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Abstract

X-ray observations of active galactic nuclei and black Hatearies dfer a unique lab-
oratory for testing the general relativity in strong grgviegime, for studying accretion
physics around black holes, and for constraining propedfeaccreting black holes. In
this Thesis, we discuss black hole spin measurements emglthe relativistic iron line
profiles in the X-ray domain.

We investigate the iron line band for two representativecses— MCG -6-30-15 (ac-
tive galaxy) and GX 339-4 (X-ray binary). We compare two tiglatic models of the
broad iron lineLAOR andKYRLINE. In contrast toLAOR, theKYRLINE model has the
spin value as a variable parameter. HoweverLtt@R model can still be used for evalua-
tion of the spin if one identifies the inner edge of the disdwlite marginally stable orbit.
We realise that the discrepancies in the results obtainddtive two models are within
general uncertainties of the spin determination usingkbered line profile when applied
to the current data. This implies that the spin is currendtedmined entirely from the
position of the marginally stable orbit while th&ect of the spin on the overall line shape
would be resolvable with higher resolution X-ray missiake IXO (International X-ray
Observatory).

We show that the precision of the spin measurements depearafs enknown angular
distribution of the disc emission. Often a unique profilesswamed, invariable over the
entire range of radii in the disc and energy in the spectratibaddowever, an improper
prescription for the directionality profilei@cts the parameters inferred for the relativistic
broad line model. We study how sensitive the spin deternanas to the assumptions
about the intrinsic angular distribution of the emitted fums. We find that the uncertainty
of the directional emission distribution translates to 2096ertainty in the determination
of the radius of marginally stable orbit.

By assuming a rotating black hole in the centre of an acaretisc, we perform
radiation transfer computations of an X-ray irradiateccdtmosphere (NOAR code) to
determine the directionality of outgoing X-rays in the 2#&€V energy band. Based
on these computations, we find that from the simple formutaghe directionality, the
isotropic case reproduces the simulated data with the beatacy. The most frequently
used limb darkening law favours higher values of spin ancddition, a steeper radial
emissivity profile. We demonstrate our results on the casévi¥l-Newton observation
of MCG -6-30-15, for which we construct confidence levelsutsquared statistics, and
on the simulated data for the future X-ray 1XO mission.

Furthermore, we present a spectral analysis of an XMM-Nevatoservation of a



Seyfert 1.5 galaxy IRAS 05048626 being the first X-ray spectroscopic study of this
source. The lack of the significant relativistic blurringtbé reflection model component
suggests the accretion disc to be truncated at a farthengdutiner disc radiu®,, >
60Ry).

As a by-product of our reduction of the XMM-Newton data, wedftimat a careful
treatment of the raw instrumental data is necessary torotitaihighest quality data. As a
crucial step, we consider the correct re-binning of the deftacting the energy resolution
of the used instrument. Photon pile-up is another problemhvmay occur in the data of
very bright sources, and it may significantlffect the spectral shape.

In summary, we found relativistic iron line models to be asible method for mea-
suring the spin of black holes at all scales — from solar-maissoquasars to giant black
holes of billions solar masses in distant quasars. Somailusefistraints on spin are
achievable already from X-ray spectra of currently opatathstruments. However, our
simulations with the tentative IXO response show a signitic@provement in the accu-
racy of spin measurements in the future.

Keywords: black holes - accretion disc - active galaxies - Galacti@})-binaries



To my mother






Acknowledgements

This Thesis would not be completed without a big help from mNeagues, friends and
family to whom | would like to express my hearted thanks.

