difficult to assess with sun approach.

In the scope of this work, cyclotron resonance scatteriagufes are calculated
for typical neutron star spectra using Monte Carlo simatati The line profiles are
inferred under the assumption of physical parameters ssitheamagnetic field, the
accretion geometry, the plasma temperature and opticth depd the emergent angle
of radiation. Based on these simulations, a new interpmiaind convolution model
is developed for modeling cyclotron lines in X-ray pulsantioua. This model is fur-
ther implemented as a local model, nansgat | ont, into the spectral fitting analysis
packageXSPECto allow for a direct comparison with observational data suts,
obtained from fitting cyclotron lines for observations of tk-ray pulsars V033253,
Cen X-3 and 4U 190%09 with cycl ont allow for a first glimpse on the physics
beyond a phenomenological analysis.
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CHAPTER1

Introduction

“I wonder why, | wonder why.
I wonder why | wonder...

I wonder why | wonder why,
| wonder why | wonder.”

[Richard Feynman]

X-ray astronomy

X-ray astronomers indeed have had a lot to wonder about gltine last decades.
Since the first detection of extrasolar X-rays in the 196Q%iting new world has
been opening up in the X-ray waveband. Different from thecapsky, the X-ray sky
is a violent and constantly changing sight. The observedatbjhave temperatures
of 108 K and higher, hinting at the presence of extreme conditi@iong magnetic
fields, very high gravity or explosive forces are often imeal. Black holes and ac-
creting neutron stars are among the objects observed imdtisniverse which has
long been inaccessible for observational astronomy. @onto other energy bands,
where ground-based observatories can be used, X- and gaaynadservations re-
quire space-based technologies. The atmospheric abmogithigh-energy photons
renders their detection from Earth impossible (Fig. 1.1hdugh the challenge of
space technologies slowed down the progress in this fieldsgarch at first, it has
been a rapidly evolving area ever since.

The beginning of extrasolar X-ray astronomy dates back ¢oytbar 1962 when
a rocket-based X-ray detector (Giacconi et al., 1962) waenflm order to observe
fluorescence of the moon'’s surface from the solar wind. hedrout that the X-ray
emission of the moon was below the detection limit of the diete Instead, scanning
the sky with Geiger counters, the rocket experiment disathe first strong source
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(200 kev)

Gamma

Radio and Microwave X-Rays Rays

SATELLITES

ROCKETS
1

BALLOONS

AIRCRAFT

" MOUNTAINTOP |
L0 IES

Figure 1.1: Electromagnetic spectrum and atmosphericrptign. The depth of the pene-
tration (i.e. the depth at which the initial intensity hacid®ased by a factor 1/e) of light at
different frequencies into the Earth’s atmosphere is shoitre required observatories for the
different energy bands are indicated (Image courtesy NABAp: / / chandr a. har var d.
edu/ xray_astro/ absorption. htm).

of X-ray emission in space outside the solar system. Thiscgedn the constellation
Scorpius was later called Scorpius X-1 (Sco X-1), which igraihous X-ray binary.
Data from the discovery observation is shown in Fig. 1.2. oAfer the first time,
evidence for an X-ray background radiation in space wasigeal

To date, about half a million X-ray sources have been diseml’e Most sources
were detected by virtue of satellite-based observatotie4.970, 59 X-ray sources
were known from all previous rocket and balloon missions1930, thanks to the
Uhurt? satellite, the British-US observatoAriel-V, and the first High Energy As-
tronomy ObservatoryEAO-1), this number had grown to 700 known sources. An-
other ten years later, thEinstein (HEAO-2)observatory and the European Space
Agency’s X-ray ObservatoryHXOSAT) established a list of 8000 sources. The
launch of the Roentgen SatellitRQSAT) and its extensive survey program made this
number jump up again. In the year 2000, 220000 X-ray souraddben observed, a
number which doubled in the following years mainly thanksdarce detections by

lhtt p: // heasar c. nasa. gov/ docs/ heasar ¢/ headat es/ how_nany_xr ay. ht m
2the Swabhili word for ‘freedom’; a list of past and present Xdayamma-ray missions is provided, e.g.,
by NASA atht t p: / / heasar c. nasa. gov/ docs/ observatories. htm
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Figure 1.2: Discovery observation of the first extrasolata){-source Sco X-1 (Giacconi et al.,
1962). The number of counts (accumulated3iit s in each6°® interval) from two Geiger
counters grouped around the longitudinal rocket axis \&etiset azimuth angle is shown.

the Chandra satellite and the X-ray Multi-Mirror MissionXMM-Newton). In 2010,
estimates predict that the list of X-ray sources will encasga million objects.
There is no sharply defined frontier in energy between gamays-and X-rays.
One commonly speaks of soft X-rays fram0.1-3 keV, of intermediate X-rays from
0.3-10keV, and of hard or high-energy X-rays frohd keV to ~ 0.5 MeV. For a
general introduction to observational X-ray astronomg,Gharles & Seward (1995).

The high-energy universe is a unique laboratory to obselysips under extreme
conditions which are not reproducible on Earth. The titl¢hid thesis, “Strong mag-
netic fields of accreting neutron stars”, hints at some afnth&he wording ‘strong’
refers to fields which are a million times stronger than tingdat magnetic field which
has ever been produced in a laboratory on Earth. Also, gtassital fields so strong
that they bend the escaping light are characteristic foregiog neutron stars. Rela-
tivistic quantum electrodynamics is required to discussrédiation processes in the
plasma. The extreme magnetic fields not only give rise togoudbaracteristics but
also manifest themselves in the spectra of accreting nesters in the form of cy-
clotron resonance scattering features. As will be expthineletail later in this thesis,
these features are formed in absorption due to resonantgtiaghoton electron scat-
tering in a relativistic magnetized plasma of quantizedtetss. They are observed
at energies directly linked to the magnetic field strengthbetter understanding of

Snamed in honor of S. Chandrasekhar
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Figure 1.3: The galaxy in X-rays as seen by the Rossi X-rayifignExplorer RXTE). The
big dot above the galactic plane corresponds to Sco X-1. Huedfiis a snapshot taken from
a video released from a group of researchers at the Massthimstitute of Technology, led
by Hale Bradt.

those features can help to reveal the mysterious nature gietiazed accreting neu-
tron stars. This work is dedicated to the study of their farorain the spectra of
accreting X-ray pulsars.

Outline

The outline of the present work is as follows: the next chiagitees an overview over
the properties of accreting neutron stars, in particuldhefclass of accreting X-ray
pulsars. Itinvolves the discussion of general neutronstaperties, binary dynamics,
mechanisms of accretion, timing and spectral propertigbasfe objects. Chapter 3
introduces the focus of this thesis: cyclotron resonanaétexing features (CRSFs)
in magnetized X-ray pulsar spectra. The basic theory ofotyah line formation in
a strong magnetic field is discussed. Key results from pastrohtions are reported,
and an overview of different numerical approaches to madetiyclotron lines for
accreting neutron stars is given. Chapter 4 focuses on tredajement of a new mod-
eling approach, based on Monte Carlo simulations of thetrele@hoton scattering
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processes. Theoretical models are often hard to link torgasenal results. The
precise steps of modeling are therefore motivated in pdaiidrom an observer's
point of view. Theoretical predictions from the current rebuoh chapter 5 are com-
plemented in chapter 6 by a comparison of the model with rbakrvational data.
Finally, chapter 7 summarizes all results. Consequenctresé results, relevant for
(modeling) X-ray pulsar physics are concluded. Future rhddeelopments are an-
ticipated, and an outlook on further approaches to undedstg cyclotron resonance
scattering features for accreting neutron stars is predent



CHAPTER 2

Accreting X-ray pulsars

To date, more than 100 accreting X-ray pulsars have beentddtBildsten et al.,
1997; Liu, van Paradijs & van den Heuvel, 2005). X-ray pudsare bright X-ray
sources which exhibit a pulsed luminosity profile. Theireational properties are
understood to arise from accretion powered, magnetizetiorestars in close binary
systems with a normal star as companion (Pringle & Rees, ;19@®2idson & Os-
triker, 1973; Lamb, Pethick & Pines, 1973). Sometimes, ¢hmtX-ray pulsar is also
used in the literature for isolated, rotationally powereditnon stars or magnetars.
Throughout the present work it always refers to accretimgty neutron stars which
are the objects of interest of this work. For reviews of obatons of accreting X-
ray pulsars see, e.g., Nagase (1989), Bildsten et al. (199¥#)Salvo, Santangelo &
Segreto (2004).

The first observational discovery of an accreting neutran Binary pulsar took
place when regular pulsations in the X-ray energy band wbeemwed from Cen-
taurus X-3 (Cen X-3) by th&Jhuru satellite (Giacconi et al., 1971a; Schreier et al.,
1972, see Fig. 2.1). Shortly after, the same phenomenon bseneed byUhuru
for Hercules X-1 (Her X-1; Tananbaum et al., 1972). X-raysatibns had already
been seen before in the spectrum of the Crab pulsar. Howe€eer X-3 and Her
X-1 had comparably slow rotational periods at similar X-hayinosities, ruling out
a rotationally-powered emission mechanism (Davidson &ikest, 1973; Ostriker &
Davidson, 1973). The findings of their spin-up charactiessta shortening of their
rotation periods) confirmed this deduction. The observaticdentificatiort of both
sources with binary systems instead pointed at accretidgheadominant source of
energy. Following the interpretation of Pringle & Rees (2pfor Cen X-3, Davidson
& Ostriker (1973) proposed Cen X-3 and Her X-1 to be the pyates for this new
class of accreting X-ray binary systems. Indeed, the highyduminosities could be
explained by the liberation of gravitational energy fromtteabeing accreted onto a
neutron star. Also, the spin-up rates were understood asseqgaence of an angular
momentum transfer associated with the accretion of thdlimjagas. Many more

from direct observational evidence such at eclipses anglBophifts of the pulsation.
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Figure 2.1: Discovery of of pulsations in the light curve a#rCX-3 (Giacconi et al., 1971a).

Count histogram fo2—6 keV flux, received on April 12, 1971 byhuru A sinusoidal fit to the
data is also shown.

observations of X-ray pulsars have strengthened this stateting and contributed
to a more complete picture of X-ray pulsars (Nagase, 198&reting X-ray pulsars
are believed to have masseshdf~ 1.3—-1.8 M, radii of R ~ 10% cm, luminosities

of 1034-10%® ergs™!, to be spinning with periods d? = 10~2-10% s, and to possess
magnetic fields of the order af)'? Gauss. There are persistent and transient source
which can only be observed (at high luminosities) duringbatst events (see section
2.2).

Since the discovery of the first X-ray pulsar, through stadietheir spectral and
temporal behaviour, the understanding of these sourcembessased significantly.
In the following, the basic physics of accreting neutromssta discussed. Different
classes of neutron stars, the ‘radio pulsars’ and ‘magsiedae only briefly touched
as a full-blown discussion of neutron star physics is fadnelthe scope of this work.
This chapter instead aims at a self-contained elaborafitimoge aspects which are
most relevant for understanding the theory and the obsenaltdata of cyclotron res-
onance scattering features in the hard X-ray spectra aiglyonagnetized, accreting
neutron stars. More general information about neutrors siad compact X-ray bi-
naries can be found for instance in the textbooks by Lewin,Raradijs & van den
Heuvel (1995), Glendenning (1996) or Lewin & van der Klis QB).

2.1 Neutron stars

“I could be bound in a nut shell and count myself a king of inérspace.”
[W. Shakespeare (Hamlet)]

Neutron stars are the compact remnants of massive normsigth zero-age main
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Figure 2.2: Supernova classification. Figure from Tura®@0@3). The classification scheme
is an extended version of the original spectroscopicairdison of class | (no hydrogen lines)
and class Il (hydrogen lines) (Minkowski, 1941). SNe ar® alistinguished with respect to
the physical processes of the explosion in thermonuclear &M core-collapse SNe.

sequence masses of ab8ub 20-30 M. They are believed to form during a core-
collapse supernova (SN) of type Il, Ib or Ic (Fig. 2.2). Foesiew of the evolution
and explosion of massive stars, see, e.g., Woosley, Hegeed&vgy (2002), for spec-
troscopical SN classification see Minkowski (1941) and Toré2003).

While only ~2000 neutron stars have been detected so far (Lorimer, 200%), est
mates predict a number of abal® neutron stars in our galaxy (Timmes, Woosley
& Weaver, 1996). First important contributions to the thetimal conception of the
neutron star idea came from Chandrasekhar (1931), and Lgi882), raising the
guestion about the ultimate fate of stars beyond white dsveBhortly after the dis-
covery of the neutron as an elementary particle (ChadwigR4), Baade & Zwicky
(1934) proposed ‘neutron stars’ to be formed during a superevent. First calcula-
tions of the neutron stars’ structure (Chandrasekhar, 108penheimer & Volkoff,
1939) constrained their masses (see table 2.1). The phyfsieutron stars are dis-
cussed in various textbooks, e.g., Shapiro & Teukolsky 8188 Lipunov (1992).

Neutron stars are characterized by very high densitie$, ¢uigvity, fast rotation,
and strong magnetic fields. Typical masses are 113&d/., (see Fig. 2.3 for mea-
sured binary radio pulsar masses, Thorsett & Chakraba®89)lcompared to radii
of the order ofl0 km, yielding densities comparable to the densities of atamclei.
The exact equation of state for neutron stars, however,irmmaknown. The high
compactness of neutron stars leads to a surface gravityhvigniabout10'! times
stronger than gravity on Earth. The fast rotation of neustams is traditionally ex-
plained by the conservation of the rotational angular mdomenZ = [w, during
the collapse of a normal star’s core, wheérés the moment of inertia and is the
angular rotational velocity. The rotational energy ince=awith the compression as
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Figure 2.3: Mass measurements of radio pulsars in binatgsigs(Thorsett & Chakrabarty,
1999). The vertical lines indicate the regimelMdf= 1.35 & 0.04 M.

Erot = Iw?/2 o« R™2 (R is the radius of the object; Lipunov, 1992). Recently,
Blondin & Mezzacappa (2007) have suggested that the spildl @ostead be a result
of the explosion itself, breaking with the hypothesis of arefation of the neutron
stars’ spin to the spin of the progenitor stars. Similathg juestion whether the
strong magnetic fields are linked to the progenitor starédgier whether they are
generated mainly after the SN explosion is not solved yet ¢eetion 3.1). The sur-
face temperatures of neutron stars are believed to coolifndially about10! K to
temperatures of0°-10° K on a time scale of less than 1000 years. The cooling is
believed to occur via neutrino emission from the whole ateiody and from heat
transport to the surface which results in thermal emissigrhotons. After cooling,
neutron stars still exceed the surface temperature of thé$gthree orders of magni-
tude. For NS cooling theories, see, e.g., Tsuruta & Camer®6q), Pethick (1992),
Page (1998) and Yakovlev & Pethick (2004).

The real nature of the matter compressed within a neutrorastits interior are
still highly enigmatic. A simplified model is the picture of@ssibly superfluid and
superconductive inner core, surrounded by a solid crustivwéxtends to aboutkm
below the surface and contains atomic nuclei in an electenmFsea (Harding &
Lai, 2006; Jones, 2004). Its composition may be changed bsetion of matter.
Models for the interior further involve scenarios of freeutrens at the inner crust
(p > 4-10'"" gcm3), which may form Cooper pairs and turn superfluid beloveV
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Table 2.1: Mass constraints on the compact core of the pitmgestar which assumes different
final evolutionary states (as a WD, NS or BH), after derivagiby Chandrasekhar (1931) and
Oppenheimer & Volkoff (1939).

Mass <1.4M, 1.4M, <M < 3-4 M, M > 4 M,
Object White Dwarf (WD) Neutron star (NS) Black Hole (BH)

and the disappearance of nuclei and the presence of prefestons, muons, more
exotic particles and strange matter with progressing tiemsithe inner core 4 >
2-10'*gcm3; Harding & Lai, 2006). In the framework of this work, the mascopic
properties of neutron stars are more important than theéristructure. The observed
spectra are dominated by the structure of the atmospherater envelope of the
neutron star. However, the inner structure is crucial fer ttass-radius relation of
the neutron star, which in turn determines the gravitatioedshift of the radiation
emerging from its surface (see section 2.6).

2.2 X-ray binaries

Accreting X-ray pulsars are neutron stars in binary systgmosvering their X-ray
emission by the accretion of matter from the companion stae €ection 2.3). X-
ray binaries contain a normal star and a compact objecttimgbéach other. The
compact object can be a neutron star or a black hole. The mastdn of the system
is calculated as a function of the orbital parameters as

Popv®  (Mc sini)3

f(MP; MC) = omG (MC+MP)2 )

2.1)

where Mpc are the masses of the pulsar and the companionasstar,a sini is the
projected semi-major axigky is the binary period; is the system’s inclination and
v is the observed velocity projected on the sky. The orbitalogeis obtained from
the Doppler variations of the pulsar spin; the amplitudehef tadial velocity curve
givesz. Orbital periods of hours to months have been observed foeting X-ray
pulsars. For eclipsing systems, also the inclination cambéasuredi(~ 90°). The
relative size of the components of X-ray binaries is illagtd in Fig. 2.4.

X-ray binaries are classified via the mass of the companiaooor star as Low-
Mass X-ray Binaries (LMXBs: donor is a late-type star) angiiMass X-ray Bi-
naries (HMXBs: donor is an early-type star; Shore & van denouéé 1994). Most
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Figure 2.4: Sketch of an accreting X-ray binary. Figure byex| (1991).

accreting X-ray pulsars belong to the class of HMXBs (Memrdgl& Stella, 1995,
Fig. 2.5).

Accreting HMXB pulsars contain a donor star of type O or B of assW/ >
10M. Due to their short lifetimes they contain a young neutram,sind have sig-
nificantly higher magnetic fields(10'2 G) than LMXBs (~10® G). HMXBs accrete
from wind accretion, or sometimes from Roche lobe overfloith whe eventual for-
mation of an accretion disk. Section 2.3 gives the details@retion mechanisms
for X-ray pulsars. The optical emission of the system madmiginates from the mas-
sive companion star which dominates the energy balanceeafytstem. HMXBs are
subdivided into systems containing evolved OB superg@amdsinto those containing
main-sequence Be stars (Bildsten et al., 1997). More thofihe known accreting
pulsars belong to the sub-class of Be/X-ray binaries (Bt al., 1997), where the
neutron star is in a highly eccentric orbit around its conmpaiiFig. 2.6). Be/X-ray
binaries are observed through transient phases of X-rayuosis. Two classes of
outbursts have been observed: the periodically recuryipg t (‘normal’) outbursts
which are associated with accretion during the periastessage (see Fig. 2.6), and
the type Il irregular activity with much higher luminositgiant outbursts’), observed
at arbitrary orbital phases (Bildsten et al., 1997). The f{say transient discov-
ered was Cen X-2 (Chodil et al., 1967; Francey et al., 196&antples for some
long known sources which have recently shown outburstsher®e/X-ray binaries
V0332+53 and A0535-26 (see section 6.2). If the companion star in an evolvec
HMXB explodes and if the binary system survives this exmlosa double neutron
star system may form. To date, there are five to eight detestid double neutron
star binaries, the first of them being PSR B1913+16 (Hulse ®oral975).

LMXBs have a lower magnetic field than HMXBs. With the exceptof some
sources (Mereghetti & Stella, 1995) they are non-pulsamgces. In LMXBs the
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Figure 2.5: Spin period distribution of X-ray binaries (Mghetti & Stella, 1995) for HMXBs
and LMXBs.

companion star is of a type A or later and has a relatively smas,M < 1.2Mg,
except for some special cases like e.g. Her X-1 or GX 1+4. LM)&Be typically
powered by Roche lobe overflow. In X-rays, their phenomegple dominated by
emission from the compact object and from the accretion aiskind it. In the opti-
cal waveband, the accretion disk and the X-ray heated sudtthe donor star are
observed.

X-ray bursts and quasi-periodic oscillations (QPOs) hasenbobserved for sev-
eral LMXBs (e.g., Lewin, van Paradijs & Taam, 1993; Wijnan2801; van der Klis,
2006). One scenario for the bursts are thermonuclear eérpswhere accreted
hydrogen, helium and carbon accumulate on the neutron sthegentually reach
densities which trigger thermonuclear fusion processes)grise to a sudden huge
energy release (Bildsten, Chang & Paerels, 2003). X-ragtblnave been seen to last
from a few seconds to a few hours, exhibiting a peak lumigasitnearly 10° L.
Low frequency QPOsIE100Hz) and kHz QPOS)(2—-1.3 kHz) are observed as broad
peaks in the power density spectra of LMXBs, with centroiérgies in the Hz to
kHz regime. Beat frequency models (BFMs; Alpar & Shaham,519&mb et al.,
1985; Lamb & Miller, 2001) assume the accretion of local difkomogeneities at
the magnetospheric radius (see 2.3) and at the sonic radius\weat frequency to
explain QPO signals. In relativistic precession modelsMBPStella, 2001), funda-
mental frequencies of the motion of matter near the neutamese held responsible
for QPOs.
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Figure 2.6: Be/X-ray binary system. Accretion with type Itlmursts takes place when the
neutron star crosses the disk of matter surrounding the &edstring periastron passage
(Kretschmar, 1996).

Radio pulsars and magnetars

Accretion is just one of three known sources of energy foadyex-ray emission
from neutron stars, the others being rotational energy dossagnetic field decay.
In this section the properties of two representative pyteguoulations are discussed
briefly: the well-studied class of rotation powered raditspts and the very recently
established class of magnetars.

The first pulsar, discovered in 1967 by the astronomer Jodgdjl (Hewish et al.,
1968), was the radio pulsar PSR 19121. Remarkably, shortly before this first actual
pulsar discovery, Wheeler (1966) had already suggestethin&rab nebula might be
powered by the rotation of a central neutron star. Two yedes the rotation powered
Crab pulsar was also discovered (Staelin & Reifensteind),®6ipporting the rotating
neutron star hypothesis observationally (Gold, 1969) fanthe first time proving an
association of a pulsar with a SN remnant. To date, aroun@ péGars are known,
biased in their concentration along the galactic plane.aFR@view, see e.g. Lorimer
(2005). The rate of rotational energy loss by spin-down oéatron star with mass
M, radiusR, and angular velocity? amounts to (Contopoulos & Spitkovsky, 2006)

L= %MRQQQ. (2.2)

Rotation powered pulsars have pulse profiles of a more clgiaand stable shape
than the profiles of sources where accretion is involved. ddranection between
radio pulsars and accreting X-ray pulsars becomes integesten considering the
existence of two distinct populations of rotation poweretsars: ‘Normal’ or ‘clas-
sical pulsars’ have observed periods of the order of onenskashich increase as
P ~ 107'"ss!. ‘Millisecond pulsars’, on the other hand, have been oterv
spinning as fast as.5 < P < 30ms and to spin down sloweP(~ 10~ 9ss~1).
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Figure 2.7: Period vs. period derivative diagram for défetrclasses of rotation powered pul-
sars. Figure from Lorimer & Kramer (2004). The lines of camstmagnetic field and age are
marked and the region where no radio emission is observealggard’) is indicated (compare

Fig. 2.8).

The P-P diagram including different classes of rotation poweredtren stars is
shown in figure 2.7. A possible scenario for the formation dfisecond pulsars
assumes that they are formed in binary systems where thegpare up by accre-
tion processes (compare Fig. 2.8 and Bildsten et al., 198@{tBcharya & van den
Heuvel, 1991; Lamb & Yu, 2005). However, large differenaeshie magnetic field
strengthsB (PP)l/2 (see below) compared to the normal pulsars or the accret-
ing X-ray pulsars still require a better understanding.(Eaqicher-Giguére & Kaspi,
2006; Contopoulos & Spitkovsky, 2006).

A standard estimate of the magnetic fields of rotation podigsmlated pulsars is
obtained via the measurement of their pulse peridtisand period derivatives?,
based on calculating the loss of rotational enef@yo/dt o« —B%*w?*, wherew =
27/ P is the angular frequency. The magnetic field is then giverBhaftacharya &
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Figure 2.8: Evolutionary scenario for the formation of alisécond pulsartt t p: / / waw.
astro. cornel |l . edu/ acadeni cs/ courses/ astro201/ pul sar _graph. ht m.
An initially normal isolated pulsar, born as a fast rotatdiieh powers its energy from rotation
is observed to slow down until it crosses the ‘death line’ #sdradio emission faints. If
member of a binary system, it is spun up again by accretioe @sccompanion has further
evolved and ultimately produces a millisecond pulsar.

van den Heuvel, 1991; Ostriker & Gunn, 1969):

P 8t 1 R* 9
Equation (2.3) implies magnetic field strengths.0f'—10'3 G for radio pulsars.
When accretion is involved, such derivations of fBdield are more complicated.
Torque theory must be considered as a cause for changes pétloel (Ghosh &
Lamb, 1979b; Longair, 1981), and gives

P
—5 X PLS/TM—2/TRI2ITR2/T (2.4)

yielding approximate dipole magnetic field strengths ofatder of10'2 G. Limits on
how much a pulsar can be spun up may be derived from accretiquds, magnetic
dipole radiation, and gravitational radiation (Chakraypa2006). From gravitational
radiation a limiting frequency was proposed frommode oscillation models (An-
dersson, 1998; Friedman & Morsink, 1998),:as< 700 Hz (Levin & Ushomirsky,
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Figure 2.9: Accretion mechanisms in binary systems. Ldfted-dimensional representa-
tion of the Roche potential of a binary system. Mass transfeurs via the inner Lagrange
point L,. Figure fromhtt p://ww. astro. uu. nl /~sl uys/ Hemel /| nfornati e/

St erren/ hoof dst uk6. ht M . Right: Stellar wind accretion. Sketch of Vela X-1
(P. Kretschmar and J. Wilms, priv. com.).

2001). However the fastest spinning, securely detecteshpptesently known, which

is a pulsar in the Terzan 5 globular cluster named PSR J1448&2l (Hessels et al.,
2006), spins ar16 Hz, exceeding this limit. Gravitational wave studies arpented

to shed more light, e.g., on themode theories and on the possibility of the existence
of pulsars with even shorter pulse periods (Hessels et@§R Very recently, Kaaret

et al. (2007) have even claimed the detectiomi®f2 Hz oscillations during an X-ray
burst of the X-ray transient XTE J173285.

Magnetars are the most recently established class of mesiizos. The term ‘mag-
netar’ refers to a neutron star with an ultra-strong, sujitéral> magnetic field of the
order of10'#~10'® G. The existence of magnetars was proposed by Duncan & Thomp-
son (1992). Meanwhile, various magnetar sources have leteatdd to confirm their
idea. A field strength of the ordé@0'® Gauss was claimed from the detection of a
proton cyclotron scattering feature in the soft gamma rpgater (SGR, Kouveliotou
etal., 1998, 1999) SGR 186&0 (Ibrahim et al., 2002, see section 3.3). Two classes
of neutron stars, the anomalous X-ray pulsars (AXPs, seeMegeghetti, 2001) and
the SGRs are today believed to belong to this one class ofsi{(@/oods & Thomp-
son, 2006). AXPs were called this way because of their longinderstood myste-
rious nature compared to X-ray pulsars. SGRs are gamma riteevbelieved to

2compared to the quantum critical fielBg; ~ 44.14 - 102 G (see later).
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Figure 2.10: Artist’s impression of an X-ray binary with tf@mation of an accretion disk
(htt p: // hea- ww. har var d. edu/ ~psr _snr/i mages/ xrb. j pg).

have extremely soft spectra, although recently hard X-cagmonents were detected
in INTEGRAL data for both SGRs and AXPs (Mereghetti et al., 2005; Gotd.et a
2006, 2007). Meanwhile a scenario has evolved in which a etagiis believed to
evolve from an initial SGR status to an AXP (Wilson, 2006).

2.3 Accretion mechanisms

“How is it that the sky feeds the stars?”
[Lucretius]

X-ray pulsars are literally fed by the accretion of mattenfrtheir companion star
which is transferred onto the neutron star. Accretion is ry edficient mechanism
of energy production, liberating an amount of enerdylcc = GM AMae/ R) of
typically 102° ergs for each accreted gram of matter (Mdr= 1 My, R = 10km).
The mass accretion rat&/, determines the luminosity of the system,

L= %MNOJM. (2.5)

Typical mass accretion rates aré~'—10~° M yr—!; an upper limit on the mass
accretion rate was estimated by Ostriker & Davidson (19830a” M yr—!. The

maximum luminosity by accretion is reached when the raafigpressure equals the
gravitational pressure of the star. For spherically symimatcretion, one speaks of
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the Eddington luminosity,

4nGM M
mGM(mp £ me)e g oo o1 My (2.6)
or M@

LEqq =

X-ray pulsars with super-Eddington luminosities have beleserved. This does not
violate the pressure balance if one considers non-sphexicaetion, which is ex-
pected for strong magnetic fields (see below).

When modeling accretion, the relevant scale to considdraglistance from the
neutron star surface. Atlarge distances, gravity domgeatel magnetospheric stresses
may be neglected. The distance is parameterized by the rieesgheric or Alfvén ra-
dius, denominating the radial distance where the ram pressithe accretion flow
equals the magnetic pressure. Inside the Alfvén surfacenatagpheric effects dom-
inate accretion.

2.3.1 Distant accretion flow

The mass transfer from the donor star towards the neutroolsé&ys different mech-
anisms for distinct system properties. The basic type ofhaeism is determined
by the distance at which gravitational capture of the mdiyethe neutron star takes
place, and by its mean specific angular momentum at thatndistaClose binaries
are powered by Roche lobe overflow: matter directly streams the companion

star towards the compact object by crossing the inner Lagraoint of the effective

gravitational potential (‘Roche potential’, see, e.g.pih 1989, and Fig. 2.9, left),
once the donor star has filled its Roche lobe. Strictly spwpakhe Roche potential
gives the effective potential of a binary containing tworganasses in the corotating
frame

— —

Roche M, My Lig o A2
PR = G —G|r_r2|—§((2><r) , 2.7)
whereM;, M, 7, andrs are the masses and positions of the componentééﬂthe
angular velocity. Angular momentum is preserved and anesicer disk may form
(Fig. 2.10).

In systems where the companion star has a strong stellar, wiatter can be ac-
creted directly from this wind (Fig. 2.9, right). This mecism was sometimes called
guasi-spherical accretion but is today believed to be mdstused wind accretion
from a tidal stream. Observations of such systems are dyranfyenced by absorp-
tion of radiation by this wind. Blondin (1994) and Blondin &34/ (1995) proposed a
shadow wind and an X-ray excited, thermally driven wind comgnt and visualized
the complex velocity field structures of the binary systeffisey simulated the stel-
lar wind hydrodynamics for the luminous X-ray binaries Cei3 dnd SMC X-3. An
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Figure 2.11: Accretion regimes (Ghosh & Lamb, 1978), scheraldy depicted for disk ac-
cretion. The corotation radius.,, marking the distance where the angular velocity of the
magnetosphere is equal to the Keplerian gas velocity, andntignetospheric radiusy (see
text), are indicated.

example for a strong wind accretor is Vela X-1 (compare sedi2). The wind struc-
ture can be inferred from a rapidly varying light curve whishraced to variations of
the absorbing column along the line of sight.

2.3.2 Magnetospheric accretion

Close to the neutron star surface, regardless of the distanétion scenario assumed,
the flow of matter is dominated by the strong magnetic fieldh&f heutron star
(Fig. 2.12). One speaks of magnetospheric accretion. Far-field of a dipole
B,(r) = (R/r)?Bs, the magnetospheric pressure decreases with the distame f
the neutron star centeras

6
Prag (%) BZ, (2.8)

whereB; is the surface magnetic field & = r. Inside the magnetosphere its value
becomes comparable to the ram pressure in the flow of mattembl_ Pethick &
Pines (1973) determined the inner magnetospheric radiddhegn radius,ra, for
radial infall from equating the energy densities of the netgrfield and the infalling
matter,

pvp(ra) = Bi(ra)/(87), (2.9)
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Figure 2.12: Magnetospheric accretion. Courtesy: |. Negaebased on Davidson & Ostriker
(1973).

where the density of accreting matter is given by the coitiregquation

M = 471 pv, . (2.10)

The mass accretion rate is obtained from the luminosity lmaggn (2.5). Assuming
that the velocity of the infalling matter equals the fre#falocity

vg =/ 2GM/r, (2.11)

the Alfvén radius is obtained as

BiR? \'T )
TA = <m> x 108 - Bg7Ré0/7(M/M@)1/7L372/7, (2.12)

where B is the magnetic field in units of0'2G, R = R/10°cm andLz; =
L/10%" erg s t. Typical neutron star parameters givg ~ 10% km ~100 R. For the
study of cyclotron lines it is important to stress that thedue is far above the typi-
cally assumed height of the line forming region which is eitplaced at the surface
or below a radiative shock front (Basko & Sunyaev, 1976; Beck998). Therefore
the mechanisms of accretion beyond the magnetospheresamelevant for the study
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Figure 2.13: Scenarios of filling the accretion column. édlcolumn, hollow column, ‘blob’-
and ‘spaghetti’-like structures. Fig. 11 from Mészarossd)9

of cyclotron lines later in this thesis. Primarily, the pegses inside the Alfvén sur-
face have to be considered. Inside the Alfvén surface, thitemia funneled along
the field lines onto the magnetic poles (Basko & Sunyaev, L% i@e-fall velocities

of the order of~ 0.5 ¢ can be reached. The concentration of the field lines toward
the magnetic poles results in the formation of ‘accretidniems’ above the magnetic
poles (‘polar caps’,'hot spots’) of the neutron star. Sieestimates of the radial ex-
tension,rcap Of those hot spots for the case of dipolar magnetic fieldvi@an &

Ostriker, 1973) givercay = R3/2R,/* ~ 0.8km. However, those are only rough
estimates, and the real nature and dimensions of the amtmiumn or accretion
mound is still an unsolved mystery. Hollow funnels, filledwrans, and partially hol-
low columns have been proposed by different theoreticiasgy work by Mészaros
(1984) on the filling geometry of the accretion column is shawFigure 2.13. The
filling of the column may indeed by linked to the type of didtancretion which de-
cides on the way the matter couples to the field lines at thenetagpheric radius.
The gas which couples to the field lines is thought to have &zatpres of a few keV
and to further cool down by radiation during its fast apptoatthe surface. Close
to the surface, the infalling gas is suddenly stopped. be€omptonization of soft
photons in the decelerated plasma produces photons in taedkgamma ray regime.
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Figure 2.14: Simplified emission patterns. Left: ‘fan beaoénario. Right: ‘pencil beam’
scenario. Figure from Kretschmar (1996).

The emission characteristics of this radiation dependfiemiass accretion rat&{.
For largeM, a shock front develops at some distance from the neutrorsstéace,
which does not permit the upscattered photons to escapiealrifrom the accre-
tion column, i.e., parallel to th&-field. As a result, a ‘fan beam’ emission pattern
forms (Fig. 2.14, left). As was first shown by Basko & Sunyad®76), the critical
luminosity for shock formation*, is

« 9791057 [ T roy (M 1
L* =2.72-10 ( U||<H> (R) <M®> erg s, (2.13)

wherer is the polar cap radiug;r is the Thomson scattering cross section and

ando, are the energy averaged cross sections for the scatteripgodéns which

propagate in parallel and perpendicular to the magnetid @ekction (see Becker,
1998, and section 3.4). For small, on the other hand, i.e., fdr < L*, the radiation

is emitted from an accretion mound such that most photonsrared parallel to the
B-field in a ‘pencil beam’ pattern (Fig. 2.14, right).
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Figure 2.15: Lighthouse effect: when the rotation axis okatron star is not coaligned with
the magnetic axis, the observer sees ‘flashes’ or pulseghdf li

2.4 Pulsar mechanism and pulse profiles

The timing analysis of astrophysical sources is based ormatladysis of their light
curves, i.e., the detected source flux in a chosen energy &madunction of time.
Light curves of X-ray pulsars are of clearly periodic natuFée periodicity of their
flux variations, observed as pulsed emission, has initratiyivated the term ‘pulsar’.
The emission characteristics of pulsars are caused by thiteomestars’ strong mag-
netic fields which induce a beaming of the emergent radiatlong or at a certain
angle to the magnetic field vector. For X-ray pulsars diffiér@ccretion scenarios
inducing beamed emission have been described in sectioB.8bserver of a fast
spinning neutron star for which the magnetic axis is notigoald with its rotational
axis (Wang & Welter, 1981), will detect pulses of radiationemever one of the light
beams hits his line of sight. This mechanism is commonly rathe ‘lighthouse
effect’ (Fig. 2.15).

Comparedtoisolated pulsars, accreting X-ray pulsarshaather large duty cycle,
= 50%. Their pulses are relatively broad such that they are pnétkmntly seen in a
high flux state. The pulse periods which have been deternfiametiray pulsars span
a broad range from0~2 to 103 s. Folding the light curve of a source with its pulse
period, one obtains a characteristic pulse profile for orm@gdecycle. Its shape is
representative of the flux dependence on the phase of notdtie spectral properties
may change dramatically with the phase. The pulse profilei®asic tool to perform
and to interpret phase resolved spectroscopy. The formatithe complex structures
and substructures of pulse profiles from accreting neutars,showever, renders their
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Figure 2.16: Pulse profiles for Cen X-3, Her X-1 and Vela X-dnirclassicalGinga results
(Nagase, 1989). The morphology of the pulse profiles vadedifferent sources and depends
on the energy band of the observed flux. For more recent sesde, e.g., La Barbera et al.
(2003), Kuster et al. (2002) and Bildsten et al. (1997).

interpretation a difficult task. The profiles vary signifitlgrfrom source to source.
Their morphology usually is also strongly dependent on tlergy band chosen (see
Fig. 2.16). They may change from one observation of a soartieet next, possibly
indicating a change in the source’s geometry. Pulse shdppssi sinusoidal nature,
asymmetric character, double-peaked structure or evempéa&ed pulses have been
found for various sources observed at different energy $aAdstrong dependence
of the opacity of the X-ray emitting region on angle and frexaey yields a strongly
anisotropic radiation pattern. The analysis of pulse msfdan probe the structure
of the magnetosphere and the beam pattern (Wang & Welted,; B38m & Kraus,
2000). Mészéros & Nagel (1985a) tried to infer the geomettthi@accretion column
from simulations of a set of pulse profiles. They pointed bat pulses simulated for
fan beam scenarios seem to be too broad when comparing thamsdovational data
and concluded that the phase dependence of the observachdiited better with a
pencil beam scenario. Mészaros & Riffert (1988) also painotet, however, that a fan
beam might appear as a pencil beam to a distant observer dpavitational light
bending (see later).
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Figure 2.17: Light curve and orbital profiles for the stelldnd accretor Vela X-1. Left: Light
curve -10 keV) detected by ASM on RXTE of Vela X-1 observed during twontis (Nov—
Dec 1997) is shown (J. Wilms, priv. com.) . Right: Orbitallydaenergy resolved profiles for
the same observation by ASM and BATSE. The shape of the safilanges with the energy
range considered (J. Wilms, priv. com.).

Long-term history observations of X-ray pulsars have ricéhe existence of
medium and long term periodicities. Furthermore, systeanaecular changes of
the pulse periods with the time are observed. On orbital Soades (typically days),
the change in the flux can be attributed to the orbital persee (Fig. 2.17). Addi-
tional long-period variations of the flux have been deteétedHer X-1, LMC X-4,
and SMC X-1, among other sources (Levine & Jernigan, 1982t&irt, Bezler &
Kendziorra, 1983; Levine et al., 1991; Boyd & Smale, 2000y®& Still, 2004;
Boyd, Still & Corbet, 2004; Staubert et al., 2006; Klochkdva¢, 2006). Secular
changes of the pulse period mark its long-term variability. overall shortening of
the period (spin-up trend) is expected from the gain of asgomlomentum during
the accretion process, which is transferred from the imiglmatter to the neutron
star. A disk-accreting pulsar experiences a spin-up tqrijue- M\/GMra (Bild-
sten et al., 1997), which is also an upper limit for wind atiore However, also the
opposite effect, i.e., a lengthening of the period or spinadtrend has been observed
for some sources, and spin-down and spin-up trends havbedsofound to alternate,
often with a slow overall spin-up trend superposed (Bilds€&hang & Paerels, 2003).
Analyses of the spin-up and spin-down morphologies of Xgalgars probe their ac-
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cretion mechanisms. While long-term spin-up/spin-dowsersals are connected to
the accretiontorques (e.g., Fritz et al., 2006), shortetststic alternations may be as-
sociated with internal torques from crust to core interawtiof the neutron star. First
limiting frequencies were proposed from magnetosphercedion analysis (Ghosh
& Lamb, 1979a). Another mechanism to arrest the accretigqusspin-up could be
angular momentum loss from gravitational rotation (Biafst1998; Bildsten, Chang
& Paerels, 2003).

2.5 Spectral properties

The phenomenology of X-ray pulsar continua can be roughégidleed by a power
law (o ~ 1) with an exponential high-energy rolloff (White, Swank & Hdl983,;
Tanaka, 1986). At energies below a tenth to a few keV, thetgpeds absorbed by
the interstellar medium. At a few keV, most spectra exhilsibabsorption features
from metals in the interstellar gas or accretion flow. A 6.84&V iron emission line
is often observed. It indicates different ionization stadéthe matter, and is believed
to form due to iron fluorescence transitions (Ohashi et 8B4} in parts of the plasma
which are probably located further out and which are codlantthe surface emission
region. At intermediate energies, harmonic absorptiotufes are observed in more
than a dozen X-ray pulsars: cyclotron resonance scattératgres. Being the focus
of this work, their formation and their shapes will be dissmg in a fully dedicated
chapter (chapter 3) while this section focuses on the contmcomponent of X-ray
pulsar spectra. Some older spectra for some different Xptdgars (Nagase, 1989)
are depicted in Fig. 2.18; an example of a more recent bread-spectrum observed
by Beppo-SAX(A. Santangelo, priv. com., after dal Fiume et al., 2000hisven in
Fig. 2.19.

There are different phenomenological models in use for bseosational analysis
of X-ray pulsars. Neglecting, for the moment, low-energgabption and any line
features, the most simple model which qualitatively déssiX-ray pulsar spectra at
hard X-rays is an exponentially cutoff power law of the form

F(E)=A-E “exp(—F/Fju), (2.14)

with the free parameters giving the power law normalizatidnthe photon index,
«, and the folding energyEioq. Often, when considering real observational data,
however, more complex continuum models like, e.g. a powemiéh a Fermi-Dirac
cutoff (Tanaka, 1986),

-1
F(E)=A -E~ |exp E=Bar) |4 , (2.15)
Eoid
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Figure 2.18: Phase-averaged energy spectra of five X-r@amubbserved by Temma (Nagase,
1989) between April 1983 and April 1984.

a power law with a high-energy cutoff,
exp (%) if £ > Eout

(2.16)
1 otherwise

F(E) = AE™®. {

or the ‘npex’ model (Mihara, 1995; Makishima et al., 1999emative and positive
power law with a common high-energy cutoff,

F(E) = A(E—Otl + f . E+Ol2)exp (— Eild) , (217)
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Figure 2.19: Broad-banBeppoSAXphoton spectrum of Her X-1 (A. Santangelo, priv. com.,
based on dal Fiume et al. (2000). The colors indicate diffespectral components.

are used. To date no model has been found to be favorable feystematic study

and a physical interpretation of the phenomenological fiapeeters remains difficult.
The necessity of a smooth transition between the power lavttenexponential cutoff

to avoid line-like features in the fit has been discussed Btgthmar et al. (1997) and
Kreykenbohm (2004).

Attempts to numerically or analytically derive the shapeXefay pulsar spectra
have been numerous (e.g. Mészaros, 1978; Nagel, 1980, H8dbszaros et al.,
1983; Mészaros & Nagel, 1985a,b; Burnard, Klein & Arons,838Burnard, Arons &
Klein, 1991; Becker, 1998; Becker & Wolff, 2005). Howevep, self-consistent, gen-
eral model could be established due to the uncertainty diigitdy complex underly-
ing physics and structure of the accretion column and magpéere. Observers are
therefore still restricted to interpret data with phenouoilegical approaches, like out-
lined above. There has been some renewed effort emergiegtheor understanding
the continua from physical radiation processes (Becker &f\W2005, 2007). The
state-of-art of modeling X-ray pulsar continua is représdioy the work of Becker
& Wolff (2007). They discussed the formation of the continuemission from an
accretion column accounting for bulk motion of the mattethir line forming re-
gion and considering a Comptonization scenario. Becker 8&\&007) proposed a
velocity flow of the matter in the column which correspondsttupping of the accre-
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Figure 2.20: Schematic depiction of the seed photon prastuat the accretion column. Pho-
tons are produced by bremsstrahlung and synchrotron emigisioughout the column and
from a blackbody component from the surface of a thermal rd¢Becker & Wolff, 2007).

tion flow in a radiation-dominated shock (Becker, 1998). sTdgpproach limits their
discussion to luminous X-ray sources where the formatiothisf type of shock is
expected. These authors calculated the response of thetiaoorolumn to the seed
photons through Green'’s functions for the continuum foiomat The seed photons
(i.e., up-scattered soft photons) were assumed to orggiinan bremsstrahlung and
synchrotron radiation from within the column, and from liaady radiation from
the bottom of the column (see Fig. 2.20). The photons thdagdifspatially outwards
while undergoing thermal and bulk Comptonization procgesdeolding the initial
seed components with the Green'’s functions response, Bé&ckiolff (2007) ob-
tained the final contributions from the different seed radiaprocesses to the total
spectrum. Fitting their model parameters to published plaagraged spectra of the
three sources Cen X-3, LMC X-4 and Her X-1 (for Her X-1, seerig.21), they
obtained a qualitative agreement with the observationt. d&he authors found a
strong predominance of the bremsstrahlung componentlfsoatces. The cyclotron
absorption features were only included in an approximate wa

2.6 Gravity

“Do not bodies act upon light at a distance,
and by their action bend its rays;
and is not this action (caeteris paribus) strongest at tist ttistance?”

[I. Newton in Opticks, 1704]

The high compactness of neutron stars implies that refsitveffects are relevant.
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Figure 2.21: Theoretical X-ray pulsar spectrum fitted to Met by Becker & Wolff (2007).
The individual components of the continuum spectrum arevehavhere a cyclotron line fea-
ture is approximately included. The bremsstrahlung corapbstrongly dominates the total
spectrum. The component which is indicated as ‘cyclotrom'ssion is most commonly called
synchrotron radiation; the latter terminology is the onegdd in this work.

Radiation from X-ray pulsars is therefore observed at gatieinally redshifted ener-
gies. A distant observer sees the light which is emitted attam wavelength from
the neutron star’s surface at a longer wavelength AX. The relative displacement
implicitly defines the gravitational redshift; = AX/\. For neutron stars, the sur-
face gravitational redshift is usually approximated by fibrenula for a non-rotating,
uncharged, spherically symmetric mass in the Schwarzkshdcetime as

PR (2.18)

~ J1-Rs/R

3More than two centuries ago, Michell (1784) already propdbat light from high-gravity stars would
be weakened, based on Newton’s conception of light deflediiogravity (Newton, 1704). Effects of
gravity on light were further discussed by Laplace (1796)owredicted the existence of Newtonian black
holes, which he named ‘dark stars’, Soldner (1804), who @sed that the gravitational effect on light
would introduce a bending of light by massive objects, adependently by Einstein (1911) as part of his
theory of general relativity. Today, with the confirmatiohtloe existence of black holes, and with direct
observations of gravitational lensing, the gravitatioredshift and light deflection are well-established
phenomena in astronomy and cosmology.
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Rs = 2GM/c? is the Schwarzschild radius, given by the gravitationalstantG,
the speed of light and the masa/ of the gravitational source with radid& For the
canonical NS mass\{ = 1.4 M), Rs ~ 4.5 km. For X-ray pulsars; is needed for
an unambiguous determination of their surface magnetidgiflom cyclotron line
detections, as the observed energies of the CRSFs scaleviibt and1/(1 + 2)
(compare eq. 3.1, and see section 3.2). Unfortunatelgreéifit models for the interior
structure of neutron stars (see section 2.1) currentlytieadry different equations of
stateM (R), corresponding to different values afwhich observers are challenged to
measure from atomic or spectral lileés long as no uniqué/-R relation is known
for X-ray pulsars, a reasonable range for the redshift canliained by solving
equation (2.18) for typical neutron star masdés= 1.3—1.8 M and radiiR ~ 1-
1.5 Rs (Rg = 10%cm). Eq. (2.18) yields the rather large rangezof= 0.16-0.46
for the gravitational redshift of neutron stars. Usuallyservers assum&/ /My =
1.4, Rg = 1, corresponding te ~ 0.3 for the spectral analysis of X-ray pulsars.
Light deflection bends the orbits of the photons radiatethftioe surface of a neu-
tron star and increases its surface visibility. This effeagnportant for the understand-
ing of its emission characteristics, in particular whenlgziag pulse profiles which
result from gravitationally bent beam patterns (Blum & Ksa@000). The effect
of gravitational light bending can be assessed quantgtivy calculating the orbit
of a single photon. The Schwarzschild metric can be useddieing the geodesic
equations for a photon’s four momentum to obtain its trajgcin the Schwarzschild
coordinates, r, 6, ¢ (Kraus, 1998). Choosing as convention the equatorial flane

4For some sources, such measurements have been realizédmCBaerels & Mendez (2002) deter-
mined the redshift from the energy displacement of photesplabsorption lines in the X-ray burst spectra
of the LMXB EXO 0748-676 asz = 0.35. However, this method premises that (a) spectral linesere r
solved, and (b) that one knows for certain the nature analirghergy of those lines. Bildsten, Chang
& Paerels (2003) proposed to confirm this redshift measunéfme also considering Fe abundances and
spallation. From a calculation of the exact line profileg;camting for the star’s spin and full relativistic
effects, Bhattacharyya, Miller & Lamb (2006) predicted edtetical accuracy &f % for the determination
of M /R even for broad and skewed lines. If no suitable spectras lare found, estimates 8f andR by
other means have to be sought to vice versa estimate theagi@val redshift of the star. Independent deter-
mination of M andR in any case requires an approach beyond the redshift measot® Recently, Zhang
etal. (2007) presented three approaches to accedd thierelation for neutron stars, including the redshift
determination. The other two methods are the determinatidhe apparent radius from the blackbody lu-
minosity and blackbody temperature and the analysis of kidsigperiodic oscillations. The authors point
out that any two of these three methods would in principlécufo determinél/ and R independently for
sufficiently good measurements of the corresponding digsitiThey propose approximate constraints for
the masses and radii of three sources: 1E 1203209, Agl X-1 and EXO 0748676, implying redshifts
of z ~ 0.1-0.4, and suggest possibly corresponding types of eqatibstate for the interior neutron
star structures. Approaches to measure neutron star nes$eadii are manifold, extending from simple
considerations on binary dynamics to gravitational waueist.
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Figure 2.22: Light deflection by a neutron star. The effecagrhoton emitted perpendicular
to the magnetic axis of the neutron star at one pole is shosvaobserved by an observer at a
large distance, foR/Rs = 2.8. Figure from Blum & Kraus (2000).

the photon orbitd = 0) one obtains fof¢, r)

" bdr
) =0 /m R Ry ey v (2.19)

whereb is the impact parameter of the trajectory. As this integeadrot be solved
by analytical means, numerical solutions are usually appb study light deflection
(Kraus, 1998). Fig. 2.22 illustrates the deflection of a phamitted perpendicular
to the neutron star surface.

Many investigations of the effect of light bending on the efysitional properties
of accreting X-ray pulsars have been carried out. Riffeelef1993) discussed the
effect of gravitational light bending by fitting simplifieddal emission models to the
pulse profiles of Cen X-3, IE 225%86, and GS 184000. Like in non-relativistic
approaches (e.g., Leahy, 1991) these authors used nonetyimmagnetic poles to
account for the asymmetry in the pulse profiles. Howevely foeind significant
differences in the pulse shapes compared to the non-iistaticase. Bulik et al.
(1995) applied relativistic model calculations of magpedi neutron star atmospheres
to fitting phase resolved spectra of 4U 1538 and Vela X-1. Similar to Riffert
et al. (1993), they suggested non-antipodally located mtgpoles either due to an
off-center or to a bent magnetic axis and alternatively psagl a strong non-dipole
component of the magnetic field. Kraus et al. (1996) and Blukr&us (2000) have
presented a decomposition method which they applied tonstaecting the basic
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features of the pulse profiles of Cen X-3 and Her X-1. Howavegeneral model for
pulse profiles has so far emerged. From all theoretical nsatlehs become evident
that gravitational bending can have a considerable infleenahe shape of the pulse
profiles and on phase resolved spectra, in particular dietmixing of contributions
to the radiation from both magnetic poles. Due to the enhdisaeface visibility of
the neutron star, mixing may occur at practically all phadedservations, especially
if one assumes a distorted dipole field with asymmetric pmdations.



CHAPTER 3

Cyclotron line formation in strong magnetic fields

“The present situation in physics is as if we know chess, itlen’t know one or
two rules.”

[Richard Feynman]

3.1 Neutron star magnetic fields

Accreting X-ray pulsars can have surface magnetic fielde@brder ofl0'2 Gauss.
These fields are a million times stronger than the maximurd §igength which has
been produced in a laboratory on Ear8is Tesla< 10° Gauss), which is in turn
about another million times larger than the magnetic fieléEafth ¢~ 0.5 G) itself.
See, e.g., Harding & Lai (2006) for a review of the physicstobsgly magnetized
neutron stars.

Those strong magnetic fields of accreting X-ray pulsars datsi their observa-
tional signatures, giving rise to their pulsar charactessand governing the accretion
of matter which produces the energy radiation. Neutronrstagnetic fields measured
to date span a wide range of at ledst to 10'° Gauss (Reisenegger et al., 2005). The
strength of the magnetic field can be a distinctive featurghehomenologically dif-
ferent neutron star categories. Fig. 3.1 illustrates tiferginces of field strengths for
(classical and millisecond) radio pulsars, accreting Xgalsars and magnetars. The
magnetic field strengths can be derived either from pulsaing or from the detec-
tion of cyclotron resonant scattering features by spectisal means. While pulsar
timing is restricted to the approximate calculation of aspiraed dipolar field compo-
nent, it will be shown later that the analysis of cyclotrorel provides an elegant tool
to probe the magnetic field structure in the X-ray emittingioa of a neutron star’s
magnetosphere.

The origin of the magnetic fields is still a matter of hot debet the scientific
community. Two basic scenarios have been proposed for timeatn of neutron

34
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Figure 3.1: Magnetic fields of different classes of pulsarke dipole and surface magnetic
field strengths are estimated from timing,{) or from electron and ion cyclotron lines (see
text).

star magnetic fields (Reisenegger, 2003; Reisenegger, &08l5; Harding & Lai,
2006):

e Fossil field hypothesis. The magnetic field results from apldimation of the
progenitor's magnetic field during the collapse. Praclyall stars are believed
to possess some magnetic field at all evolutionary stageshwiersists on
very long time scales and with the magnetic field lines fromém the plasma.
The configuration of the magnetic field can thus be changechbypging the
macroscopic structure of the plasma. Due to magnetic flusemation® =
7R?B, the magnetic field of the progenitor star is expected tociase during
its collapse into a neutron star & oc R~2. This theory is supported by the
fact that magnetic fluxes of neutron stars have been foune teeby similar
to the ones of magnetic white dwarfs (Ruderman, 1972),rigrdit a common
origin of the fields.

¢ Neutron star dynamos. Thompson & Duncan (1993) presentedraso in
which neutron star magnetic fields are generated by a cangabtnamo im-
mediately after the formation of the proto-neutron stare HButhors claimed
that convection is inevitable due to entropy gradients wtigrm during the
phase of rapid neutrino cooling (see section 2.1), holdiigdtatement as an
argumentagainst fossil field theories, as the fluid motiomsld/.change signifi-
cantly the lower moments of the field. Their model is based agmetic dipole
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braking (Pacini, 1967; Gunn & Ostriker, 1969; Duncan & Thaop, 1992).
Other dynamo theories had been brought forward previoady, by Flowers
& Ruderman (1977) and Blandford & Romani (1988).

While simplified models of neutron stars usually assume aldipmagnetic field
structure (Gunn & Ostriker, 1969), pulse profile analysikal@ira, Postnov & Pro-
khorov, 1991; Bulik et al., 1995; Blum & Kraus, 2000) and saimeories on the field
origin (e.g., Urpin, Levshakov & lakovlev, 1986; Blandforipplegate & Hernquist,
1983; Arons, 1993; Hankins & Eilek, 2006) hint at possiblyrmmoomplicated struc-
tures like distorted dipoles, the presence of quadrupol®emd components, or other
non-dipolar magnetic field gradients. As no unique undaditey has evolved so far
from theory to shed light on the real origin and structure efitnon star magnetic
fields, good measurements of the field strength are of fund&atienportance.

3.2 Line formation in magnetized accreting neutron stars

The only direct method to determine the magnetic field of reeustars is the obser-
vation of cyclotron resonance scattering features (CRSKs)opposed to estimates
from pulsar timing (compare section 2.4) this techniquedatly probes the surface
magnetic field strength without any a priori assumptionshanfield structure. The
presence of electron cyclotron lines in X-ray pulsars was firedicted by Gnedin
& Sunyaev (1974) — a few years before their actual discoveryrmiper et al., 1978;
Wheaton et al., 1979, section 3.3). CRSFs are observed asgpéiba lines in the
spectra of many accreting X-ray binaries. Their line eresgire directly related to
the magnetic field strength, and may be estimated from a siexpression (‘123-
12 rule’), relatingB;., the surface magnetic field strength in unitsi6t? G, to the
energy of the fundamental cyclotron linEgy., as:

heB

eC

EcyC: =11.6keVB,. (31)
Analysis of their line shapes additionally can probe thealdg-field structure and
the accretion geometry, rendering cyclotron line analgsigvaluable tool for under-
standing the physics of magnetized X-ray pulsars.

Cyclotron lines form as a result of scattering processesgbf-Bnergy photons dur-
ing their passage through the relativistic electron plaisntiae accretion column. The
scattering cross section is resonant at energies corrdsppio the separation of the
Landau levels, which are the discrete energy levels of #herns: when the strength
of the magnetic field approaches the critical field stren@y = (m2c®)/(eh) =
44.14 - 10'? G, the de Broglie radius of a plasma electron becomes cormlgsti@its
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Larmor radius. Quantum mechanical treatment (see secdroBthe electrons’ mo-
tion perpendicular to the magnetic field lines (Mészaro92]1 ®augherty & Harding,
1986) reveals a quantization of the electron momentamec) = n(B/Beit). This
translates into discrete energy levels, where the fundtahkandau level is given
by the 12-B-12 rule (Eqg. 3.1) and the higher harmonics havéimes this energy.
For photon-electron scattering, relativistic effectdi¢aa slightly anharmonic spac-
ing of the resonant photon energies. Due to the large stajteross section at the
resonances and due to the quasi-harmonic spacing of thmahghbroadened Lan-
dau levels, photons of energies close to the Landau levefsemay not escape
the line-forming region unless inelastic scattering haghly changed their energy.
Consequently, absorption features in the photon spectrarolzserved at

V14 2n2sin®0 -1
2 Bt (32)

E,, = mec )
¢ sin’ 1+2

wherem, is the electron rest mass,the speed of lightg the angle between the
incident photon direction and the magnetic field vector, arid the gravitational
redshift at the radius of the line-forming region. Note ttia cyclotron lines are
enumerated, in the following, starting at= 1, and are referred to as the first or
fundamental line at the energy,. = E;, followed by the second, third, fourth,
etc. harmonicsi{ = 2,3,4,---). In the literature, they are sometimes also labeled
fundamental, first, second, third, etc. harmonic lines. ThHe¥mal motion of the
electrons parallel to the magnetic field lines broadens tiseiwved line features.

3.3 Observational data

Overview

In 1976, the first cyclotron line was detected in the X-raycspen of Her X-1 (Triim-
per et al., 1977). First interpreted as an emission featLg leV, the line was later
proposed to be in absorption with theoretical arguments &geN(1981b). Fig. 3.2
shows data from the discovery observation. Since the désgasf the Her X-1 cy-
clotron line, more sources exhibiting CRSFs have been vbdde.g., Heindl et al.,
2004; Staubert, 2003; Coburn et al., 2002; Santangelo ,e2@00). However, cy-
clotron lines are not seen for all accreting X-ray pulsdre,dauses of which are not
clear. Different source geometries or magnetic field stmgctight render at least
the fundamental line not observable (O. Nishimura, privngo At the time of writ-
ing, at least 15 accreting pulsars with securely detectelbttpn lines with magnetic
fields in the range of—5 - 10'2 G are known. Table 3.1 lists accreting X-ray pulsars
for which cyclotron line features have been observed to aldeeel of significance
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Figure 3.2: First cyclotron line detection in the spectruithe accreting X-ray pulsar Her X-1
(Trimper et al., 1978). The cyclotron feature was integafets an emission featurefitkeV
at that time.

(Heindl et al., 2004; Kreykenbohm, 2004). For other soureas, LMC X-4 or OAO
1657—-415, speculations about cyclotron line features were sadarcorroborated

by recent observations (Tsygankov & Lutovinov, 2005; Btedtet al., 2007) by
the Rossi X-ray Timing ExplorerRXTE) and the International Gamma Ray Astro-
physics LaboratoryINTEGRAL). For several sources, more than one feature has
been detected. The first source where more than two CRSFsdetreted was 4U
0115+63 (White, Swank & Holt, 1983), followed by the detection dditiple lines in

the spectra of Vela X-1, A053526, 4U 1904-09 and V0332-53. The record holder
with respect to the number of lines detected is 4U 0485 (Heindl et al., 1999;
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Figure 3.3: Detection of five CRSFs for 4U 0H63. The data and the unfolded model are
shown. Figures from (Heindl et al., 2004)

Santangelo et al., 1999) where five CRSFs were found (Hetradl, 2000, Fig. 3.3).
CRSF sources are regular targets of observations. Thegewgver the last decades

in energy resolution of instruments on satellites IB@ppoSAX, RXTE and, more
recently,INTEGRAL has led to excellent observational data of many interesting
jects with complex cyclotron line features and has made-hjiggiity phase resolved
spectroscopy possible. As a result, many interesting cteniatics of CRSFs are
known today, awaiting a deeper explanation than given bsitimg@le picture of line
formation which was outlined in the previous section. Marteresting results are
expected from the recently launched Japarfiseaki satellite in the future. Some
key results from observational studies are:

1. The profile of the fundamental line is resolved, is non-§&&an, and exhibits a
complex shape (e.g., Pottschmidt et al., 2005).

2. The second harmonic appears deeper than the fundamaetélg., Nagase
etal., 1991; Cusumano et al., 1998; Santangelo et al., 1999)

3. Significant variations of the line parameters of the CR8ifis the pulse phase
are observed for some sources (e.g., for Vela X-1, Cen X-8,@¥ 301-2

1satellite per Astronomia X, "Beppo” in honor of Giuseppe Kalini.
2Suzaku is a mythical, divine bird symbolizing renewal.
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Table 3.1: List of accreting X-ray pulsars with significanbserved cyclotron resonance scat-
tering features extended from Heindl et al. (2004); Kreylagdm (2004).

Source E, [keV] References

4U 0115+63 14,24, 36,48,62 Wheaton et al. (19HEAO-1)
Heindl et al. (1999RXTE)
Santangelo et al. (1998eppoSAX

4U 190A4-09 18, 38 Makishima & Mihara (1992)
Cusumano et al. (1998eppoSAX

4U 1538-52 20 Clark et al. (199GGingad

GS 1843+00 20 Mihara, Makishima & Nagase (1995inga

Vela X-1 24,52 Kendziorra et al. (199®4ir-HEXE)
Kreykenbohm et al. (200RXTE)

V0332453 26,49,74 Makishima et al. (1990@ingad

Cep X-4 30 Mihara et al. (1991Ginga

Cen X-3 28 Santangelo et al. (198eppoSAX
Heindl & Chakrabarty (1999RXTE)

X Per 29 Coburn et al. (200RXTE)

MXB 0656—072 33 Heindl et al. (200RXTE)

XTE J1946+274 36 Heindl et al. (200RXTE)

4U 1626-67 37 Orlandini et al. (1998IBeppoSAX
Heindl & Chakrabarty (1999RXTE)

GX 301-2 37 Mihara (1995Ginga)

Her X-1 41 Trimper et al. (1978allon-HEXE)

A 0535+26 46,102 Kendziorra et al. (1992, 199#EXE)

Maisack et al. (1997CGRO)

La Barbera et al., 2003; Suchy et al., 2007, Fig. 3.4) whileepsources have
relatively stable lines over the phase (e.g., V0333).

. Correlations between observed line and continuum paeasmbave been pro-
posed, in particular, correlations between the cyclotima énergy and the cut-
off energy Eeyc VS. Ecu) and a correlation of the fundamental line width and
depth @cyc vS. 7eyc) (Coburn et al., 2002; Heindl et al., 2004).

. The line ratios are not necessarily harmonic. The deviatirom the harmonic
energies in some spectra are too large to be explained onllgebasic rela-
tivistic corrections implied by Eqg. (3.2) (e.g., 4U 0163, Santangelo et al.,
1999)

. The line position of the fundamental CRSF can vary withgberce luminos-
ity. Negative (Mihara, 1995; Mowlavi et al., 2006; Nakajireal., 2006; Tsy-
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Figure 3.4: Pulse profile and the observed variation of the fiosition and line depth of the
fundamental cyclotron line from phase resolved spectmsad GX 301-2 (Heindl et al.,
2004).

gankov et al., 2006) and positive (La Barbera et al., 200&i8#rt et al., 2007)
linear energy-to-luminosity correlations have been faund

Although cyclotron lines are detected in many sources, pefeenderstanding of
their shapesis lacking. At present there is no physical freqajgicable to the analysis
of CRSFs in X-ray pulsar spectra. The observations arefibrerenodeled with phe-
nomenological line shapes, generally by including a mlii#ive absorption term

F(E) =CONT(E) - exp (—7(E)), (3.3)
where CONT is the continuum function, and where the most lEst@pproach to
modelr(FE) are Gaussiang@uabs, e.g. Soong et al., 1990) or Lorentziary@b,
Tanaka, 1986; Makishima et al., 1990b; Mihara et al., 198@pss:

GAUABS(E) = exp (1 — Texp (-%)) , (3.9)

whereFE) is the line energy and the line width, or

(3.5)

CYAB(E) = exp [— DUVE) Feyo)” } :

(E— Ep)?+ W2
where D is the Thomson optical depth fdt > FE, andW gives an artificial line
broadening. Sometimes, analysis is also performed ovegageveral Gaussians
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Figure 3.5: (a) Spectrum and best-fit model of VO333 from INTEGRAL observations
(Kreykenbohm et al., 2005). Three lines-é26, 47 and72 keV are detected. The lower panels
show the residuals for (b) fitting only the continuum with aveolaw and high energy rollof,
(c) including one Gaussian a6.6 keV, (d) another one at7.1 keV, (e) a third one a30 keV

to improve the fundamental shape, and (f) a fourth ond &eV.

to reproduce the shape of the fundamental line (e.g., Krdytlem et al., 2005;
Pottschmidt et al., 2005, Fig. 3.5).

An additional difficulty for the analysis of CRSF is the unteémty of the underly-
ing continuum shape. The physical processes of the comtiquraduction have been
outlined before. Summarizing, the total spectral shapkend-ray band is described
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Figure 3.6: Correlations of different line and continuumaraeters as proposed e.g. by Coburn
et al. (2002) for a sample of accreting X-ray pulsars. Leliot Bf the high-energy cutoff versus
the position of the fundamental CRSF; middle: line widthsuer position; right: ratio of line
width to energy versus lide depth. Figures from Coburn gR&i02).

by the continuum component, roughly a power law with an exmtial cutoff, a usu-
ally strong Fe kv line, low energy absorption by higy and one or more CRSFs.
The Fe kx line generally does not influence the observable propesfidtse CRSFs
because the observed line energies are well above its eddrgghoice of continuum
can have a certain influence on the line components of the Imogbarticular if a line

is only detected at a low level of significance. Thereforéidsesults from observa-
tional data are generally tested for different continuartsuee the significance of the
CRSF detections as well as the obtained constraints onrtb@érameters. Some ef-
fort has been made to link continuum parameters to line patemsfor their physical
interpretation (Mihara, 1995; Coburn et al., 2002; Heirtdlle 2004). Fig. 3.6 shows
three plots suggesting a correlation of the cyclotron linergy to the high energy
cutoff of the continuum, a line-to-width correlation and alth-to-depth correlation
of the fundamental line (Coburn et al., 2002).

An intriguing issue which recently has received reneweeratt is the question if
there is a relation of the resonance energy of CRSFs witheotdp the luminosity
of a source. First, an anti-correlation of the luminositythe energy of the funda-
mental featureFyc, was observed for some sources (Mihara, Makishima & Nagast
1998), which was confirmed from monitoring the flux variatiguring an outburst
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Figure 3.7: Luminosity dependence of the fundamental CR8f: Plot of the centroid cy-
clotron line energy of Her X-1 versus the maximum flux durihg torresponding 35 day Main-
On from RXTE/ASM observations, fitted by a linear curve of slopé6 + 0.10 keV/(ASM
cts/s) (Staubert et al., 2007). Right: Cyclotron line egevgrsus source luminosity for
V0332+53, observed during its 2004/2005 outburst®YTE (squares) andNTEGRAL (tri-
angles) (Tsygankov et al., 2006).

of V0332+53 by Mowlavi et al. (2006), Tsygankov et al. (2006, Fig. 3ight) and
Nakajima et al. (2006). On the other hand, Staubert et aD{R€ecently reported
a positive correlation of’.,c with the luminosity from long-term observational data
analysis of Her X-1 (Fig. 3.7, left). Some other sources doshow any evidence for
any such correlation, an example being the transient soA@&85+26 (Caballero
et al., 2007). Current explanations suggest a variatiorhefheight of the X-ray
emitting region in the accretion column with a changing ation rate (Mihara, Mak-
ishima & Nagase, 1998). Staubert et al. (2007) furthermoopgsed that the positive
and negative correlations could be explained by distinctetion regimes, namely
sub- and super-Eddington accretion, which imply physjcdifferent conditions in
the accretion column, in particular determining the presesr absence of a shock
(see section 2.3).

A note on cyclotron lines in GRBs and magnetars

At the beginning of cyclotron line studies, there were salvetaims of detections
of cyclotron line features not only in the spectra of acogiK-ray pulsars but also
for gamma-ray bursts (GRBs; Mazets et al., 1981). The actation of more obser-
vational data has, however, cast some doubt onto thosetidetgcfor instance the
BATSE observatory never detected any such feature in GRB spdrtRdthschild,

priv. com.). However, much of the theoretical work of cyotut line formation which

is applicable to accreting X-ray pulsars was originally iveied by the analysis of
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spectral features in GRBSs.

For X-ray pulsars, and also — if existent — for GRBs, the olm@CRSFs arise from
resonant scattering of photons with electrons during t@ggation of the radiation
through the electron plasma. In the last years, also a diftaiass of CRSFs has been
claimed to be observed (Ibrahim et al., 2002): proton cyelotines in the spectra of
magnetars (e.g., Zane et al., 2001). The high magnetic fi¢ltsignetars prevent the
detection of electron cyclotron lines in their spectrateéasl, as the line energy scales
also with the mass of the scattering partne£ag, on = 0.635(Z/A)B14 keV, where
Z/A ~ 1for a proton-electron plasma (Potekhin & Lai, 2007), pratgalotron lines
for magnetars can in principle be observed in the keV ranmgthd framework of this
thesis, exclusively electron cyclotron lines in X-ray biea are discussed.

3.4 Theory of line formation

3.4.1 Quantization of electrons in a strong magnetic field

The motion of an electron in a constant magnetic field is @ekiEarly works on this
topic can be found, e.g., in publications by Kennard (192@¢k (1928) and Landau
(1930) for the non-relativistic case, and by Rabi (19283sBét (1930), and Johnson
& Lippmann (1949) for a discussion of relativistic wave ftinas. The derivations
presented here follow Landau (1979), Rabi (1928) and Joh&ddppmann (1949).

Non-relativistic, QM approach

The non-relativistic Landau states for the motion of a chengarticle in an external
electromagnetic field may be derived as the stationaryssidle)r = FEv) of the
Schrédinger equation for the Hamiltonian,

ﬁ:i(p—%A)Q—ﬂBJrqqs, (3.6)

wherem andq are the rest mass and charge of the particle respectitedind ¢ are
the vector and the scalar potential of the magnetic fieldrehsith B, and the corre-
sponding wave functiogt = ¢(x, y, z, o, t) is a function of the particle’s coordinates,
spin and time. Equation (3.6) may be understood as the guemtechanical limit of
the analogous classical Hamilton function, where the cexabmomentum has been
replaced by the momentum operafor= AV and where the extra terfaB arises,
accounting for the magnetic moment of particles which pessespin.

In the following, a constant magnetic field indirection is assumed4(, = — By
andA, = A, = 0). The operator for the magnetic moment is givenjby- £3..

The z-component of the spin operatdr commutes with and can be replaced by
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its eigenvalues, = o, denoting the particles spin ands < o < s. For electrons,
s = 1/2. The Hamiltonian (3.6) then becomes

- 1 qB 2 u
H= [(pz - —y) +po+p| - ;03- (3.7)

2m

Thex andz components op also commute with the Hamiltonian. The energy states
of the particle are calculated as eigenstates of the Hammaltowith the ansatz:

w-mqo(h

ipmx + pZZ) X() - (3.8)

From (3.7) follows
, o 2m pg m o 9
E —B . - = :
X't oy + T 2WB(y Y0)"| x =0, (3.9)

with the abbreviationgy = —cp./¢B andwg = |q| B/mc. Formally, equation (3.9)
has the form of the Schrédinger equation for a harmonic laseil with frequency
wp, and with the term in the square brackets taking over theabltbe energy of
the oscillator with eigenstatés + 1/2)wp (n = 0,1,2, - - -). Therefore, the energy
levels of a particle in a homogeneous magnetic field, (‘Larideaels’), are given by

E, = ( )hw A (3.10)
2m s
For electronsg = e andu/s = — |e| i/mec. The Landau levels,
1 p?
E, = <n—|——+a> hwp + (3.11)
2 2m’

are degenerate in its quantum states = 1/2andn + 1,0 = —1/2.

Relativistic approach

The relativistically correct relation for the Landau leved obtained from the solution
of the Dirac equation in the presence of a magnetic field. Tdenéunctions®, are
solutions of the Dirac Hamiltonian (Johnson & Lippmann, 294

H =ca -7+ fme?, (3.12)

wherer = p + eA/c is the generalized momentum operator, andnd 5 may be
expressed in terms of tfex 2 identity matrix/ and the Pauli matrices; (j = 1,2, 3)

by substituting
I 0 0 ,
3= [0 _I] . oy = { ‘ﬂ : (3.13)

9j
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The corresponding energy eigenvaludsi{ = E'®) are (Johnson & Lippmann, 1949)

E, = =*x(p®+mic*+ 2neth)1/2 (3.14)
= =+ (02}72 +m2ct + m2C42nB/Bcrit) 12 )
determined by the principal quantum numhet [+1/2(s+1) =0,1,2,---, where
1=0,1,2,--- is associated with the parallel momentum component to th ead
s = +1 denotes the spin (up/down) state of the electron in eachdwasthte. In the
ground states{ = 0), only the spin-down state is allowed.

3.4.2 Cross sections for magnetic Compton scattering

In the following, the scattering processes which photong omalergo with the quan-
tized Landau electrons are discussed. The calculationeo$tiiongly frequency and
angle dependent cross sections, however, is a formidaMdeExplicit derivations of
the full QED expressions for the relativistic magnetic Coompcross sections have
been performed independently by Daugherty & Harding (1986issard, Alexan-
der & Mészaros (1986) and Mészaros (1992). The cross segtainx elements
which are used by the Monte Carlo code and described latenapter 4, are cal-
culated via a separate code by Sina (1996) which is basedeoB8dhkolov-Ternov
formalism (Sokolov & Ternov, 1964, 1968). The total crosstiems are calculated
from their integration over a one-dimensional thermal e@cdistribution (Alexan-
der & Mészaros, 1989; Harding & Daugherty, 1991; Araya & Hiagd 1996, 1999;
Araya-GoOchez & Harding, 2000). The resulting cross seqpiariiles will be further
discussed in chapter 4 when introducing the model setugs ddttion reviews some
general relevant properties of the magnetic cross sectsbpading with a few words
about early and recent approximative work.

Early results on the cross-sections have been presergedyeCanuto, Lodenquai
& Ruderman (1971) and Ventura (1979). Fig. 3.8 shows thengtfrequency depen-
dence of the magnetic cross sections as obtained from gptadtha approximation
(Ventura, 1979). No higher harmonics occur due to the cadrph limit, which Ven-
tura (1979) proposed to extend for an application to acuyetiray pulsars. Fig. 3.8,
however, illustrates the dependence on the photon potemizavhile the extraordi-
nary photons are highly resonant, the ordinary mode phaomsinaffectel The
ordinary-mode photons and electrons undergo continuuttesitey, approximated
by (Arons, Klein & Lea, 1987; Becker, 1998)

oord(E,0) = o1 [sin® 0 + k(E) cos® 6] , (3.15)

3The ordinary and extraordinary modes are distinguishemh fiwe electric field vector: while for ordi-
nary photons, the electric field vector lies in the plane fdrby the magnetic field vector and the photon
propagation direction, for extraordinary photons, it igentated perpendicular to this plane (Becker &
Wolff, 2007).
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while both continuum and resonant interaction in the cagh®gxtraordinary pho-
tons gives (Arons, Klein & Lea, 1987; Becker, 1998)

Uext(Ev 9) = UTk(E) + O-l(bl (E7 ECyC7 9) ) (316)

whereot is the Thomson cross section, and

1 E>E
k(E) = ) =T (3.17)
(E / Ecyc) E S Ecyc

¢y is the line profile function, normalized to unity, and
o] = 1.9- 104O'T Blg . (318)

The directional dependence of photon scattering with r@sjpethe magnetic field
can be approximated for energy and mode-averaged crogsseitthe mean energy
of the photons{E), is sufficiently small compared to the cyclotron energy (¢/&n
Frank, 1981; Becker, 1998; Becker & Wolff, 2007) for photomaving in parallel or
perpendicular to the magnetic field vector as

B 2
a|~oTt <;Ty>c> 5 (319)
and
g| ~O0T. (320)

A good approximation of the relativistic QED cross sectidois scattering pro-
cesses to the ground Landau stdte-(0) was given by Gonthier et al. (2000). Using
the Johnson & Lippmann (1949) wave functions they presespéulaveraged ana-
lytical results for sub- and supercritical magnetic fields @ompared them to exact
solutions and to other approximations (see Fig. 3.9).

Electron transition rates

The following derivation closely follows Harding & Preeck987). As it was shown
in section 3.4.1, the state of an electron in a strong magfietd is completely de-
scribed by the three quantities,(s, p), wheren is the principal quantum number
denoting its Landau state (= 0,1, 2, - - -), s = £1 give the spin state of the electron,
andp is its parallel momentum component to the field. A photon scdbed by its
energyw and by its angle of propagati@hwith respect to the magnetic field vector.
An electron in an initially excited Landau levet (> 0, s, p) can undergo a tran-
sition to a lower Landau state/( < n, s, p) by emission of a photon. The photon’s
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Figure 3.8: Fig. 2 from Ventura (1979). Frequency depeneaianagnetic scattering cross
sections. The ordinary-mode photons are unaffected. Nkspaahigher harmonics (cold
plasma limit), nor the temperature broadening is included.

energy and its angle of propagation with respect to the ntagfirdds are given from
the kinematics by

(E —pcosf) — \/(pCOSH — E)2 — 2m2B/Bgit(n — n') sin 0

w =

3.21
sin” # ( )
Emitting a photon under an anglewith respect to the magnetic field, the electron
itself will change its parallel momentum suffering a re@dng the field direction:

p'=p—wcosh. (3.22)

The probability for an electron transition from a state §, p) to another staten(,
s’, p') is calculated from the integration of its differential isition rate, i.e. the
probability to emit a photon of energyand at angl@ (Harding & Preece, 1987),

e2

R (0) = — /(CI>|| +®,)0(F - E' —w)wdw, (3.23)

/
n,n 27T

over energy and angle. The integration over energies yields

R (0) = 2 w(E—w)(®)+ 1)

(0) = — , 3.24
o 27 (E — pcos @ — wsin? ) (3.24)



50 Chapter 3: Cyclotron line formation in strong magnetic feld

10 T T T 108 T ¥ T T 7
B=0.1 FB=10 § 3
10 110 F A E
3 HIES 3
e s 1 1
100 e g N 10 ; E
7 E
o' 10’ 7 3
. o 5 .
10?2 s 2 102 4 N

& oF — Exact Sum .. % oF ’ B 3
[ Klein-Nishina 5.9 P N e
= 10°E - - - Thomson R e . 3
k) ® Approximation 3 s L] o3
5w f { f f 10 f i s 4
(7] B=1 i..f B=100 i ]
w OF I0F s 3
3 b 3 E
= 10" e o et e Rl St e -
O F e 3 E
o'k 10" -
ok R r
D E
D) E
w0k jr I 4
5| | o ]

10 L L L L dal (¢ b AN

001 0.4 1 10 100 1000 0.01 0.1 1 10 100 1000
Photon Energy (w/oyg) Photon Energy (w/oyg)

Figure 3.9: Analytic approximation of QED cross sectionke Total cross section in Thomson
units as a function of the incident photon energy in unitshef ¢yclotron energy is shown for
B/Berit = 1-1071"2, Fig. 2 from Gonthier et al. (2000).

while the integration procedure over angles must be doneerigailly. Harding &
Preece (1987) have done extensive calculations of trangg#ites up to Landau states
n = 500. The ® denote the first-order matrix elements for photons whichpatar-
ized parallel and perpendicular to the planedBoénd the wave vectdr. Expressions
for these matrix elements have been derived by differeritcaat Sokolov & Ternov
(1968) found that they are of the form (see appendix of HardifPreece, 1987)

Q)” = OéTOél (325)

&, = |agcosf— as sint9|2 , (3.26)
with the star denoting the complex conjugate. The expligiressions for transverse
polarization are the following:

i ! !/ ! /

a1 = Z(A3A4 + A4A3)[B3B4In7n/,1(x) — BsByln—1n (z)],
]' ! !/ ! /

az = 1(A3A4 + A} A3)[B3 Balp s —1(x) — B3Byln—1.0(2)],

1
a3 = Z(AISA3 + A4A2)[BéBgIn,1’n/,1(£L’) + B4B£In’n/ ((E)] s
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where

A= (1+2)7 0 A= (1=

E E
m\ /2 m\ /2
Bg:(l—l—s—) , B4=s(1—s—) ,

Po Po

2 o3 29

(B2 _ )1/ __w'sin
Po ( p ) ) z QmQB/Bth )
VI

and I, (z) = e~/ 2pm=D/2m= (g,

m/!

Absorption versus scattering

Harding & Daugherty (1991) compared the cross sectionssf&omant scattering and
for absorption in order to find the conditions under whichftllecomplex scattering
cross section can be approximated well by the much more simipsorption cross
sections. Considering relativistic decay rates and ngtical magnetic fields, they
found the shape of the scattering cross sections to age&edy well with their first
order absorption approximation at the resonance eneid@gever, the non-resonant
scattering terms were found to differ significantly, espginear higher harmonics
(compare Fig. 3.10). For the analysis of cyclotron line €sapt is important to
understand how these scattering profiles give rise to thélfirmshapes, observed
“in absorption”. While the complex line shape of the fundauatline results from
complicated scattering between different Landau leveestahe higher harmonics
are ‘almost’ absorption features as the electron tramsitites at low fields are biased
preferring the decay in single perpendicular momentum guéhraya & Harding,
1999).

3.5 Numerical models

There are two very different approaches to modeling thatagitransfer in the accre-
tion column: solving finite difference equations and Mont&I€ simulations. Both
model types have to make assumptions on the basic geomethg dihe-forming
region (compare section 2.3) and on (radiation process#ging) the seed photon
spectrum (compare section 2.5). The emergent spectrataéqrropagation of the
seed photons through the line-forming region are then tatted for different view-
ing angles.

In section 2.3, different model approaches for the physid¢hé accretion column
were discussed. Although many attempts have been madedssab® structure of
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Figure 3.10: Scattering (solid line) and absorption (dedive) cross sections. Fig. 1 from
Harding & Daugherty (1991)

the accretion column and the region of X-ray emission anel formation, most of
its properties remain rather enigmatic up to date. As a géiseenario, the picture
of an accretion column or funnel is widely accepted, in whitcd matter from the
accretion flow is confined frozen to the magnetic field linekilevthe radiation can
escape. The incident radiation or seed continuum (compatms 2.5) is believed to
result from up-scattered blackbody, synchrotron and predantly bremsstrahlung
photons within the accretion mound and column (Becker & ¥aH05). For numer-
ical modeling, cylindrical and plane-parallel slab geomestare usually assumed to
model a line-forming region above or at the neutron staramer{compare Fig. 3.11).
The source of seed photons is generally placed either at ith@xis of the cylinder
and at the mid-plane of the slab for internal illuminatioh-{ geometry’), or at the
bottom of the slab for external illumination ('slab 1-0 geetny’, Freeman et al., 1999;
Isenberg, Lamb & Wang, 1998b). While in the 1-0 geometry phstwhich return to
the source plane after scattering are absorbed (‘reflettetp flux’), in the 1-1 ge-
ometry photons may cross the source plane and the refleatetti@transmitted flux
are symmetric. Those geometrical constraints will be frrtiscussed in chapter 4
when introducing the model approach taken in this work.

Solving difference equations

Motivated by the Her X-1 line detection, Nagel (1980, 198it@sented a solution of
the radiation transfer equation for static neutron staioapheres, using a two-stream
approximation for just one angle of emergent radiation.ikig¥irst suggested a line-
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A

Figure 3.11: Two simplified orthogonal cases to modelinditreeforming region in the accre-
tion column are shown. Left: cylindrical geometry. RigHalsgeometry. Photons escape with
an angled with respect to the magnetic field vector.

formation mechanism for a cyclotron emission feature (Nd@80), in their later pa-
per considering Comptonization effects, Nagel (1981 tagored the Her X-1 line
to appear in absorption. Some years later, Mészaros & N&§8b@,b) employed re-
fined Feautrier methods to solve the radiative transferdor &nd eight angles. They
performed two sets of calculations, treating effects ofamopy and Comptonization
separately. For the combined effects of anisotropy and Gomigation, Mészaros &
Nagel (1985a) compared model predictions for differentgeties (slab and cylin-
der geometry with internal or external illumination) andalissed variations with
the angle of the emergent spectra. Mészaros & Nagel (1985b)naodeled pulse
shapes. From both studies, they favored the slab geomety amission scenario.
Their approach was later refined by the inclusion of highemioaics (Alexander &
Mészaros, 1991) and by including radiation pressure angeeature corrections in
the atmosphere (Bulik et al., 1992, 1995). Recently, theiénite of a non-uniform
magnetic field in the line-forming region on the formatiorGRSFs has been investi-
gated with similar techniques by Nishimura, who predictezltariations of the line
ratios of the CRSFs for the case of a dipolar (Nishimura, 2@0@l for a linearly
varying (Nishimura, 2005) magnetic field.

Monte Carlo simulations

Yahel (1979) was the first to use Monte Carlo simulationsifougating the CRSF for-
mation in the atmosphere of a magnetized neutron star. Hedened the formation
of pulse profiles and X-ray spectra and found that the Her Xature could indeed
be produced as a consequence of resonant scatteringsadreitrary polarized pho-
tons. Two years later, Pravdo & Bussard (1981) calculatefleatiependent pulsar
spectra, including relativistic corrections to the Conmptooss section and consider-
ing polarization dependence. Focusing on the continuurtisgdehape they found a
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Figure 3.12: Figs. 1, 7 and 19 from Isenberg, Lamb & Wang (b998op: (a) Slab geometry
with magnetic field direction at an angle to the slab normdile $lab is infinite in extent/Ve

is the column depth between the source plane and the topceurfd is the column depth
between the bottom surface and the source plane. (b) Cidaidreometry with magnetic field
parallel to cylinder axis. The cylinder is infinite in lengtN. is the column depth between the
photon source, located along the cylinder axis, and theserBottom left: Spectra far = 0
and several viewing angles3i> = 1.7 and Ne21 = Ne/10*' = 1.2. Monte Carlo spectra
for the 1-1 (solid lines) and 1-0 (dotted lines) geometries shown, as well as relativistic
absorption spectra with finite natural line width (dasheédi). Bottom right: cylindrical line-
forming region with magnetic field,> = 1.7 oriented along the cylinder axis. The column
density from the cylinder axis to the surfaceNg»; = 1.2. Monte Carlo spectra for scattering
(solid lines) and absorption (dashed lines) are shown.

hardening of the spectra towards the magnetic equator. \&alg(1989) performed
Monte Carlo simulations for the geometry of a plane-pakaléb with the slab normal
parallel to theB-field vector, and the plasma being illuminated from belowsHts

from a generalized model, where the slab normal may haveiaggtibn with respect
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to the B-field were discussed by Isenberg, Lamb & Wang (1998a,b,3k). For

the case where the slab normal is perpendicular to the miadiedtl vector, their

results are comparable to assuming a cylinder geometrhéoline-forming region.
Isenberg, Lamb & Wang (1998b) distinguished between lirsgsh of optically thin

and optically thick matter. As one key result these authousndl that the line wings
disappear either for the 1-1 geometry and optically thicklimer for the 1-0 geom-
etry and optically thin media. However, none of these sdemsarould explain the
observed fundamental shallow and broad features due taghesfjuivalent width of

the fundamental in both cases.

Inspired by the detection of up to two cyclotron lif@s45 and100 keV (Kendziorra
et al., 1994) and at00 keV (Grove et al., 1995) during subsequent outbursts of the
transient source A0535+26in 1989 and 1994, Araya and Hgmliesented a new set
of Monte Carlo simulations for very hard spectra of X-raygauk with near-critical
fields (Araya & Harding, 1996, 1999; Araya-Gochez & Hardiagp0) to model the
100keV line (assumed to be the fundamental line). For a low-ideptasma and
hence low continuum optical depths, they produced spectrsldb 1-1 and cylinder
geometry of a plasma threaded by near-critical magnetisfmhd discussed the influ-
ence of parameters as geometry, optical depth and anigaifdipe photon source on
the line shapes. The results presented in this work are lmas#teir approach. The
development and improvements of the new model approach tade are discussed
in the next chapter.

4Recently it was shown that both lines claimed by Kendziotral e(1994) are present in the source
data (Kretschmar et al., 2005; Wilson & Finger, 2005; Inoual € 2005; Caballero et al., 2007).
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Model design

4.1 Aims

The key objective of this work is to obtain a physically matied model for CRSF for-
mation which is directly comparable to observational d&testly, such a comparison
is fundamental when testing and reconsidering the validfitthe model. Secondly,
only an easy applicability of the final-stage model to reaaylational data provides
the means for a systematic investigation of the manifolghprties of CRSF sources.

4.2 Methods

In order to achieve the desired flexibility, the CRSF modedspnted in the following,
is based on Monte Carlo simulations. The Monte Carlo sinariatare realized using
a revised, generalized version of a code which was origirtsleloped by Araya &

Harding (1996, 1999) and Araya-GdAchez & Harding (2000). & key feature of

the current modeling is a Green'’s functions approach towbtdependence from any
continuum model assumed. The original implementation oh&rnally irradiated

slab geometry is generalized to include also the case aofiitlation from the bottom.
More information on the Monte Carlo implementation and diets the Green’s func-
tion approach are given in Sect. 4.4 and in the appendix. ®tleetvariety of sources
to be modeled and the uncertainty of the general physicaliig@ccalculations are
performed on a large multidimensional parameter grid. Aliudation results are

merged into archives in the form of FITS tabieghich are available to the scientific
community. Line features for X-ray pulsar spectra for diffiet physical settings (as
outlined in the next section) within a preset parameter sgopy be produced from
these tables with a special convolution and interpolatiodeh also implemented as

IFlexible Image Transport System: standard astronomictl tamat (see, e.ghttp://fits.
gsfc. nasa. gov).

56
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a local model for the spectral analysis software packe8PEC(Arnaud, 1996) and
other analysis packages such as ISIS (Houck & Denicola, 2000

4.3 Physical setting

The formation of cyclotron line features in a static neutstar atmosphere is simu-
lated. Magnetospheric accretion is assumed to yield aftimaing region which is
spatially confined to a region at or above the neutron stdaser The seed pho-
tons are propagated through this medium, where they irttevdlc the quantized
plasma electrons via resonant scattering processes. Hsicphconditions in the
line-forming region and its geometrical structure are pribgd by a set of parame-
ters (Araya & Harding, 1999), which are discussed in the paxagraphs.

4.3.1 Magnetic field B]

As a first approximation, the magnetic field is assumed to bwum on the scale
of the line-forming region. The field strengths simulated hetweerl - 10'2 and
7-10'2 Gauss, chosen to encompass the whole rande-figlds found in accreting
X-ray pulsar spectra up to date. Sect. 5.3 describes a p@ggheralization to non-
uniform magnetic fields.

4.3.2 Plasma electrond[, f(pe), n]

A low-density thermal plasma is considered. While reldyiVew densities justify the
approach to neglect collisional interactions (& 8 - 1027BI2/2 cm~3; Lamb, Wang
& Wasserman, 1990) and photon polarizatieg & 1022 Bf, cm~2; Lamb, Wang &
Wasserman, 1990; Gnedin, Pavlov & Shibanov, 1978), therthkeplasma approxi-
mation is motivated by the strong photon-electron coupditithe resonances (Araya
& Harding, 1999). All electrons are assumed to be initiafiyheir fundamental Lan-
dau staten = 0. This assumption is justified by the very high cyclotron edidie
decay rate (per electron) for sub-critical fields

Trad = 3- 10" B, 7! (4.1)
compared to the collisional excitation rate
reo =5 10%(ne/10%'em™?) B, /% s~ 4.2)

(Latal, 1986; Bonazzola, Heyvaerts & Puget, 1979). Fortimetion parallel to thé3-
field vector, a thermal distribution of the electrons is @assd. Their parallel momenta
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pe @re given by a relativistic Maxwellian distribution

2
mec?(1/1+ (—nfzc) -1
J(pe)dpe oc exp | — dpe , (4.3)
kTe

whereT, is the parallel electron temperature @ni the Boltzmann constant. In the
literature, T is often linked to the strength of the magnetic field (e.g. baang &
Wasserman, 1990; Isenberg, Lamb & Wang, 1998b; Araya & igrdi996, 1999;
Araya-G6Ochez & Harding, 2000). Lamb, Wang & Wasserman (1886rred a value
of the equilibrium Compton temperature due to resonantestag of k7, ~ 0.27 -
Ecyc from the numerical analysis of detailed thermal balancesim@ngly magnetized
atmosphererr < 1 < 7eye, Ne21 < 6). This proposed relation is taken into account
in order to determine the order of magnitude of the paraledipa temperature, but
Teis left as a free parameter in the simulations to keep the negelis flexibility (see
also Sect. 5.4). A slowly sinking plasma where bulk plasmé&onanay be neglected
is assumed. If bulk motion contributes, a Doppler-shifthaf tesonance energies is
expected. The effects of bulk motion are discussed in detajl, by Weth (2001).

4.3.3 Optical depthy]

The Thomson optical depthr of the plasma is prescribed. The optical depth for
cyclotron scatteringey. relates to the Thomson optical depth as

Ocyc
Teye = = 7T, (4-4)
oT

implying a scattering optical deptl,c which is up to a factor of0° larger thanrr at
the resonances of,,.. Fig. 4.1 shows the thermally averaged cross segtigp) /ot
as a function of energy and angle, calculated as a second Qi process (Sina,
1996). Besides a highly resonant behavior of the crossoseati the Landau ener-
gies, Fig. 4.1 also illustrates the angle-dependent vidtt shift in the resonances
as well as the thermal broadening of the profiles. Line festare calculated for
Thomson optical depths between=1-10~* andrr = 3- 1072 (Araya & Harding,
1999). Depending on the plasma geometry, the resulting firearpath of a photon
in the line-forming region is different for the same tragt The simulated Thom-
son optical depths correspond to electron column densNies= 7r/ot between
1.5-10%°cm~2 and4.5 - 102! cm~2. Unfortunately, the densities which describe the
accreted plasma are very poorly restricted (Isenberg, Larilang, 1998b). The
values assumed here are comparable to values suggestdirr@tent numerical
or analytical studies. For instance, column densitiedVgf~ 102'-10%2cm~2 are
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assumed by Nishimura (2003, 2005), and value¥of 1022 cm~2 are inferred by
Becker & Wolff (2007) for the sources Her X-1, LMC X-4, and CEB.

4.3.4 Geometry [cy, sl11, sl10]

Two basic geometries of the line-forming region are disfisbed, motivated by the
complementary ‘standard’ pictures of accretion depiatdeig. 2.14 (see also section
2.3 and Basko & Sunyaev, 1976): for the case of flow stoppinauiph nuclear colli-
sions at the surface, the geometry of a thin, plane-paidéelis adopted (Mészaros
et al., 1983; Harding et al., 1984). Radiative shocks or kthdmm collisionless in-
stabilities, on the other hand require a cylindrical shafph® X-ray emitting region
(e.g., Becker & Wolff, 2007, and references therein). Thiglhts of slab atmospheres
are expected to be significantly smaller (Lamb, Pethick &Rji973; Wang, Wasser-
man & Salpeter, 1988) than typical radii,< rq, of the accretion mound (Ostriker
& Davidson, 1973; Becker & Wolff, 2007). For cylindrical geetries, Becker &
Wolff (2007), who investigated a more complicated shockddtire with a velocity
flow gradient, found height to width ratios,/r(, of the emitting region for several
X-ray pulsars of the order0?. The simulations also suggest that practically all pho-
tons escape before reaching such boundaries, justifyiagéisumption of infinite
extended plane-parallel line-forming regions. For thénggr, in agreement with pre-
vious studies, an internally irradiated plasma with thetphsource located at the
cylinder axis (Araya & Harding, 1999; Araya-Gd6chez & Hargli2000) is assumed,
being the most simple approach to the matter. Two locatiétiseosource plane, are
considered for the slab. The scenario of a line formatioioregbove an isotropically
emitting source is realized by a bottom-illuminated slate@fnan et al., 1999; Isen-
berg, Lamb & Wang, 1998b; Wang, Wasserman & Salpeter, 198a}er, Salpeter
& Wasserman (1982) argued from Monte Carlo simulations piteating the photon
source at the midplane of a plane-parallel slab is reprateabf the scenario of line
formation in an isothermal, semi-infinite atmosphere. e slab geometries will
be referred to as slab 1-1 and slab 1-0 geometry from now oeremthe numbers
1 : x represent the ratios of the column densiti¥s, the photons see in the opposite
escape directions. The emergent radiation componentsfaread to as the ‘transmit-
ted flux’ and reflected flux’ (Freeman et al., 1999). For 1-@getry, the reflected
flux is absorbed at the neutron star surface. For the case @htbton source located
at a the slab midplane, the column densities are equat (1) and transmitted and
reflected flux are symmetric (compare figure 3.12).

The optical depth which the photons see in direciomhen covering an optical
depth A7 along the slab normal or perpendicular to the cylinder ddpain the
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geometry as:
Arr .
Arr(9) = —- (cylinder geometry) (4.5)
sin 0
Arr(6) = Ay (slab geometry) . (4.6)
cos

4.4 Technical realization

The resonant scattering processes between incident ghataiplasma electrons are
simulated using Monte Carlo simulations. The scatterimmgesses lead to the forma-
tion of cyclotron line features. The current code like thigimal code by Araya &
Harding uses a separate code by Sina (1996) for the calmulaitihe relativistic cross
sections. Resonant scattering with electrons up to théHdarmonic is included.

The current code comprises technical modifications suchn asaroved angular
and energy resolution and increased statistics. More itapgrthe geometrical con-
straints are also relaxed to include the scenario of a botlominated slab (1-0
geometry) which was not investigated by Araya & Harding @,98099) and Araya-
Goéchez & Harding (2000).

The key difference of the new code for the actual modelingyafatron lines in
X-ray pulsar spectra is a Green’s functions approach the.calculation of the prob-
abilities for photon energy redistribution instead of tldcalation of a total spectrum
of all photons for an initial seed photon spectrum. In eacintdaCarlo run10000
photons of the same incident enerdyy, are inserted. For each photon a random
anglefi, (cos(fin) € (—1, 1)) with respect to the magnetic field direction is picked re-
peatedly, at which it is propagated through the plasma (sksW). The probabilities
for the photon redistribution into different energy and alag bins after the passage
of the plasma are calculated from all final states of escapetbps. The initial angu-
lar distribution of the photons is assumed to be isotroplee felevant energy range
{Ein} for cyclotron line formation is assessed as follows: using12-B-12 rule
and assuming quasi-harmonic spacing of the cyclotron ljses eqgs. 3.1 and 3.2),
the energy range containing the first four Landau levels eafixed by applying a
normalization to the magnetic field/ B;2. Due to the link of resonant energy and
magnetic field, the choice of this scale is important. Fifstlb it gives an optimized
resolution of the CRSF features in the same way for diffenemgnetic fields. Even
more important, the choice of this scale is fundamentaldterlinterpolation of the
Green’s functions: as the resonant energies are direnltgdi to the magnetic field,
an interpolation of the line shapes i/ B12-space ensures consistent results. For
Ein[keV]/Bi2 € [6,48], a grid of Green'’s function&(Ein — FEout, Your) Was ob-
tained. Ei, is sampled by 161 Monte Carlo runs, the resolution of thestatluted
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Figure 4.1: Cross sections f@/Bcit = 0.05 andkT. = 3 keV, thermally averaged over
the sampled electron momenta, and in units of the Thompsmss @ectiorrr. The resulting
profiles are shown for different angléf the photon’s direction with respect to the magnetic
field vector. Solid, dotted, dashed, dash-dotted and daghriple-dotted linescos 6 = 0.005,
0.200, 0.375, 0.625 and0.875. Figure based on Araya & Harding (1999).

energiedot is given by an internal energy binning of 640 bins.

Each Monte Carlo photon is injected into the plasma with #&mirenergyFE;, and
at an initial directiord;,. The photon is then propagated according to its mean fre
path,1/(ne (o(Ein, cosbin)) ), and an electron is picked as a scattering partner. The
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Table 4.1: Parameter grid.

parameter | B/Beit kTe[keV] pu 'as Ein/Bi2 geo

lower bound| 0.03 2.5 0 1-10°¢ 6 -/-

upper bound 0.15 20 1 3.-1073 48 -I-
N(points) 10 5 8 4 161 3 (cy, sl11, sl10)

electron is characterized by its parallel momentpg(Eg. 4.3), and its Landau state
n. According to the scattering cross section (obtained fraterpolation of previously
calculated and tabulated values as a functio®@fthe state of the electron-photon
pair changes from its incident configuratioB® , 0©) + (p” n(©)) to a different
state(EM, 0W) + (p, n(V). The new mean free path of the photon is calculated
and the photon is propagated further. If the electron resimiran excited Landau
staten’ > 0 after scattering (absorption and instantaneous radideeay), another
photon is emitted witf £, 0)) + (p§¥,n(?)) and processed further. This photon
spawning can produce up to three secondary photons. Oncetanphas escaped
from the plasma, its contribution to the output spectruntasesl. Fixing the input
angular distribution of the incident photons to be isotcofuir a large part of the
present work is done for reasons of simplicity, and in ordéwtep the computational
expenses reasonable. However, a smaller griglamdT, of angle dependent Green'’s
functionsG(E;, 8, — Ej,0;) has also been calculated for selected geometries, to
discuss the generalization to arbitrary angular photatnibigions (see section 5.2.2).
Polarization of the photons is not included, however, poéat photons should yield a
comparable picture (Wang, Wasserman & Salpeter, 1988hé&lotw-density regime
chosen.

Calculations were performed in six-dimensional paranmsgtace for a non-regular
grid of points[B/ Berit, Te, 14, 71, Ein, g€d within the ranges listed in table 4.1. The
current parameter grid is resolved into6-10° grid points requiring a simulation time
of the order ofl0> CPU hours or2 GHz workstations. The resolution was chosen
such that the variation of the Green'’s functions between paimts is sufficiently
small to allow for interpolation. Hence, CRSFs can be prediby the convolution
of a continuum spectrum for any parameter combination aghd as follows: First,
the corresponding Green’s functions @re obtained by linear interpolation in all
parameters except the geometry BiiB;2. Sets of Green'’s function§G*(E; —

E;, 0k)}; for several different example input energigsand a fixed physical setting
are shown in Figs. 4.2 and 4.3. Second, the emergent photo'fly £;, 0;.), i.e.,
the number of photons per keV in th& energy bin and:!" angular bin (binned
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Figure 4.2: Green'’s functions plotted for one input enefgyBi> = 31.6 keV (dashed lines)
against all output energigd?; };, and into four (of eightkos 6 bins (cos 0 € [0.125, 0.250),
[0.375,0.500), [0.625,0.750), [0.875,1.0) from top to bottom). The physical setting is as
follows: slab geometryB/Berit = 0.06, kTe = 5keV, 7+ = 3-107>. E; is chosen to simulate
photon input at the third harmonic line. Most photons aréstetbuted by photon spawning to
the wings of the fundamental line.

in cos @) can be calculated, as a function of the (isotropic) incidemtinuum flux
Feont by convolving Fi.o,,, With this interpolated set of Green’s functions (compare
appendix)
G*(E; — E;,0;) F©YE,)AE;
F*™E;,0;) = 2. G (B — Ej,0r) (E:) L. 4.7)
AE;

Note that because of this approach CRSFs for arbitrary momth shapes can be cal-
culated without rerunning the simulations. For illustratpurposes, in the following
the most simple phenomenological continuum model, a paavewlith a high-energy
rolloff (Eq. 2.14), is used for folding spectra with the CRGFeen'’s functions.
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Figure 4.3: Same as figure 4.2 but for different input energig/ B12 /keV = 8.1 (top left),
11.5 (top right),23.8 (bottom left), and31.6 keV (bottom right). The values dfin correspond
to photon input below the first harmonic, and in the first, selcand third CRSF features.

4.5 Consistency check and modeling progress

After the code revision and the development of the Greemstfan convolution
model, the current predictions were compared to the refuolis the original code.
Fig. 4.4 shows a direct comparison of the line shapes oltdinen the current model
version to the spectra obtained by Araya & Harding (1999gyarGochez & Hard-
ing (2000). While the panels of reduced resolution confirmititernal consistency,
the high-resolution results clearly demonstrate the megof modeling line shapes.
Technical improvements in this analysis with respect toethwdier results are the fol-
lowing: the line shapes were calculated with higher siatistf effectively1.6 - 10°
Monte Carlo photons per folded spectrum (increased ffori0*). They are better
resolved in energy, being calculated on a grid of 640 enengy instead of 80 for
the relevant energy range. The angular resolution wasasedefrom four to eight
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angular bins of:. The chosen statistics give a well resolved picture of the $hapes,
however, the centroid of the second harmonic would requiea detter statistics for
continuum optical depths afr ~ 3 - 1072, Theoretical predictions from the current
model status are discussed in the next chapter.
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0.05 0.10 0.20 0.05 0.10

Figure 4.4: Modeling progress. Line shapes obtained framekised Green’s function model
and spectra produced by the original MC code (Araya & Hard@96, 1999; Araya-Gichez
& Harding, 2000) are plotted on the same scale. Left: The naa (black lines) is rebinned
to the angular and energy resolution of the original datd fjfrees). Regions of photon deple-
tion (Araya-Gochez & Harding, 2000) were connected by lirmesounting for the apparent
discrepancies, e.g., in the top left panel, second plot fiteertop, second harmonic. Top left:
slab geometryB/Beit = 0.04, kTe = Ecyc/4, 80 energy, 4 angular bins. Setting corresponds
to Fig. 1, top left, in Araya-Géchez & Harding (2000). Tophig same setting with higher
resolution of new data. Bottom lef8/Beit = 0.1, kTe = Ecyc/4, 80 energy, 4 angular bins.
Setting corresponds to Fig. 5, top right, in Araya-Géchez &ding (2000). Bottom right:
same setting with a higher angular and energy resolutiomgotimodel data).



CHAPTERS

Theoretical predictions

In this section theoretical predictions from the Monte Gaiimulations are made
(Schoénherr et al., 2007b). Their implications on observexperties of cyclotron
lines are discussed. Special emphasis is placed on the stullg line parameters,
i.e. line position, line width and line depth, of the fundarted CRSF. The line shapes
are shown for full spectra, which were chosen to be of a sfiedlpower law shape
with a high-energy rolloff (Eq. 2.14) with a power law indefko= 1-2 and a folding
energyFiog = 40 keV for illustrative purposes. The choice of this ratherhiglding
energy compared to observational results facilitatestestigation of emission wing
features (see later), as it leads to a pronounced conwibfriom high-energy photon
spawning to the CRSFs (see section 5.5). More realistidspfr X-ray pulsars are
shown in chapter 6.

5.1 Geometry and optical depth

Figs. 5.1, 5.2 and 5.3 show full spectra folded with the cdution model for a fixed
magnetic field,B/Bgir = 0.05, and parallel temperaturg7. = 3 keV, for slab and
cylinder geometries, for two different valuesmfand for different angular bins of the
emergent anglé of the photons (see chapter 3, Fig. 3.11). Although the sban
monic is not fully described in its core, the calculationsacly show that the second
harmonic is more pronounced than the fundamental one, eeaggnt with observa-
tional findings (Cusumano et al., 1998). The fundamentallER& a more complex,
broad and shallow shape, often with emission wings. Thegiodiles have distinct
shapes for different geometries, especially concernieditte wings of the funda-
mental feature which are strongest for the internally ilinated plasmas (see later).
Such strong wings are expected as a consequence of thednje€the source pho-
tons at the mid-plane of a slab (1-1 geometry) and at the isled a cylinder. For
slab geometry, e.g., Isenberg, Lamb & Wang (1998b) and Migha (2005) showed
comparisons of the slab 1-1 and the slab 1-0 geometry, andeabout that these
wings can be understood as the leftovers of one strong emitesature forming from

67
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Figure 5.1: Line profiles for cylinder geometry as a functimihangle and optical depth.
Left: continuum optical depthr = 3 - 107%; right: 7+ = 3 - 1072, The emergent spec-
tra from all eight angular bins are shown (bottom to tgp: = cosf € (0.000,0.125),
[0.125, 0.250), [0.250, 0.375), [0.375, 0.500), [0.500, 0.625), [0.625, 0.750), [0.750, 0.875),
[0.875,0.1000)). In both panelsB/Bcit = 0.05 andkTe = 3.0 keV. The continuum photon
flux is assumed to have a power law distribution with photatekn = 2.0 and an exponential
high energy cutoff at the folding enerdytoq = 40 keV.

photons crossing the source plane, which then becomes ampéiba feature from
scattering processes in the outer layers of the line-fogrmegion. For very small op-
tical depthsyr = 1074, this initial emission feature can be confirmed by the Monte
Carlo simulations presented here. Observations of sowite €RSFs have not been
seen to exhibit such strong emission wings. Fig. 5.4 ilate the difference of the
line shapes when considering a slab illuminated at the raidplor at the bottom.
In Sect. 6.4, the observability of those features with modestrumentation will be
further commented on.
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Figure 5.2: Same as Fig. 5.1 for slab 1-1 geometry.

5.2 Angular redistribution

5.2.1 Isotropic photon injection

Photons are injected isotropically into 20 angular binscos 8. Although the distri-
bution of the initial photon directions is isotropic, a higagree of anisotropy arises
after the photons have been propagated through the plasera dinighly anisotropic
scattering cross section (compare Fig. 4.1). Fig. 5.5 stibavangular redistribution
of the photons for both geometries and for different valuda® optical depth. Inter-
nally the code keeps track of twentys 8 bins. For illustration, the angular redistri-
bution resolved into eight final bins is shown. Fer= 3 - 10~* there is a trend of
an overall redistribution towards small@éfor slab geometry and a reverse trend for
cylinder geometry. For a larger optical depth,= 3 - 1073, these trends increase for

1The binning is chosen such that it resolves the angulartréaiion fine enough while being compu-
tationally reasonable.
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Figure 5.3: Same as Fig. 5.1 for slab 1-0 geometry.

slab and decrease for cylinder geometry, where the curveirbks flattens. Those
results are conform with the picture of the formation of aaater ‘fan’ and more
sharply beamed ‘pencil’ beam emergent radiation for cmaind slab geometries.
This can be understood from the dependence of the scattenigg sections on the
angle (see Fig. 4.1) which implies that there is a generabitief a photon redistri-
bution by scattering towards smaller angles, i.e. larget, regardless of geometry.
The larger the optical depth a photon must pass, the moreesogs take place and
the more dominant this effect becomes. This fact can alsoustdor a less promi-
nent trend in the slab 1-0 geometry compared to the 1-1 gegnastphotons which
experience many scatters by various crossings of the sqlaoe are thermalized,
biasing the emerging radiation. For a fixed optical depth= 1 - 10~ similar plots
were shown resolved into all twenty bins by Araya-Gochez &diteg (2000). For
7t ~ 8-107%, the angular photon redistribution of the line photons wiasussed
by Isenberg, Lamb & Wang (1998b). Due to the redistributibthe photons with
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Figure 5.4: Comparison of slab 1-1 and 1-0 geometry. Leftepafolded spectra for 1-1
(dashed line) and 1-0 (solid line) geometry and for eightutargbins in double logarithmic
representation. Right panel: Difference of spectra (111}) at energies around the fundamen-
tal line in linear representation. Note the strong emisswimgs for the 1-1 geometry. In all
plots, B/ Berit = 0.06, kTe = 5keV, 7 = 3 - 10~2, andy increasing from bottom to top (see
Fig. 5.1).

respect to their angle, also the cyclotron line shapes vgnjficantly. Fitting the fun-
damental feature with the continuum spectral function iplidtd with a Lorentzian
in absorption for the absorption feature and two Lorentziaremission for the emis-
sion wings gives the line parameters. Fig. 5.6 shows theipnsthe line width and
the line depth of the fundamental CRSF versus the emerggid ahthe photons, as
obtained from these phenomenological fits.

The line position of the fundamental CRSF varies little with viewing angle and
thus cannot account for the amount of change in line postmserved for some
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Figure 5.5: Angular redistribution of the photons. Foriieptc photon injection, the percent-
age of the emitted photon flux into eight angular bins for {ectra in Figs. 5.1, 5.2 and 5.3 is
shown. Top: cylinder geometry, middle: slab 1-1 geometogtdm: slab 1-0 geometry. Solid
lines: 7+ = 3- 1072, dashed linesrr = 3- 1072,

sources with the phase. Therefore, different explanatiams to be sought. A possi-
ble explanation could be that the photons which escaperkefdirming region into
the direction of the observer during different rotationabpes of the system, have
passed through regions of different magnetic field strengthese differences again
could be either due to small-scalefield gradients of a locally non-dipolar field (see
later), or possibly due to a change of the geometry of theaysThe choice of a static
line-forming region, however, might also be a too simpliEsdumption. Weth (2001)
has proposed that the bulk motion of the plasma can Doppléirtse fundamental
line considerably, yielding differences of up to 30% in miim and maximum line
energies. However, from Becker & Wolff (2007), a slowly mayiplasma beyond
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Figure 5.6: Variation of the line parameters of the fundati@e@RSF with the angle of emis-
sion. Solid lines: cylinder geometry, dashed lines: slabdeometry, dash-dotted lines: slab
1-0 geometry. All values are obtained from fits of the linepsieadepicted in Figs. 5.1, 5.2, and
5.3, and for a Thompson optical depthmef= 3 - 1073,

the shock is expected.

The line depth increases with = cos @ in the case of cylinder geometry, and
decreases for slab geometry. This is understood from Eds.44d (4.6), as they pre-
dict the largest optical depth for smélfor cylinder, and for largé for slab geometry.
For cylinder geometry, the line width increases clearlyhwitas expected from the
angle-dependence of relativistic Doppler broadening &ge5.2 below), which is
reinforced by the increasing optical depth withThe decreasing optical depth with
angle for slab geometry instead suppresses the trend oinghédoadening withu.
From observational studies (compare Fig. 3.6 in sectio 8iferent intercorrela-
tions of the line parameters have been proposed. Amongsytheositive correlation
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Figure 5.7: Angular redistribution of photons from monagagic and unidirectional injection.
(1) injection at energies outside the resonance, (2) ilmeat energies in the line core of the
fundamental, (3) injection in the second harmonic, neamitmg. The matrix of input and
output angle is shown, where the height of the function iaidis the percentage of photons
emerging from a certaioos 0 bin.

of the line depth with the line width, scaled by the cyclotemergy was proposed by
Heindl et al. (2004). If this suggestion holds true, the hssiniom Fig. 5.6 support
the scenario of a cylindrical geometry of the line-formiegion.

5.2.2 Non-isotropic photon injection

In the scope of this work, isotropic photon injection is assd for the analysis of the
line shapes. The changes of the line-shapes for anisofpbpton injection have been
studied by Araya-Goéchez & Harding (2000) assuming simplifigtial photon distri-

butions, e.g. an emission cone or fan beam, parallel or pdipalar to the magnetic
field vector. However, no unique understanding of the anglitdribution of the seed

photons has been agreed on so far for the beam patterns (mseg#ons 2.4, 2.5 and
2.6) from theoretical modeling. Studies of the continuumcgasses like the one of
Becker & Wolff (2007) hopefully will help to shed more lighhehis matter. Consider-
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ing radiation processes in general (see section 2.5), hmywanisotropy of the initial
photon distribution is expected to be a rather realistimggion. To qualitatively
test the effects of beamed photon injection, thereforeGieen’s functions, general-
ized to arbitrary angular photon distributior(s} (Ein, pin — Eout, tout), have been
calculated for a small parameter sample (fif@dBcir = 0.03 andkTe = 2.5keV,
slab 1-1 geometry).

Figure 5.7 shows angular redistribution functions for memergetic and unidirec-
tional photon injection. The percentage of emergent ramtianto different angular
bins is shown for photons which have been injected at diffea@gular bins and at
differentinput energies in or near the lines. Photons whighinjected far outside the
resonanceEi(n”) do not undergo any scattering processes and, as expectetipta
redistributed into different angles. Photons which aredtgd at energies in the core
of the fundamental resonancEi(f)) suffer so many scatterings that their strong final
angular redistribution is independent from their initialgée of injection. The redis-
tribution of those resonance photons resembles the totdbphredistribution shown
in Fig. 5.5 for isotropic photon injection and slab 1-1 getnmePhotons which are
injected at energies corresponding to the wing of the sehandonic Eif")) are com-
pletely redistributed for largg but partly remain in their initial angular bin for small
1. These results indicate that the change of the line feaforesnisotropy should
be mainly seen due to contributions from the line wings whscim agreement with
spectral features shown by Araya-Gochez & Harding (2000).

5.2.3 Mixing different angular contributions

For a distant observer at a viewing ang|eravitational light deflection may change
considerably the photons’ directions (compare sectiol. ZIhe enhanced surface
visibility and possibly asymmetric magnetic pole geonestialso render an observa-
tion of radiative contributions from both magnetic poleskmble. The variation of
the viewing anglé with respect to one magnetic pole (i=1,2) with the rotatibthe
neutron star (rotation angie) is (Kraus et al., 2003, see Fig. 5.8):

cos f = cos Oy cos 0; + sin O sin 6; cos(® — P,) (5.1)

whered, is the angle between the rotational axis and the line of styht indicate
the polar angle locations of the two magnetic poles witheesfo the rotational axis,
and ®; defines the rotational phase where the axis through ppkesses closest to
the line of sight (Kraus et al., 2003). The correspondingngieain flux generates
the observed pulse profile. When neglecting the effect ofiagonal bending, this
angled is identical to the intrinsic angle of the escaping photons with respect to the
magnetic field. Otherwise, photons which are observed uhéeangle have intrinsi-
cally emerged the line-forming region at a different anglech has to be calculated
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Figure 5.8: Possible scenario of a neutron star geomettyamdistorted dipole geometry. The
anglesdy, 61 andé- indicate the locations of the rotational axis and of the twagnetic poles.

numerically, and under the assumption of a geometry of thespguarameterizing the
system (e.g. Kraus et al., 1995; Blum & Kraus, 2000, Fig. .5Nymerical calcula-
tions of X-ray pulsar continua and cyclotron line shapesciwhiake into account this
effect of gravitational light bending for simplified geomies have been realized, e.g.,
by Riffert & Mészaros (1988) and Mészaros & Riffert (1988)ovver, similar to
the issue of seed photon angular distribution, no genectliig has emerged so far
for the geometry of beam patterns from both magnetic poles.

The MC model which is used here as introduced in chapter 4miatéaclude grav-
itational light deflection. Therefore a toy model approa@swaken to illustrate the
gualitative effects of mixing radiation contributions findwo magnetic poles on the
cyclotron line shapes. In Fig. 5.9, the effects of mixing wemtributions of radiation,
where the photons reaching the observer are governed terefitly varying intrin-
sic escaping angles; » with phase, are illustrated. For the calculation of the sum
of the observed spectra, it was assumed that both sourcer#batm equally into the
direction of the line of sight of the observer. The singletedtions and the sum
of contributions is depicted for different phases of theeshation. Clearly, mixing
spectra from different angles will change the initial stepéthe lines. It is most
interesting to note, however, that mixing two-pole speatight effectively lead to
more broad and shallow lines and can smear out the emissiayswi
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Figure 5.9: Effects of two-pole contributions. For a toy rabgeometry, the emerging spectra
from two magnetic poles (diamonds and triangles) into tmedtiion of the line of sight of an
observer are shown together with the sum of both spectrad (#ots). The upper and lower
panels represent two different rotational phases of th&oestar. The assumed variation of
the observing angle with phase for both poles is illustrétethe small panels. The assumed
values of the phase are indicated by the horizontal lines.
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5.3 Line energies vs. magnetic field strenfth

5.3.1 Uniform magnetic field

Line profiles for different magnetic field strengths and otise fixed parameters are
shown in Fig. 5.10. The figure clearly shows the approxinydieéar progression

of the centroid line energies towards higher energies witineiasing magnetic field
strength expected from equation (3.1). No significant ceanghe shape of the line
ratios, however, is observed for magnetic fields varyingveeh 5% and 8% of the
critical magnetic field (Fig. 5.10). The relativisticallpicect line ratios for a uniform

field are implied by Eqg. (3.2). For some sources, e.g., Va&2(Pottschmidt et al.,

2005) an agreement of the observed line ratios with theivedtit formula has been

found.

5.3.2 Non-uniform magnetic field

As mentioned above, there are also sources for which thelieggies of the harmon-
ics are much less harmonically spaced than what can be aecbion by relativistic
effects. One possible explanation is a model in which thermatigfield is varying lo-
cally within the line-forming region. Estimates of the diponagnetic field of pulsars
from torque theory and measurements of the surface madieddidrom CRSF detec-
tion hint at a magnetic field of more complex structure thamgpke dipole. As the
exact nature of the magnetic field is unknown, different acieis for non-dipole mag-
netic field structure have been investigated (Blandforgylégate & Hernquist, 1983;
Urpin, Levshakov & lakovlev, 1986; Arons, 1993). Besidegymetic field gradients
which arise due to dipole variations with the height of thegmetosphere, surface
field variations can result, e.g., from small-scale cru&ddl structures (Blandford,
Applegate & Hernquist, 1983), or thermomagnetic field etiolueffects (Urpin, Lev-
shakov & lakovlev, 1986). Nishimura (2005) recently préedra study of the line
ratios for a line-forming region of slab geometry threadgdibmagnetic field which
linearly varies with the height. His approach was based oondetby Gil, Melikidze
& Mitra (2002) who assumed the presence of a star-centegaledirom a fossil
field in the core superposed by a crust-anchored dipole aigosaplying Feautrier
methods to solve the radiative transfer, Nishimura (2005p#l that the line ratios
significantly increase if thé-field decreases upwards, and decrease vice versa. This
toy model was adapted for a first study of magnetic field spwatdthe Monte Carlo
approach taken here.

With some simplifying assumptions considering the geoynatrd the angular re-
distribution for the case of a non-constdfield, this model confirms the trend of
line ratio changes. An example is shown in Fig. 5.11, wherdotson lines for a
constant, a linearly decreasing, and a linearly increasiagnetic field are compared.
The line shapes for a field gradient are obtained by multipldifig of a seed pho-
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Figure 5.10: Line profiles for different values of the madgmdield strength. TheB-field
increases from bottom to to@ / Berir = 0.05, 0.06, 0.07, 0.08. We assume cylinder geometry,
a constant temperatukde = 3keV, an optical depthr = 3 - 10~2 and a viewing anglé as
= cos® = 0.25. The continuum spectrum has the shape of a power law wittophiatex
a = 2.0 and with an exponential cutoff at the enetfjyiq = 40 keV.

ton spectrum with the Green'’s functions, correspondingécetssumption of discrete
steps of magnetic field variation for smallr (compare Fig. 5.12). This approach
of course implies an isotropic photon distribution agateéachArr step, which is
not a correct physical assumption but still permits a gathlié assessment éf-field
gradients. For the non-constant magnetic field, a linedatian of the field strength
in discrete steps within the line-forming region of up to 10#s assumed. The fun-
damental line appears widely unchanged in shape and pusitsat is formed in the
upper scattering layers, where the non-conskafield was set to have the same value
as the constant one. Line photons which have been scatteted the line of sight
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Figure 5.11: Comparison of CRSFs for a uniform and a noneamifmagnetic field in a line-
forming region of slab geometry. Bottoni3/Bgir = 0.05 — 0.055, Middle: B/Beix =
const.= 0.055, Top: B/Beit = 0.06 — 0.055. Results are shown fqr = cos @ = 0.6. Oth-
erwise the same setting as in Fig. 5.10 is used. The veridchiat lines mark the line positions
obtained from a phenomenological fit (continuum multipl®dthree Lorentzians in absorp-
tion for the lines and two Lorentzians in emission for the &sidn wings of the fundamental
line) of the first three CRSFs. The structure in the secoreliSrassumed to be of statistical
nature.

or redistributed in energy in lower layers are replaced lansped photons from scat-
tering in higher layers. By contrast, the higher harmomiedichange in position and
shape. Here, contributions from all layers of differentttiegre important for the final
line profile. Absorption features from photons at low layars not refilled. Hence,
with the change of the resonant energies with the heightefitte-forming region,
the lines become wider (proportional to the amount of vemain B) and their final
centroid energy is shifted. From fitting Lorentzians to thistfthree lines, the line
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Figure 5.12: Toy model for a magnetic field gradient. Diseritin slabs of different mag-
netic field strength and a small optical degth are considered. The photons are propagated
through the first slab slice by folding the continuum speuatmwith the Green’s functions for
energy redistribution an@uoom; the emergent spectrum is folded again for the next value of
B, and so on.

energies and line ratios for a constant, an increasing amd@adsing magnetic field
could be obtained. Table 5.1 lists the fitted line positiond the fitted line ratios.
The theoretical values of the line energies and line rafiies &q. (3.2) are shown for
completeness. As expected, these values are similar tatidw dines for a constant
magnetic field, although not identical, as the non-Gaussihnon-Lorentzian line
shapes especially of the fundamental restrict the fit qualit

Larger deviations of the line ratios can be accounted fordsymingB-field vari-
ations of more than 10%. Line ratios of strongly non-harmarature have been
observed. For 4U 011563, the observed spacing of the line energies is smaller tha
expected, yielding line ratios 028 + 0.05 : 1.9 +0.05 : 1, Santangelo et al., 1999)
or (2.714+0.13 : 1.73 £ 0.08 : 1, Heindl et al., 1999) for the first three harmonics.

Table 5.1: Comparison of line positions and line ratios fribm fits of the spectra shown in
Fig. 5.11. The line energies are given in keV. For the casecohatant magnetic field, the line
energies are also calculated from Eq. (3.2).

B/ Berit 1t 2nd 31 line ratios
0.050 — 0.055 27.20 51.76 77.16 2.84:1.90:1

0.055 27.20 52.87 80.14 295:1.94:1
0.060 — 0.055 27.49 55.45 83.61 3.04:202:1
0.055 (Eq.3.2) 27.62 54.35 80.27 2.91:1.96:1
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Figure 5.13: Variation of the line shapes with the plasmepemrature §7e = 5, 10, 15, 20 keV
from bottom to top). Spectra are shown for a magnetic figfd3.: = 0.07 and otherwise the

same parameters as in Fig. 5.10.

These deviations are comparable or slightly larger tharotiess obtained for an in-
creasing magnetic field in the example setting correspgnairrig. 5.11. From the
observational results, the line ratio changes can be atibsolely to the position of
the fundamental line while the higher harmonics still obdaamonic spacing. This
behavior is in accordance with the obtained values for the fatios for both an in-
creasing or a decreasing magnetic field, due to the sped@abfdhe fundamental
CRSF outlined above. An example for a source where the litigsrenay be larger
than what is expected from Eq. (3.2) is Vela X-1, where Kreydahm et al. (1999,
2002) have found a coupling of the first harmonic energy toftimelamental line
energy> 2 in RXTE data.
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5.4 Influence of the plasma temperature

The line width is determined by the energy and angle-depdrsdape of the scatter-
ing cross section and smeared out due to thermal Doppledénirg. In Fig. 5.13,
cyclotron line shapes are depicted for a varying paraledtebn temperaturdy, for
cylinder geometry and fixed parametdgsandcosf. The hotter the plasma, the
wider and the more asymmetric become the lines. The widttheflines results
from a combination of the natural line width and Doppler lwteaing (Harding &
Lai, 2006). Doppler broadening gives a Full Width Half Maxim of (Trimper et al.,
1977; Mészaros & Nagel, 1985a)

81n(2)kTe

. | cos 0] Exyc.- (5.2)
e

Tewrm =

For increasingos 6 the line shapes become more asymmetric. In the simulatiens t
plasma temperature is a free parameter. The approximaterefrom theory (Lamb,
Wang & Wasserman, 1990; Isenberg, Lamb & Wang, 1998b, coengepter 4),

kTe = Ecyc/4 (Tcyc > 1) . (53)

would correspond to a temperature for the depicted setfigg ¢ 30 keV) of at least
6 keV, i.e., somewhere in between the bottom spectrum anctteng spectrum from
the bottom in Fig. 5.13.

5.5 Continuum shape and photon spawning

The shape of the cyclotron lines is sensitive to the contimghape. In particular,
the fundamental line shape and its emission features vgnjfisiantly. For better
illustration, the case of internally irradiated plasmasigstigated where the emis-
sion wings are strongest. The dependence of the line shapihe @wontinuum can
be understood when considering the photon redistributioeniergy, especially due
to photon spawning. Figure 5.14 shows the change of the tiofdgs for a flat input
continuum spectrum, when allowing only for electron tréingis between the ground
Landau state to the first Landau level, or for photon-elecseattering leading to up
to three harmonics. In the former case, a single absorptenfbrms. The more
harmonic scatterings are allowed for, the more lines forhilerthe fundamental and
lower harmonics become shallower with growing emissiongsin Integrating the
photon flux only over the energy range including just the fiméntal line and its
emission wings £ < 18keV Bjs), gives the percentage of spawned photons in the
spectra. The spawned photons account for as muéh,ast, 73 % (n < 2,3, 4) of
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Figure 5.14: Changes of the line profiles considering onéreetharmonics for the scattering
processes (bottom to top). The bottom graph is overplottedl cases as a dotted line to guide
the eye. The input continuum spectrum (dashed line) is fidtlerefore overemphasizes the
effects of emission wings. Left panel: cylinder geometight panel: slab 1-1 geometry. In
both panelskT: = 3keV, cos 0 € [0.125, 0.250), 71 = 3 - 1073 and B/ Bgit = 0.05.

the flux for cylinder and foi 1, 32, 43 % of the flux for slab 1-1 geometry. Consid-
ering the whole energy range, the percentage of spawnedphs25, 52, 65 % of
the total flux for cylinder and, 15, 25 % of the total flux for slab 1-1 geometry. It
is important to stress that these numbers are representdtiie extreme and fairly
unrealistic case of a flat input continuum. However, thaysiitate well that the line
shapes change with the spectral hardness of the incidetihaam, where harder
spectra exhibit more emission features near shallowes.lini@e profiles for a power
law with photon indexa: = 1 with exponential rolloff at different folding energies
Eiog = 5,15 keV, and for a pure power law continuum spectrum are showrign F
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log(dN/dEqL)
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Figure 5.15: Line profiles for different continua. All comtia have the general form of a power
law with a photon indexax = 1.0 (top). In the middle and bottom plots, the spectra have
an additional high energy cutoff at the folding energigéss = 15 keV for the middle and
Erlq = 5keV for the bottom plot. We show the results for cylinder getmyp k7. = 3 keV,

cos 6 € [0.375,0.500), 7r = 3 - 10™2, and B/ Berit = 0.05.

5.15. In this case, the number of photons around the firsilicreases by a factor of
1.1 and2.2 for the two harder spectra with respect to the softer one.



CHAPTERDG

Comparison with observations

A major aim of this work is a direct comparison of the simuthliee features with
observational data beyond the theoretical predictionschwivere discussed in the
last chapter. Such comparisons have been attempted befgreNlészaros, 1984),
however, only for very restricted data sets, and not in a wap shat they could be
generalized for observational applications.

The approach taken here is threefold: First, a short owerisegiven over some
current X- and gamma-ray observatories and instrumentshwdrovide data of cy-
clotron line sources, and a selected sample of sourcesasluted. Second, synthetic
spectra are calculated for these sources on the basis pbtisarvational characteris-
tics. The issue of observability of the line features by {dslmstruments is discussed.
Third, a general model application, based on the numericailations, is introduced
which allows for systematic fitting of real observed souratad This model can be
provided to the scientific community by its implementatian the fitting analysis
software packagXSPEC Fit results from three sources out of the sample are ob-
tained and the implications of the obtained parameters foteting cyclotron lines
are discussed.

6.1 Instruments

When comparing synthetic spectrato real observational dae always encounters a
basic difficulty: the observed data points depend not onlgherphysical source prop-
erties but also on the instrumental characteristics. Téteimental response function
and the source luminosity limit the detectability of lessminent features in spectral
data. For the case of accreting X-ray pulsars, in partidhiarhigh-energy part of
the spectrum suffers from low statistics due to their higkrgy roll-offs (compare
section 2.5). Background radiation affects the data. Ieotal compare the synthetic
spectra to real observed source data, it is therefore reayessfold the theoretical
model spectrum with the corresponding instrumental respon

At present, three main X- and gamma-ray observatories arpanation: the Rossi

86
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Table 6.1: Instrumental characteristicsRXTE, INTEGRAL and Suzaku
(RXTE: http://heasarc. gsfc. nasa. gov/ docs/ xtel/; INTEGRAL: http://
ScCi . esa. i nt; Suzakuww. astro.isas. ac.j p/ suzaku).

RXTE INTEGRAL Suzaku
energy PCA: 260 keV IBIS: 15 keV-10 MeV XIS: 0.2-12 keV
range HEXTE: 15-250 keV SPI 20 keV-8 MeV HXD: 10-600 keV
AE/E PCA: < 18%@6keV  IBIS: 9keV@100 keV XIS:130eV@s keV

HEXTE: 15%@60keV SPIL 2.3keV@1.3 MeV HXD:4keV (< 60 keV)
effective PCA: ~ 6500 cm? IBIS: ~ 3000 cn? XIS: <390 cm?
area HEXTE: 2x800 cm? SPL~ 500 cn? HXD: 160-260 cm?
FOV PCA: 1° IBIS: 9° x 9° XIS:17.8" x 17.8

HEXTE: 1° SPI 16° HXD: 34" x 34’ (< 100 keV)

angular PCA: 1° IBIS: 12’ XIS: 2/
resolution HEXTE: 1° SPI: 2.5° HXD: 34/
timing PCA: 1us IBIS: ~1ms XIS:8ms-8s
accuracy HEXTE: 8us SPI: 129us HXD: 61 us

X-ray timing explorer RXTE, launch date: 12-30-1995), the International Gamma
ray Astrophysics Laboratory TEGRAL, launch date: 10-17-2002), and the Japanes
high-energy observatorguzakd (launch date: 07-10-2005). Accreting X-ray pul-
sars are regular targets of observation by the instrumdrtsose satellites. Addi-
tional to new observational data, a large amount of arcliasd of accreting X-ray
pulsars has been accumulated during the last decades. Apashgstruments and
satellites are the High Energy X-Ray ExperimeHEXE, on a balloon and on MIR
flights), Ging&, the High-Energy Astronomy Observatori¢$5A0), the Compton
Gamma-Ray ObservatorGRO), and the Italian-Dutch satellitBeppoSAX In the
scope of this work, spectra extracted fr&NTEGRAL, RXTE, andSuzakudata are
considered. Some basic properties of those satellitesiarmarized in table 6.1. The
listed instrument characteristics are nominal. Usefujemhave been obtained from
experience. For instance, considering the instrumentR¥ME, the energy range
of the Proportional Counter ArrayPCA) is given as2—60 keV. However, a useful
range turned out to b2to 25 keV due to calibration problems of the Xenon K edge
structure (Rothschild et al., 2006). Hence for studies efatyon lines aboves keV,

the High-Energy X-ray Timing ExperimentHEXTE) should be the instrument of
choice. For thdBIS/ISGRI instrument onNTEGRAL there is some long ongoing
discussion on the validity of the response in the low-eneegyme &« 20 keV). For

the cyclotron line energies discussed here, this shoulthflaence the results.

1Suzaku is a mythical, divine bird symbolizing renewal.
2Japanese for ‘Galaxy’
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6.2 Source sample

All sources considered in the following are accreting X-bayaries, for which one
or several cyclotron resonance scattering features hasme fixenly detected in their
spectral data, confirmed by several different investigasord different instruments.
From the seven objects presented below, three belong tordtminant class of
transient sources, which accrete mass via a Be mechanismrarahly observable
during recurring outburst events (see chapter 1). Her Xdnigxample for a close
binary where Roche lobe overflow and disk accretion mechamevail while Vela
X-1is a typical example for a strong wind accretor. In gehé¢in@ motivation behind
the choice of sources was to achieve a sample represerdftiveariety of different
source properties (compare the ‘key results’ listed in titeoductory chapter) and
to consider well-studied sources, for which several olet@ms by different instru-
ments, and over a long time have been performed, and higlitygsigectral data is
available. For each source, a short summary of its geneaadcterstics is given, and
a set of synthetic spectra is shown.

Her X-1.

Her X-1 is not only the first accreting X-ray pulsar ever forigéha spectral feature
was discovered and identified as a CRSF (Trimper et al., 18n&Iso one of the
best-studied objects up to date (Staubert et al., 2007)clblse X-ray binary contains
the 1.3 M pulsar Her X-1 and its opticél.2 M companion star HZ Her. The
binary system has an orbital period bff days. Its inclination is believed to be
1 > 80 deg (Klochkov et al., 2006). The close binary is thought to ateexéa Roche
lobe overflow and under the formation of an accretion disk.e phlse period of
Her X-1 was determined t& = 1.24s. A long-term variability with a 35 days
cycle (Deeter et al., 1998) is observed for Her X-1. This eyslnowadays attributed
to a periodical obscuration of the neutron star and the inlisd due to a warped
accretion disk (Shakura et al., 1999; Klochkov et al., 2008 pulse profile of Her
X-1is highly asymmetric, and varies not only with the chaa¢energy band but also
with its 35 days cycle. Different explanations for its asyetry have been sought in
form of an asymmetric fan beam pattern scenario or by thei@aif non-antipodal
emission regions (distorted dipole model; Blum & Kraus, @0@uring its main-on
state, Her X-1 reaches an X-ray luminositylof = 2.5 - 1037 ergs s, making it
one of the brightest LMXBs. Its magnetic field was measuredavtyclotron line at
~41keV (Gruber et al., 2001) aB ~ 4.4 - 10'2 Gauss. It is intriguing to note that
a sudden jump of the line position occurred around 1991. fBefbe fundamental
CRSF was repeatedly measured aro@hdkeV, indicating a weaker magnetic field
of B ~ 3.8 - 10'2 Gauss (Staubert et al., 2007). Recently, studies of thenlosity
dependence of the Her X-1 cyclotron line have been preseStadbert et al. (2007)
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found an increase of the energy of the fundamental CRSF witHuminosity; this
detection was of special interest as it implied for the firsieta positive correlation
of those parameters (compare section 3.3).

V0332+-53.

The Be type high-mass X-ray binary V03833 is a transient X-ray pulsar which
consists of the O8-9Ve star BQ Cam and a neutron star. Disedwe 1983 (Tanaka,
1983), V0332-53 was the fourth accreting X-ray pulsar system where CRS#fe w
found (Makishima et al., 1990a,b). It is also the secondetogy X-ray pulsar af-
ter 4U 0115-63 with a detection of more than two cyclotron lines in its ctpem.
The third CRSF for V033253 was discovered iRXTE data (Coburn et al., 2005;
Pottschmidt et al., 2005) and confirmed by subseqUBTEGRAL observations
(Kreykenbohm et al., 2005). These data from its 2005 outbexkibit very pro-
nounced cyclotron lines at 27, 51 and 74 keV, indicating daser magnetic field
of ~ 2.7 - 10'2 Gauss for a redshift = 0.3. Studying the evolution of V033253
over the outburst, the fundamental CRSF was found to vaty tlvi source luminos-
ity. With the decrease of the X-ray flux from a peak value-afCrab to~0.01 Crab
during the outburst decline, a clear increase of line enargyline depth along with
a decreasing line width was found (Tsygankov et al., 2006wMwai et al., 2006).
The anticorrelation of’cyc and the source flux had been interpreted before by Miharz
Makishima & Nagase (1998) for 4U 013%3, Cep X-4 and V033253 as due to a
change in the height of the shock and the X-ray emitting mregvdh varying mass
accretion rate)/ (compare section 3.3).

A 0535+26.

A 0535+26 is another example for a transient high-mass Be/X-ray pirawas dis-
covered in 1975 during a giant outburst at a luminosity_7)ev = 1.2-10%"ergs s
(Rosenberg et al., 1975). During the last 30 years five mamatgiutbursts and
two normal outbursts have been observed. The X-ray pulssahaulse period of
P = 103s. Itis in a highly eccentric orbite(= 0.47) of Py, = 111 days duration.
A magnetic field of4.9 - 102G (z = 0.3), inferred from the fundamental CRSF at
46 keV in the spectrum of the A053526 makes the source the accreting X-ray pul-
sar with the highest magnetic field so far determined. A lomgoing discussion has
taken place about the energy of its fundamental CRSF whéastest after the claims
of the detection of up to two lines (Kendziorra et al., 1994p¥& et al., 1995) in its
spectra data during outbursts in 1989 and 1994. After thmat,adter more than ten
years of quiescence, another series of outbursts was @asierbetween May 2005
and January 2006 (Kretschmar et al., 2005; Terada et alg)2@0owing for a firm
detection of two lines at-46 and~100 keV in RXTE (Wilson & Finger, 2005) and
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INTEGRAL (Kretschmar et al., 2005; Caballero et al., 2007) data. 18m other
sources like Vela X-1, a fainter fundamental CRSF and a movaqunced second
CRSF are observed for AO5326. However the fundamental seems to be especially
shallow and broad for this source. Opposed to V0332+53, nati@n in E¢yc with

the luminosity was detected so far (Caballero et al., 208ifhpugh there are first
hints at a sudden jump in the line energy from the pre-outipgak to the main peak

(I. Caballero, priv. com.) in the 2005 spectra.

4U 0115+63.

While A0535+-26 marks the upper range 6%, detected for accreting X-ray pulsars,
the Be/X-ray binary transient pulsar 4U 01163, is the source with the so far lowest
cyclotron line energy which has been observed among thasee(compare section
3.3). An impressive number of five cyclotron resonance sdaty features has been
detected in the spectra of this source (Heindl et al., 1988t&hgelo et al., 1999). It

is not surprising that the record in the number of CRSFs id bglthe source with
the lowest determine®-field. The higher the magnetic field, the higher are the en-
ergies of all harmonics, while a high-energy cutoff behagieen for X-ray pulsars
limits severely the statistics at high energies. The firghefabsorption features of
4U 0115+63 was discovered &0 keV by Wheaton et al. (1979) only shortly after
the first ever discovery of a CRSF in Her X-1. A more detailedlgsis of the data
by White, Swank & Holt (1983) revealed the presence of in fact CRSFs at 11.5
and 23 keV. An outburst of 4U 011563 sixteen years later increased this number
to a striking five CRSFs found in the spectral data obtainethbiruments on the
RXTE (Heindl et al., 1999) an@eppoSAX(Santangelo et al., 1999) observatories.
4U 0115+63 is hence the best candidate for probing intercorrelatadrihe line pa-
rameters of the harmonics, in particular concerning thesignarmonic ratios of the
lines. For 4U 0115-63, the observed line ratio%}, : E¢yc) seem to deviate from the
predictions of Eq. (3.2). These deviations were ascribeddimange of the fundamen-
tal line position alone, as the higher harmonics still obeyuasi-linear spacing. A
possible explanation for line ratio changes is the scerariomagnetic field which
varies significantly within the line-forming region (compasection 5.3.2, and see
Nishimura, 2005). Furthermore, phase resolved spectpysmveals a significant
change of the line-energies with phase, indicating magrigtid changes of 20 %
during one period.

Vela X-1.

The close high-mass X-ray binary Vela X-1 is a typical exagfla wind accretor.
It consists of al.8 M neutron star and a3 M, B0.51b supergiant, HD 77581 with
an orbital separation of only 1.7 neutron star radii and doitalrperiod of~ 9 days
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(van Kerkwijk et al., 1995). This small separation of the foary partners implies
the exposure of the neutron star to a very strong stellar wiitld a mass-loss rate
estimated ag-10~5M,yr—! (Nagase et al., 1986). Vela X-1 has an X-ray luminosity
of 4-10%%ergs s'!, which is a typical value for an X-ray pulsar. Vela X-1 shovigth
variability in the flux as flares (Staubert et al., 2004; Kreykohm et al., 2006) and
intense outbursts (Krivonos et al., 2003). Changes in tharlasity are believed

to result either from absorption by clumps of matter arourgeutron star, or by

a change in the mass accretion rate itself. Observationiseo$ystem are used to
further probe the circumstellar matter structure (Watenetbal., 2006). The pulsar
spins with a period of abo@83 s. The spectrum of Vela X-1 exhibits two CRSFs at
25 and55 keV. Also for this source, the existence of the fundameintal &t25 keV
was a matter of debate. Several studies claiming justofeV line (e.g. Kendziorra

et al., 1992; Orlandini et al., 1998a; La Barbera et al., 2@03n favor of two lines
(e.g. Mihara, 1995; Kretschmar et al., 1997; Kreykenbohral €t2002) have been
published. Recent analysesIBfTEGRAL data strengthens the presence of two lines
at about23—-27 and53 keV (Schanne et al., 2007, P. Kretschmar, priv. com.). A
fundamental line a25 keV would imply a surface magnetic field 7 - 102 Gauss

(z =0.3).

4U 190'A4-09.

4U 190409 is a wind-accreting HMXB system (Giacconi et al., 197 ltiizFet al.,
2006), containing a neutron star of spin period40 s in an eccentric orbit aFy, =
8.4d(in't Zand et al., 1998) around a type 08-09 star (Cox, Ka&ktokiem, 2005).
Initial speculations about a possible Be companion (Makistet al., 1984; Cook &
Page, 1987) were ruled out by distance measurements ergdgdiar the< 1.5 kpc
restriction required for a Be classification of this sour€stg et al., 2006). A new
lower limit of its distance was set recently@akpc by Cox, Kaper & Mokiem (2005),
yielding a lower limit on its X-ray luminosity abovekeV of L = 2 - 1036 ergs s'*
(in'tZand et al., 1998). A mass loss ratelf ~ 7-1076 M, yr—! was estimated for
the stellar wind of the companion (Cox, Kaper & Mokiem, 200&n Kerkwijk, van
Oijen & van den Heuvel, 1989). Long-term studies of 4U 1909 have revealed a
torque reversal from a spin-up to a spin-down trend of thitesy (Fritz et al., 2006).
4U 190'A4-09 is one of the sources where multiple cyclotron lines haenlmbserved:
Two CRSFs were detected for this sourcéatind39 keV (Mihara, 1995; Cusumano
et al., 1998) byGingaand BeppoSAX and confirmed byNTEGRAL (Fritz et al.,
2006).
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Cen X-3.

Cen X-3, the first accreting X-ray pulsar ever discovereca¢Goni et al., 1971a;
Schreier et al., 1972), is a high-mass X-ray binary with tf&e@3 supergiant com-
panion V779 Cen (Hutchings et al., 1979). The pulsar hasrapiod of P = 4.8 s
and an orbital period df.1 d (Burderi et al., 2001; Nagase, 1989). Eclipses of 20 % of
the orbital period are seen in the X-ray light curve (Bur@esl., 2001). The system’s
luminosity is estimated ag)3"-10%® ergss' (Nagase et al., 1992; White, Swank &
Holt, 1983), assuming a distance®¥pc (Krzeminski, 1974). A cyclotron line was
detected at-30 keV (Santangelo et al., 1998) which is highly variable whle spin
phase, varying froma-27 to ~40 keV (Burderi et al., 2001; Suchy et al., 2007). Also,
the cyclotron line energy was observed to have a strong aggritcndependence on
the pulse shape (Suchy et al., 2007; Burderi et al., 2001, g maximum in the
rising pulse and decreasing along the pulse phase. Alser bitte parameters like
the line width strongly vary with the pulse phase (Suchy gt24107).

6.3 Calculation of synthetic spectra

For the preparation of synthetic spectra for these soutitesput parameters for the
Green’s functions convolution model, i.e. the magnetidfsttength,B, the parallel
electron temperaturkTs, the incident angle of the emerging photéh&: = cos 6),
the basic geometry, and the gravitational redshift at thighteof the line-forming
region, z, are required. The redshift is necessary to transfer therebd properties
to the initial neutron star system for which the Green'’s tiors were simulated. Un-
fortunately, there is no straightforward way to assessdbisplete set of parameters
from observational results obtained from phenomenoldgiata modeling. Some
general assumptions have to be made. To begin with, the rtiage#d strength, the
value ofz, and the observed fundamental line enefgyy. are correlated. The gravi-
tational redshift is by no means well determined for X-rayspts. In order to yield
comparable results for all sourceswill be assumed to have a value@®8, represen-
tative for typical neutron star parameters, in the follagviihe magnetic field3 may
then be approximated by applying the B212 rule (3.1) to the energy of the fun-
damental CRSF, as determined from phenomenological fittigphble spectral data.
A more precise determination @ from observational studies using the relativistic
formula (3.2) is not considered advantageous for the fofigweasons: first of all,
the choice of one observational data set for each souraintes some randomness
to E¢yc and B, as these are known to vary for many different reasons forsonece.
Even if the synthetic spectra were meant to be tuned to tlisbgible observational
data set, the cyclotron line energy obtained phenomenrzdtigidentifies not more
than the peak energy of a Gaussian line fitted to a more conlipiexshape. It is
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important to stress that it is not a precise measurementeopliysicalEcyc. Also,
the lacking knowledge about the viewing geometry= cos  renders the applica-
tion of equation (3.2) problematic. It is in principle pdssi to assess the range of
1 from measuring the line-ratios of the CRSFs, however, onlyeu the simplifying
assumption of (a) a homogeneadidield within the line-forming region, (b) an ideal
phase resolved spectrum and (c) assuming that the obsewiation has originated
from just one magnetic pole. This is a rather idealized stenm particular taking
studies into account which have shown that for some sousrging B-fields are re-
quired to explain the observed line ratios, and that a litie cdhange in this scenario
can be much more significant than the line ratio dependendbeoangle. Further-
more, even in phase-resolved spectroscopy, not only gedsib-pole contributions
but also the size of the phase bins naturally introduces &amdf photons emerging
from different angles with respect to the magnetic field. mikr problem arises for
the determination of the plasma temperature. Althoughrdels, there is no way so
far to obtain the plasma temperature unambiguously froncéiméinuum parameters,
which, like the line parameters, are of phenomenologicainea The most straightfor-
ward approach would be the estimation of the plasma temyer&bm the effects of
Doppler broadening on the line widths. Again, this is corgied by the relativistic
angle dependency. In addition, the natural line width hégtoonsidered. Higher har-
monic features are also broadened for the case of variadfields. The geometrical
setting is another uncertainty of the picture. Theorettadlies promoting either the
fan or the pencil beam scenario or a mixture of both scen&@os been suggested
for several sources.

For all these (and more) reasons, the following simple ansas chosen as a first
approach to assess the wealth of observational resultedebr source, one observa-
tional study was chosen, in order to obtain the (order of tlie)lamental line energy
and to get a typical continuum spectral shape from the cporeding phenomenolog-
ical best-fit parameters. The magnetic field strengths weimated from eq. (3.1),
and forz = 0.3. The parallel electron temperatures were estimated gsirtaleela-
tion (5.3), and to previous studies (Araya & Harding, 1999}3. = E,./4. Table
6.2 lists the parameter details assumed for the eligiblevishaal observational re-
sults for different sources along with the references toréhevant studies. Having
chosen three out of five input parametels &7z, 2 = 0.3), a set of 24 spectra re-
solved into eight angular bins and assuming three diffegenmmetries was produced
for each individual source by convolution of the corresgngdhenomenological
continuum spectrum. For the chosen source sample, the etergat of spectra is de-
picted in Figs. 6.1 to 6.5. Two interesting points catch the: dirst, emission wings
are indeed present in some cases. In chapter 5, a ratherdranduum was assumed
(Frolq = 40keV) in order to study the effect of emission wings and phatpawn-
ing. Figs. 6.1-6.7 extend the theoretical prediction ofssioin wings in hard spectra
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also to more realistic X-ray pulsar spectra. Second, in betwthe line features, the
continuum shape is always recovered, which so far cannolielagly predicted from
observational analysis of cyclotron line sources (A. Sagédo, priv. com.). Also,
one notes that the position of the fundamental line in thefmtic spectra, calculated
for a magnetic field using Eqg. (3.2) (for which the magnetitdfigas approximated
from observational results @2 ~ Ecyc/11.6 keV), is shifted with respect to the ob-
served centroid energy at all angles. The wiggles at higherges, e.g., in Fig. 6.7,
are of statistical nature.

6.4 Observability of the predicted line features

The synthetic source spectra predict features which sHmufgresent in the intrinsic
spectra of real sources. A different question, howevehasne of the observability
of those features in observed source data, due to restrictBog., in the energy reso-
lution and error accuracy of the instruments. This quedtanhalready been posed by
Isenberg, Lamb & Wang (1998b) considering the predictiosighificant emission
wings for some geometries at intermediate optical deptlwsvever, no such related
study has emerged up to date.

To assess the observability of the predicted shapes oftcgnloesonance scatter-
ing features, a source spectrum, folded with a real instniah@esponse function,
was simulated. This analysis was realized using the spdittiragy packageXSPEC
version 11 (Arnaud, 1996). Fig. 6.8 shows the simulatedtspexcfor a source which
was assigned an ideal spectrum of the form ofrtpex model, a negative and pos-
itive power law with a common high-energy cutoff (see sett5), folded with
the Green'’s functions for a chosen set of parametBis, = 3.0, kT = 5.5keV,
cosf = 0.5, 71 =5-10"%, z = 0.3, and for slab 1-1 geometry. The flux is appropri-
ate for typical HMXB observations. For an assumed obseyadtme of20 ks, this
spectrum was folded with thRXTE HEXTE response, and background was added.
Next, this fake spectrum was fitted witm@ex component for the continuum. Two
Gaussian absorption lines (Coburn et al., 2002) were the@nded to model the sim-
ulated CRSFs. Fig. 6.8 shows the fake data and the modetingsfrom this fit of
continuum and lines, along with the corresponding resglu@mpared to the resid-
uals from a fit of only the continuum component. The residérals the continuum
shape represent the simulated line shapes as the sameaicontomponent was used
for the simulated and for the model spectrum. Fitting the fit® lines with Gaus-
sian absorption lines, the emission wings stay very prooedin the residuals. For
the simulated spectrum, the resonance energy of the fundah@RSF is calculated
from equation (3.2) a9 = 26.1keV. The Gaussian fit of the fundamental line
gives a centroid energy @#.77 + 0.03 keV instead. This results indicates that the
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Figure 6.1: Synthetic spectra for Her X-1. Line featuressirewn for three geometries and
eight angular bins (same as in Fig.5.1). The optical depthredshift are prescribed as =
1-107% andz = 0.3. Continuum parameters and the fundamental line energyakes from
Gruber et al. (2001). The dashed line marks the observatiahae of Ecyc used to calculate
Bi2 ~ Egyc/11.6.
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Figure 6.2: Synthetic spectra for VO3883. The representation is the same as for Fig. 6.1.
Continuum parameters and the fundamental line energy &em thom Pottschmidt et al.
(2005).
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Figure 6.3: Synthetic spectra for AO5826. The representation is the same as for Fig. 6.1
Continuum parameters and the fundamental line energy leea feom Caballero et al. (2007).
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Figure 6.4: Synthetic spectra for 4U 01263. The representation is the same as for Fig. 6.1.
Continuum parameters and the fundamental line energy kea feom Santangelo et al. (1999).
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Figure 6.5: Synthetic spectra for Vela X-1. The repres@mais the same as for Fig. 6.1.
Continuum parameters and the fundamental line energy kem tiom Kreykenbohm et al.
(2002).
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Figure 6.6: Synthetic spectra for 4U 190U9. The representation is the same as for Fig. 6.1.
Continuum parameters and the fundamental line energy apgedi from Fritz et al. (2006).
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Figure 6.7: Synthetic spectra for Cen X-3. The represenmias the same as for Fig. 6.1.
Continuum parameters and the fundamental line energy argedifrom Suchy et al. (2007).
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Table 6.2: Parameters used for adapting synthetic spectlifférent sources. See Figs. 6.1 to

6.7.
object Eeyc[keV] | continuum Ref.
Her X-1 41 fdcut (power | aw) , Eq. (2.15)| Gruber et al. (2001)
a=0.84 RXTE
Ect=19.6 keV
FEfolg = 10.8 keV
V0332453 26 fdcut (power | aw) Pottschmidt et al. (2005)
I'=0.42 RXTE
Eo=17.2keV
FEfolg = 8keV
A0535+26 46 cut of f pl , Eq. (2.14) Caballero et al. (2007)
a=0.51 RXTE
FEfolg = 17.3keV
4U 0115+63 104 npex, Eq. (2.17) Nakajima et al. (2006)
Iy =1.27 RXTE
Ty =2.
FEfolg = 5.76 keV
f=0.016
Vela X-1 23 npex Kreykenbohm et al. (2002
'y =0.58 RXTE
Ty =2.
Etoq = 6. keV
f=55-10"3
4U 190A-09 18.9 f dcut (power | aw) Fritz et al. (2006)
I'=1.67 INTEGRAL
E.t = 30.0keV
Etoq = 7.0keV
Cen X-3 30.3 fdcut (power | aw) Suchy et al. (2007)
I'=0.93 RXTE
Eeut = 13.2keV
FEfolg = 6.9keV

asymmetric line shapes could introduce a systematic wxingrtin the line energy
when modeling observed data with Gaussian or LorentziapeshaAlso, the lines
seem to be very prominent even for low values of the continaptital depth.
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Figure 6.8: HEXTE simulations. Upper panel: A simulated spectrumngfex continuum
shape (2.17), folded with the simulated Green’s functisiab( 1-1 geometryBi» = 3.0,
kTe = 5.5keV, 7t = 5-107%, cos = 0.5, 2 = 0.3, a1 = 1.5, a2 = 1.5, Eoiq = 6.16 keV,
A =46-107%, f = 1.17) is fitted with anpex continuum, multiplied with two Gaussians
(gauabs). Upper panel: data and fitted model. Middle panel: reswlfiad the simulated
spectrum fitted with apex continuum. Bottom panel: residuals for the continuum amedifit
shown in the upper panel. The strong emission wings of thédental line in the simulated
spectrum are clearly observable in the residuals.

6.5 cycl ont —anXSPECmodel for fitting cyclotron lines

A convolution and interpolation model for fitting CRSFs o thasis of the Monte
Carlo simulation results has been developed and was impleti@s a local model
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for the spectral analysis fitting software packa¢f®PEC(Arnaud, 1996). This choice
of implementation facilitates the applicability of the nebdior the general observer.
Other user-supplied models, based on theoretical studées been accepted very
well in the past by the scientific community The technical details of the imple-
mentation of this model, calleclycl ont, are described in appendix A. This model
allows for the first time a physical approach to the analy$isyalotron resonance
scattering features. Not only the magnetic field strengtth thie temperature, but
also the optical depth and the ratios of line positions, Vindths and line depths are
determined by the underlying physical picture. The qualitghe fit hence permits
conclusions on the accuracy of this picture. As shown in.S&8 the line ratios
could be a sensible indicator for instance for magnetic fralgations along the path
of photon propagation. The model is obviously restrictedht physical assump-
tions and the parameter input chosen for the Monte Carlolations. During fitting,

it interpolates the results on the assumed input parametémdnich has been de-
scribed in Sect. 4.4. It also requires the independent ehafia continuum spectrum
to be folded. Lacking theoretical model applications fora¥-pulsar continua, phe-
nomenological models supplied by tX&PECsoftware are used at present (compare
chapter 1). Sinceycl ont is a convolution model, self-consistent line shapes are
obtained for any given continuum. In this section, the mald®ielopment from first
stages to the current statusafcl ont is described. Spectral fits ofycl ont to a
first sample of source data from different instruments isssh@nd the model results
are analyzed.

6.5.1 The first candidate — ‘a long way down’: V0332+53

For the example of one data set, obtained from phase-awkspgetroscopy ofN-
TEGRAL IBIS data (I. Kreykenbohm, priv. com.) during a 2005 observatién
V0332+53, the single steps in the process of the model design doevid-up chrono-
logically. V033253 is one of the few cyclotron line sources where more tharcgne
clotron line is detected at a high significance, which readex well-suited candidate
for testing both the modeling of the complex fundamentad limd the simultaneous
modeling of several lines. Figure 6.9 shows early-stagagits to fit this data set
with the first attempts t&(SPECimplementations of the simulation results (Schén-
herr et al., 2005, 2007a). At that point, only low temperasuwithin the range dt.5

to 3.5 keV had been simulated, and the geometrical constrainisinaluded inter-
nally illuminated plasmas (cylinder and slab 1-1). Apadnfrthis, there is another
important difference between the upper and lower plot: ype tof XSPEC model

Sexamples, among others, being thepai r thermal and non-thermal continuum model for X-ray
binaries (Coppi, 2000), the relativistic accretion digkelimodelsdi skl i ne (Fabian et al., 1989, non-
rotating BHs) and aor (Laor, 1991, rotating BHs), and thebabs model for X-ray absorption by the
interstellar medium (Wilms, Allen & McCray, 2000).



Chapter 6.5:cycl ont —an XSPECmodel for fitting cyclotron lines 105

0.1

10

0.1

-50 0 50

50

Figure 6.9: Early-stage fits of a user-buISPECtable model (top) and a local analytic model
(bottom) to the line features of a phase-averaged spectfi®382+53 from INTEGRAL
IBIS observations. Between slab 1-1 and cylinder geometry thefibevas obtained for cylin-

der geometry. The data and fitted model (large panels) alathghe A x residuals (top) or the
model-to-data ratio (bottom) are shown (Schonherr et @0522007a).

used. The first attempt to implement the model was done in fdfrentable model.
As outlined in appendix A, the usage of a table model doescuaiunt rightly for the

dependence of the line features on the continuum, and isvakigicial broadening of
the lines during the interpolation of the tabulated spedthas issue initially triggered
the major revision of the simulation approach to calculatee®’s functions instead
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of full spectra, in order to develop a self-consistent, lIo0¢@PECmodel function of
formally analytic type in a second step (see appendix A). ditidicial line broad-
ening from the table model fits, however, was rather converia the fit quality:
the observed lines were broader than the ones which couldooeled in the scope
of the simulated spectra, indicating the need of higher tatpres: V033253 (and
nearly all other cyclotron line sources) is expected to iregemperatures of the order
of ~ Egyc/4 Z 6 keV. Consequently, the second attempt to fit the same datatsieh
was performed with an early-stage implementation of thellowdelcycl ont, for-
mally yielded a considerably worse fit quality than the oneawited with the table
model approach before. The discrepancy between the motbstgrkratures and the
expected ones was tried to take account of by the inclusiagsfroot h component
of 3keV to effectively broaden the lines. Still, the reduogg, = 24 was absolutely
unacceptable. A ‘long way down’ began, involving numeroual-and-error pro-
cesses in the model design and testing. As expected, antampgtep to progress
was the relaxation of the initial restriction to low tempteras after a major bug re-
moval in the Monte Carlo code. More realistic temperatufespto 20 keV have
been simulated since then. The time-consuming simulaties run in parallel to
further enlarge the parameter space also with respect tm#gmetic field strength.
Also, the initial restriction to include only3, T, and as variable parameters was
extended to an interpolation scheme including also thecaptiepthrr. Incremen-
tal refinement of the basic interpolation and convolutioatiree was realized. The
analysis of the observability of emission wings triggeree implementation of the
bottom-illuminated slab geometry, which also turned oubécan important step for
the model improvement.

With the current status of the model reasonable fits of theesdata set are achieved,
which can be used to assess the physical parameters. Figsitotvs fits of the first
two CRSFs in theNTEGRAL data of V0332-53. The data is modeled with a power
law with a high-energy cutoff (eq. 2.16j ghecut ), folded with the CRSF Green’s
functions €ycl ont) for all geometries, and assuming 5% systematics fol B8
data. All geometries yielded a similar fit quality and simitay? residuals; the best
fit was obtained for cylinder geometry, yielding@, = 4.1. Although some residual
features remain for all geometries, those fits serve as d pfooncept that CRSFs of
X-ray pulsars can be assessed for the first time with a pHysicdel. The obtained
parameters are shown for all geometries in Fig. 6.12 (blgoibsls). Analysis of the
fit parameters and the residuals allows for conclusions erpttysics of line forma-
tion beyond the simplified simulation setup which was takethis first attempt to
model CRSFs.

As mentioned above (section 6.4), the largest discrepastyden numerically
predicted and observational line features seems to berthalépth. To assess this
issue, a scenario or partial covering was investigatedtidPaoverage of radation
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Figure 6.10: Fit of the Green’s functions CRSF modglkc| ont for all geometries to the
line features of a phase-averaged spectrum of V@&® obtained fromlINTEGRAL IBIS
observations. (a) The data and fitted model along with (b)Xleesiduals for a continuum fit,
and the residuals for continuum and line fits assuming (éhdgt, (d) slab 1-1, and (e) slab 1-0
geometry are shown. The continuum shape is taken as a powevith a high-energy rolloff
(2.16). The best fit was obtained for cylinder geomegg{= 4.1).

means that part of the incident radiation from a source igéoed’ into the direction
of the observer (e.g., by absorption in an intermediaterlafenatter). In the present
context of cyclotron line formation, only part of the contirm seed photons are as-
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Figure 6.11: Same as Fig. 6.10 but including a scenario digbaovering. The best fit was
obtained for slab 1-0 geometry i, = 1.9).

sumed to pass the line-forming region and to be reprocesgextditering events.
This assumption effectively reduces the observed lineldeRepeating the fits with
this new model approackif - cycl ont - hi ghecut + As- hi ghecut), the fit

quality was significantly improved; the best fit was obtaifiedslab 1-0 geometry,
yielding axZ, = 1.9. The results of the fit including the partial covering scémare

shown in Fig. 6.11. The parameters obtained for slab 1-1 kEid1sO geometry are
rather similar, while the cylinder geometry yields comgyasmaller angles, lower
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Figure 6.12: Fit parameters from modeling two CRSFs in VG332 data, corresponding to
the residuals shown in Figs. 6.10 and 6.11, with (red symbot error bars) and without
(black symbols and error bars) the consideration of pacbakring. The optical depthyr is
least constrained because of the discrepancy in the siecuéatd observed line depths. The
dashed lines are included to guide the eye.

temperatures and lower magnetic field strengths. It was shiowhapter 5 that the
variation of the line shapes with the angle is different fiabsand cylinder geome-
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Table 6.3: Best fit parameters for VO3883. Data and model are shown in Fig. 6.11. Un-
certainties are at the 90% confidence level for one interggiarametery? = 27.57 for 14
d.o.f.

name [unit] fit value
B2 [B/(102G)]  3.1970:02
kTe [keV] 9.9910-8°
77 [1073] 3.070,
cosd 0.0675:%3
z 0.3 frozen
a 1.0019:05
Ecut [keV] 14.4779
Eiolg [keV] 8.11_8:(2)8
Ay 1793 09
Ao 147505

tries and that both small angles and high temperatures azadén the lines. The
best-fit parameters are given in table 6.3. A magnetic fiekhgth 0f3.19 - 10'2 G
was obtained. The fundamental cyclotron line endigy was calculated from equa-
tion (3.2) as27.45keV, the second line position &, = 53.22keV, in agreement
with reported results. The obtained temperatéfg, = 9.99 keV exceeds the value
of E¢c/4. = 6.86keV by a few keV. Fit parameters afycl ont for all geome-
tries with and without including the partial covering sceoare shown in Fig. 6.12.
While the magnetic field and the average viewing angle stineratable for fits with
and without partial covering, the temperature and the aptepth jump to higher
values, withrr even pegging at its lower and upper boundaries. Both theegdlr
the plasma temperature (10 keV) and for the optical depth( 10~3) seem more
realistic for the fits including partial covering (Fig. 6)lthan the values obtained
from the fits without reducing the line depths (Fig. 6.10)s@the fact that the best
fit was obtained for slab 1-0 geometry is conform with phylsisgectations, as it is
the geometry with the least emission wings among the modwied, and as it was
shown before that strong emission wings cannot be preseaalsource data.

6.5.2 Going further — Do we observe a correlation of the terapge and the cy-
clotron resonance energy?

Having achieved a model scenario to fit observational datarfe source, the natural
guestion to address next is its general applicability toersmurces and the further
interpretation of the obtained physical parameters. Hpdiscussed different geo-
metrical settings, and the issue of line depths previotisiy,section now focuses on
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Figure 6.13: Fit of the Green’s functions CRSF modgk| ont for slab 1-0 geometry and
partial covering to the line features of a phase-averagedtspm of 4U 1907409 obtained
from Suzakuobservations. The data and fitted model (upper panel) alotigAvy residuals
are shown. The residuals are depicted for the continuum fitdle panel) and the continuum
and line fit (bottom panel). The continuum shape is taken asreplaw with a Fermi-Dirac

cutoff (eq. 2.15f dcut ). For the best fit parametergZy = 0.97), see Table 6.4.

modeling the fundamental line. In particular, a correlatdits width and its position
in terms of the temperature versus the cyclotron resonamagg is assessed.
Two more test sources, Cen X-3 and 4U 1908, have been fitted wittycl ont.
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To exclude instrumental bias, the data sample was chosentio different instru-
ments,RXTE and Suzaki to complement théeNTEGRAL results for V0332-53.
Results are shown faRXTE data of Cen X-3 anduzakudata of 4U 1907+09. Both
sources are fit very well with the slab 1-0 and partial covgrimodel setting which
gave the best-fit of the V033253 data.

Fig. 6.13 shows spectral data (K. Pottschmidt, priv. cong) te best fits to the
phase-averagefluzakuspectrum of 4U 190%09, using a power law with a Fermi-
Dirac cutoff (Eq. 2.15) as the continuum component. The figstielding ax2, =
0.97, gave a resonance energy calculatedzgk = 18.7keV from Eq. (3.2) and
would predict a second harmonic 28.6 keV. The temperaturé7, = 4.91keV is
very similar to Egyc/4. = 4.83keV. The best fit parameters are given in table 6.4.
A surface magnetic field of.13 - 10'2G was obtained for 4U 1907+09 under the
assumption of a redshift= 0.3.

Fig. 6.14 shows spectral data (S. Suchy, priv. com.) and éisefit (\%, = 1.4)
from an RXTE observation of Cen X-3. A magnetic field strength®f= 3.45 -
10'2 G was obtained from theycl ont parameters. The energy of the resonance
features was calculated as a functionbaindy as Ecyc = 29.94 keV. The modeled
temperature;Te = 6.97keV is relatively similar taEeyc/4 = 7.5 keV.

All results for Eyc versuskTe from the best fits of V033253, 4U 190%4-09 and
Cen X-3 are illustrated in Fig. 6.15. They strengthen thesston of a correlation of
the formkT, = Ecyc/4 (see chapter 4). Observationally, a line to width correfatf
the cyclotron lines was proposed (see section 3.3 and Cabain 2002). Therefore
it is interesting to note that the temperature versus resmayclotron energy corre-
lation is obtained in spite of different best-fit viewing &g which also influence the
line width, apart from Doppler-broadening due to the terapee.
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Figure 6.14: Fit of the Green’s functions CRSF modgkt| ont for slab 1-0 geometry and
partial covering to the line features of a phase-averagedtspm of Cen X-3 obtained from
RXTE HEXTE observations. The data and fitted model (upper panel) aldhg\w residuals
are shown. The residuals are depicted for the continuum fitdlea panel) and the continuum
and line fit (bottom panel). The continuum shape is taken asreeplaw with a Fermi-Dirac
cutoff (eq. 2.15f dcut ). For the best fit parameterg%q = 1.4), see Table 6.5.
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Table 6.4: Best fit parameters for 4U 19009. Data and model are shown in Fig. 6.13. Un-
certainties are at the 90% confidence level for one interggtarametery® = 44.55 for 56
d.o.f.

name [unit] fit value
By [B/(10"2G)] 213707,
kTe [keV] 491752
7 [1079] 3.079

cos 6 0.56f8:(1)g
z 0.3 frozen
o 1.82+5:9%
Eeut [keV] 10.0873:2
Frold [keV] 13.74795-78
Ay 0.06%0%0s
Ap 0.19%8%07

Table 6.5: Best fit parameters for Cen X-3. Data and model stioig. 6.14. Uncertainties
are at the 90% confidence level for one interesting parametes 54.7 for 40 d.o.f.

name [unit] fit value
Bz [B/(10 Q)] 3.45700;
KTe [keV] 6.9710:27
77 [1079] 2.610%
cos 0.9379-007
z 0.3 frozen
o 1.08100%
Feut [keV] 7.26t§;§§
FEoig [keV] 71479
Ay 0.3870 05

Ay 0937501
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CHAPTER7

Summary and conclusions

Summary

An in-depth study of the formation of cyclotron resonancattering features in the
spectra of highly magnetized accreting neutron stars hexs pperformed. Theoretical
predictions were drawn from Monte Carlo simulations and gthgsical model as-
sumptions were tested on real observational data. The d&tigmpotential of the mor-
phology of cyclotron lines was investigated to assess thierying physical param-
eters. The influence of the magnetic field strength, the g&groéthe line-forming
region, the plasma temperature, the angle of radiationtemsided continuum spectral
shape onto the shapes of cyclotron resonance scatteritugdeavas discussed.

Continuing the modeling progress from previous work (Ar&yélarding, 1996,
1999; Araya-Gochez & Harding, 2000) several key resulthio$é studies were con-
firmed. Examples are Figs. 5.1-5.3, where the optical deapirpssion is discussed,
matching these illustrations to Figs. 4-6 from Araya & Harl{1999), or Fig. 5.5 for
the study of angular redistribution similar to the illustoas used in Araya-Gochez &
Harding (2000). With respect to their previous code, thésexy Monte Carlo model
is different in the following details: most importantly,ig not restricted to the study
of hard continua. Instead, a Green’s functions approachadsen to gain indepen-
dence from a priori chosen forms of incident radiation. Tkhergetrical constraints
on the line-forming region were relaxed to include the césa lmottom-illuminated
slab as it has been studied by, e.g., Isenberg, Lamb & War@8t)%nd Nishimura
(2005). Moreover, the higher resolution in angle and enéigging permits to illu-
minate the complex form of the fundamental feature in defHtile time-consuming
calculations on a huge parameter grid allow for a systenatigparison of our results
to observational data.

Several results from other authors obtained with differaumnerical approaches
were confirmed. In Fig. 5.5 (Chapter 5), the angular redigtibn of the photons for
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cylinder and slab geometry and for two different values ef phasma optical depth
was shown. The percentage of redistributed photonsqasi¥j-bin increases with
the emergent angle of radiatiof, for cylinder and decreases withfor slab geom-
etry, as shown in a similar study of an internally irradialie&-forming region by
Araya-Gochez & Harding (2000). For a higher optical deptt for cylinder geom-
etry, however, the photon distribution flattens, similarésults shown by Isenberg,
Lamb & Wang (1998b) for the comparable casel of slab geometry with the slab
normal perpendicular to the magnetic field vector (see @reg)t The study of the
variation of the cyclotron line ratios for a non-uniform nmegic field picks up an idea
from Nishimura (2005), who investigated this case fd@-éield which varies linearly
with height, slab geometry, and for similar optical deptiibe trend of an increase
of the line ratios with a decreasing magnetic field and a dasgref the line ratios
with an increasing magnetic field within a line-forming regiof slab 1-0 geometry
(Fig. 5.11) was confirmed.

In chapter 5, theoretical predictions of the model were resgindependently from
observational data analysis. Except for the study of treertios, outlined above, all
analysis assumed a uniform magnetic field in the line-fogn@gion. A key result of
this work is the study of the variation of the line parametétbe fundamental feature
with the magnetic field (Fig. 5.10), the optical depth andahgle (Figs. 5.1-5.3, 5.5,
and 5.6), and the temperature (Fig. 5.13). No significanatian of the fundamental
line energy,Ecyc, with angle is seen, and thus this simple scenario can bedsd!
as an explanation for observed phase dependent variatiohg,© Omitting the
emission wings, the depth of the fundamental with respethi@ccontinuum flux is
rather stable over the emergent angle, whereas the liné wadtes significantly with
6 for cylinder and slab geometry. For both geometries theslbezome wider towards
highercos 6; for slab geometry an initial decrease fos 6 < 0.25 is observed.

The variation of the line features for different magnetitfigrengths and different
temperatures was investigated. Obviously, the positiditheo CRSFs are directly
linked to theB-field strength (see Egs. 3.1 and 3.2). However, Fig. 5.1 stisws
that changes witlB as to the line shapes are rather small. On the other handnéhe |
shapes vary strongly with increasing temperature, whenme msymmetric, Doppler-
broadened lines arise for higher plasma temperatures.

Furthermore, variations of the line shapes with the indidentinuum shape were
studied. In particular, the shape of the fundamental lirenges with the continuum
shape, an effect which can be understood from photon rémiston, mainly due to
photon spawning in hard continua. As a result, for hard spdot instance the emis-
sion wings are much more pronounced than for softer contibhée dependence of
the CRSFs on the continuum in principle also allows for cosidns on the contin-
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uum shape when modeling cyclotron resonance scatteritgyésa

This work aims at meeting the interests of observers in aaycyclotron lines
beyond pure theoretical predictions. A considerable plth® work was therefore
dedicated to the comparison of the numerical to observalti@sults, and to the de-
velopment and design of a model applicable to real obsenvaltdata. The resulting
XSPECimplementation, namedycl ont, is a self-consistent model for simultane-
ous fits of up to four cyclotron lines.

Before actually fitting observational data, synthetic $ggewere produced for a
sample of sources, based on phenomenological obseniatisndts. The difficulties
in the interpretation of those parameters were outlineghalicular, the question of
the observability of the theoretically predicted line skapvas discussed in section
6.4. At the early stages of cyclotron line observations i wat clear whether emis-
sion features — if they were present in the data — would berebder just smeared
out by the detectors. For instance Isenberg, Lamb & Wang8lipand Nishimura
(2005) observed that the scenario of a radiation sourcesdidgttom of a slab as one
possible geometry for the line forming region leads to lessssion features in the
spectra than an internally irradiated plasma. It was shdvahduch strong emission
features as predicted by the model scenario should indeeldsevable by the instru-
ments on todays’ observatories but are not seen in typicaypulsar spectra. The
geometry of an internally irradiated plasma is thereforeteded to be no completely
valid physical assumption. Those results showed the irapog of implementation
of the slab 1-0 geometry for the Monte Carlo simulationshisdgeometry is known
to exhibit much less emission shoulders near the lines.

Testingcycl ont on observational data shows that CRSFs can indeed be assesse
in real source data with a physical model. V03323 was chosen as a first candidate
to test the model as it is one of the sources which exhibitsrs#é\CRSFs with the
fundamental one at a moderate energygj. ~ 27 keV. Fits of the first two lines as
seen iININTEGRAL data were analyzed. This is the first time a simultaneous fit of
several CRSFs with a realistic, physical model has beemaptt.

Fitting the line shapes for V03353 data withcycl ont, however, pointed out
a general problem of the current model approach: The depths$ ont yields for
rather lowrr are very deep compared to the observations. Fits for akktheemetries
could therefore be realized only for rather high, ~ 4. Within those errors, all fits
gave comparable results for the magnetic field, the temperaind the optical depth.
Different average viewing angles are predicted by the statylindrical geometries,
which is expected from the analysis of the variation of thediwith the angle, which
was performed in chapter 5. The cylinder geometry yieldedhbst fit of the data.
However, the geometry and the physical parameters coulbenobnstrained unam-
biguously without finding a way to reduce the average linetliepMagnetic field
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gradients in an accretion column might greatly flatten the Bhapes (O. Nishimura,
private communication). Also, one could imagine a scenafrfmartial covering of the
emergent radiation, where only part of the radiation is elito pass the region of
line formation and is reprocessed witicl ont. Applying this partial covering sce-
nario significantly improved the fits. The best fit was foundtfe 1-0 slab geometry,
yielding axZ4 = 1.9.

The analysis of observational data was extended to fittieduhdamental line for
two more sources, yielding best fits wiff},; = 1.4 andx%4 = 0.97. The obtained
values for the magnetic field strength of the three modeledcss, V0332-53, 4U
1907+09, and Cen X-3 are in general agreement with results fromigue, phe-
nomenological fits. It is important to stress that theseeslare based directly on a
physical model assumption, with the only uncertainty gibgrthe (fixed) redshift
and the errors of the fit. In contrast, magnetic field stresgtifierred from phe-
nomenological modeling are calculated from the line cedsravhich can deviate
from the physical resonance enerdy,.. The obtained temperatures for all three
sources strengthen the assumption of a correlation betthectemperature and the
resonance energ¥l. = Eg/4. Again, the values of the temperatures are basec
directly on physical assumptions, opposed to indirectigits which have been made
to derive the temperature from the (phenomenologicallgioled) line widths or from
the cutoff characteristics of the continuum.

Outlook

Modeling cyclotron lines is a highly intriguing task, andpably a lot of work will
be ongoing in this field of research in the future. While reatincussions of pro-
ton cyclotron lines in magnetars have been drawing renewtedtan to this topic,
the electron cyclotron lines for accreting pulsars arérstjisterious enough by them-
selves to demand further studies.

A better understanding of CRSFs will require further gelizgiions of simplified
model approaches like the CRSF model presented here. Angpnilsotropy of the
continuum photon flux should be included into the discusgpssibly in connection
with the emerging theoretical results on the continuum ftram (Becker & Wolff,
2007). The model approach taken could be easily generdzaditrary angular
distributions by the calculation of our Green'’s functiondependently not only of
the continuum energy but also of the continuum angularibigion. Also, a combi-
nation of the theoretical investigations for X-ray pulsantnua and cyclotron line
features would be desirable. A bulk velocity component agldaity flow gradients
in the plasma might be necessary to account for the phaskedsariations of the
fundamental line energy. An internally irradiated plasmearss to be a too simplified
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approach; the consideration of the source photons to betéget the bottom of the
slab (1-0 geometry) or according to a probably biased bigtion of incident photon

production in a cylindrical plasma is possibly more reaisGravitational light bend-
ing should be assessed further as a possible mechanismrigecttee beam pattern
and to broaden and smoothen the line shapes due to two-pal#eions.

However, the probably most pressing issue to be investigatéher is the reported
discrepancy in theoretical and observational line depittae realisticB-field gradi-
ents could account for shallower lines. As the considenatifoa scenario of partial
covering, which effectively reduces the line depths, digantly improves the fit qual-
ity of cycl ont to data, it follows that the consideration of non-constaagnetic
fields within the line-forming region could play a major ratethe process of better
modeling and understanding cyclotron lines. However,rthaster is difficult to judge
as long as no better constraints exist on the order of magdmifithe plasma density,
which is found in the literature at present to vary severdeos of magnitude.

Systematic data analysis on the basis of a physical modelhi& one presented
here must be done in the future to further improve the undedéng of the manifold
observational results. For instance, an extended analfgiarameter correlations
like the one predicted for the temperature and the resoramegy would be highly
interesting. The model presented here is foreseen to be available to the scien-
tific community after including a revised interpolation sahe to facilitate its usage
for data fitting. Modifications of the underlying physicaksario guided by system-
atic fits of observational data should help in further impngwthe comparison of the
model and real data.
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APPENDIXA

Model implementation in XSPEC

XSPECmodel types

There are two types of user-built models which may be inauiddo the XSPEC
spectral fitting software (Arnaud, 1996):

e table models, and
e analytic models.

For the table model type (Arnaud, 1995) it suffices to supdi TS table of a cer-
tain form, containing the user’s set of model spec¥8PECintegrated interpolation
routines are used for the calculation of intermediate speghen fitting the model to
data. The creator of the FITS table model can chose betweearlor logarithmic
interpolation methods.

An analytic model inXSPECis supplied in form of &ortrancoded function. If the
model is an additive model, this function, for a given eneggy F;, a given initial
number of photons per energy bitvi1ta) . and a given set of model parameters,
returns the modeled number of photons per energy &if#2') ;. On the other hand, a
multiplicative model returns a factgy™@); per energy bin.

cycl ont

cycl ont formally is implemented as an analy®SPECmodel, although itis based
on a discrete set of Monte Carlo spectra which are storeckifictm of FITS tables.
An implementation as a multiplicativ€SPECtable model, although most straight-
forward, was ruled out for two reasons: first, the line shagresdependent on the
continuum. A multiplicative model, calculating the lineatares for arbitranXSPEC
continua, would therefore necessarily bring about incsiesicies. Second, the po-
sitions of the lines depend strongly on the magnetic fieldngjth, which is one of

130
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4|_J'J|fv: Summary of Georr_gridham_sl_taud 9x5.fits in /integralscratch/l JIJIK

File Edit Tools Help
Index Extension Type Dimension View
/o Primary Image 0 Header | Image | Table |

1 PARAMETERS Binary 10 cols X 4 rows Header | Histl Plot | Al | Select |
12 EMERGIES Binary 2 cols X 640 rows Header | Histl Plot | Al | Select |
13 SPECTRA Binary 2 cols X 37960 OWsS  poooer | Hist | Plot | Al | Select |

Figure A.1: FITS tables file. Various extensions includerttedlel parameter points (PARAM-
ETER) for B, Te, 1 and Ein, the energy gridEow: (ENERGY) and the calculated Green’s
functions (SPECTRA). SPECTRA contains two columns: the éotumn contains the param-
eter combinatiorB, Te, 1, and Ej, for which the simulations were run. The second column is
a vector of the 640 Green’s functions for all output enerdigs.

the fit parameters. Simple interpolation between spectta@grid points of differ-
ent B implies a mixing of B-fields with A B linked to the grid spacing, broadening
the lines artificially. Hence, a self-consistent approacjuires the implementation of
cycl ont as an analytic model function. Lacking a simple analyticezpion for the
line shapes, it is based on a specific interpolation and daotiwa model. For a given
energy grid and continuum flux (modet)ycl ont returns the final flux (continuum
and lines) for arbitrary fit parameter sets within presetriatsu

FITS tables

For runningcycl ont, the general user must obtain both the model function anc
four to twelve FITS tables comprising the simulation resfidtr one to three a priori
calculated geometries and for four values of the opticatlde@ne must then com-
pile cycl ont in a localXSPECmodel directory, and set the environment variables
accordingly, e.g.,

setenv LMODDI R / hone/ user/ | ocal . nodel s
setenv LD LI BRARY_PATH $LMODDI R $LD LI BRARY_PATH.

The user may then chose a geometry (cylinder, slab 1-1 orls@bby setting the
environment variablef CYCLOMOD, to point at a corresponding directory, e.g.,

setenv CYCLOVOD / hone/ user/cyl,

containing the model results for this geometry. The moddkecexpects to find four
FITS tables (one for each optical depth), namedt aui . fits (i = 1,2,3,4)in
$CYCLOMODD. For any spectral data iIKSPECthe model can now be called with the
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== POW 1.471 1 T
File Edit Colors Tools Zoom Replot Help

|Georr_gridba...PEC_139)_1

Graph coordinates:
(X,%)

image pixel:
(X, %)

Pixel value:
()

Georr_gridbam_s1_taud_3x5.fits(INTSPEC_139)_1

0.015 — =

0.01 =

0.005 L

Elementiunber LY

Figure A.2: lllustration of Green’s functions storage ifTBltables.

syntax
nodel cycl ont - <conti nuunp.

If no FITS tables are found, an error message occurs. Each fafle contains the
Green’s functions for all parameter combination ®f k7. and . for the redistri-
bution fromn(Ei,) energies (monoenergetic photon injection)d@o,) different
energiesFoy. The FITS tables’ structure, which formally follows theftingtions for
XSPEC table models, is illustrated in Fig. A.1. Before thauatfit procedure, one
should check if the hard and soft bounds of the paraméterandT, correspond to
the '"MINIMUM’ and '"MAXIMUM'’ column entries for B/ Beit and kT in the PA-
RAMETERS extension of the FITS tables, and to reset them X8RECs ‘newpar’
command in case. The simulation results for the whole patemgeid are stored in
the second column of the extension, named SPECTRA. Eachdim@ins one ‘spec-
trum’ which effectively stores(Eoy) Green's functions for the energy redistribution
G(Ein — Eqy) of the continuum photons (see Fig. A.2).
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The concept of Green'’s functions

“From the viewpoint of mathematics it allows one to genesatetions to any inhomo-
geneous linear differential equation with boundary caod&. From the viewpoint of
radiation physics the Green'’s function relates a disturbda its measurable effect or
response. From the viewpoint of engineerting:; £) expresses those inner workings
of a linear system which relates its input to its outhut.

In linear algebra, an inverse opera€dr= (A — AB)~! which solves
u=Gb for (A-ABju=b (A.1)

in infinite dimensional Hilbert space is called the Greenisdtion of (A — AB). The
solution of a corresponding boundary problem

Lu(x)

Bl (u) =
B2 (u)

—f(x) a<z<b

0
0

can be expressed by its Green’s function, which fulfills

LG(z;¢) =—-0(z—¢) a<z <D

By(G) =0,
as b
ul€) = / G(& 2) f(2)dx (A2)

In the framework of this work the ‘physicist’'s and enginsespproach’ is taken,
and the term ‘Green’s functions’ is adopted to describe thesition probabilities
from an initial photon stateH, ) to its final state £’, ') after propagation through
the plasma (compare, e.g., Kontar et al., 2006; Becker & \Wa0@07). The final
energy distribution of the photons, their emergent spectonan be given as a function
of the initial one as

Foo
Fe™(Ey, 00) = / Fal( B 0\G(E — Fo,0 — 6)dEdf . (A.3)

— 00

lfrom ‘Linear Mathematics in infinite dimensions’ by N. Drakand R. Mooreht t p: / / www. mat h.
ohi o- st at e. edu/ ~ger| ach/ mat h/ BVt ypset/ nodel66. ht m
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The discretized Green'’s functions obtained from the sitinda give the transition
probabilities between discrete energy and angular intervdhey take the form of a
response matrix of the line-forming region to the seed ptmtbInder the condition of
initial isotropy, Eq. A.3 is therefore approximated by theadete sum (see chapter 4,
eq. 4.7)

N, 5L G, — By, 0) F™E)AE,
_ P Fem(El, Hk) — i 7 7> 7 z . (A4)
AEj J AEj

In the following, the anglé is parameterized by its cosipe in accordance with the
simulation setup.

Convolution and interpolation procedure

During the actual fitting of the data, for each test paramssteduringK SPECs fitting
procedure, the flux is calculated internally from convalatof the chosen continuum
model with an interpolated set of Green'’s functions fromNfante Carlo simulations
(compare chapter 4).

Technically, calculating{N}jJ’;aLk }
R

. involves the following steps
e regridding of the input energy gri{iE?SPEC}j and photons per bir{N}g‘iﬁa‘}
i)
to the internal energy resolutidi¥; / B2 }, of the stored Green’s functions.

e calculating the surface magnetic field, accounting for gushift from the sup-
plied fit parameteB;

e association of alXKPSECfit parameters with neighboring values Bf Te, u,
7 on the discrete parameter grid

e marking of all @* x 161 x 640) relevant Green’s functions (storedsnx 161
lines for each optical depth from two FITS tables)

o two-dimensional linear interpolation ifk andp

e determination of the shifts in energy for the Green’s fumiesi of both neighbor-
ing B values.

e linear interpolation inB of the shape of the Green’s functions, while accounting
for the shifts in energy on the energy grid.

e linear interpolation in
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e convolution of theXSPEC initial spectrum{N}g‘;“a'}‘ with the interpolated
Green'’s functions '

e regridding of the convolved spectrum (flux) fropf; / B12 }, to {E?SPEC}J,

The model code has been tested extensively, especially the toonsistency of
the interpolated spectra with Monte Carlo spectra, caledldirectly for the given
parameter set.
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