First of all, | would like thank to my Supervisor, doc. VladinKaras, for giving me
many ideas for the work presented in this Thesis, and foodhicing me to an interna-
tional scientific community. | owe very much to my collabanat of our two articles in
the Astronomy and Astrophysics journal. Hence, after \fiddKaras, | would also like
to thank Michal Dovciak (from the Astronomical Institutétbe Academy of Sciences),
Matteo Guainazzi (from the European Space Astronomy CeftESA in Madrid), and
René Walter Goosmann (currently at Strasbourg Univebsitysharing the fiice with me
in Prague 2006-2008) for their scientific ideas.

| am indebted to my parents who supported me in the educaton fy childhood
and helped me to establish my new settlement in Prague. | ewewuch to my mother
Jana who regrettably deceased two years ago. | dedicatevdhiksto memory of her. |
am grateful to my father Antonin to encourage me to haveastmy as my hobby and
to study it at the University. | would also like to thank my tiver Antonin and all my
friends who have shared my enthusiasm for astronomy withlrae grateful for all the
discussions which we had about astronomy, black holes oryha relativity, because
the genuine interest of my friends and relatives encourageah this work very much.

My warmest thanks belong to Lucie, my future wife, for heeli@ss psychological
support and for her patient listening to me when | was bothat®mut any problem. She
helped me significantly to overcome the modfidult moments of my life. Without her
support, | would perhaps never finish my Thesis. In a similay,wwould like to thank
my recently found new family.

| appreciate discussions with my colleagues at the Praglegartment of the As-
tronomical Institute of the Academy of Sciences, especitié members of the Prague
Relativistic Astrophysical Group and “pidi”-seminar gpou owe a lot to Michal Dovciak
and Mirek KFizek for helping me with the technical comgtihnal stdif. | am very grate-
ful to Michal Dovciak, lvana Stoklasova— Orlitova, Jrklorak and Ondfej Kopacek for
careful reading of some parts of the Thesis.

| acknowledge the Astronomical Institute of the Academy ofeices of Czech Re-
public for providing me a stimulating work environment amgpeopriate computational
equipment. Further, | acknowledge the financial supporhefdtudent research grant of
the Charles University (ref. 33308), the doctoral studengpmm of the Czech Science
Foundation (ref. 2089H033), the ESA Plan for European Cooperating States (drojec



viii

No. 98040), the Centre for Theoretical Astrophysics (proido. LC06014), and the grant
of the Czech Ministry of Education, Youth and Sports (proj¢c. ME0O9036).



Preface

In questions of science the authority of a thousand is nothwitve humble
reasoning of a single individual.

Galileo Galilei, 1632

Black holes are objects which were first created in mindsadtétical astrophysicists,
and for a long time, they were not supposed to exist in theWaalerse, in the endless
world of stars and planets. Even Albert Einstein who devetdighe theory, which allowed
the existence of black holes, did not believe that the natureld be so crazy to give
permission to such objects to form. However, theoreticababysicists calculating the
details of the stellar collapse, such as Chandrasekhaeg@mer, Snyder etc., predicted
that the collapse of too massive stars could not be stoppadymeans and that it must go
on to create space-time singularities, which were laterathbhy Wheeler as black holes.
Meanwhile, with no idea of connection, astronomers class$ifadio bright galaxies as a
peculiar group distinguished from the standard galaxiesxtgemely strong radio power.
Presently, we generally believe that accretion on a rapinligting super-massive black
hole is the process behind such an enormous power.

The first suggestions of black holes as real celestial abgzohe with the development
of X-ray astronomy in 1960s. Riccardo Giaconni, one of tlempers of X-ray astronomy,
won the Nobel prise in physics in 2002 for opening the X-rapdeiw to the Universe.
The discoveries of pulsars, quasars and X-ray binariesedtar fruitful life of a new
branch of astronomy, astronomy of ultra-compact objectaceSthat time, black holes
have fascinated many people around the world, not only 8stenStudying these objects
brings light to the physics of stellar collapse, galaxy fatimn, accretion physics and
behaviour of matter in the strong gravitational field.

Astrophysical black holes are actually very simple objeeisg characterised only by
their mass and angular momentum (spin). In the current keagd, it seems that there
are two populations of black holes according to their magsHasblack holes of mass of
several solar masses and super-massive black holes of mas$ians to billions solar
masses. The distribution of their spin is still unknown. Bl@ang the spin is diicult
because theffect of the spin quickly decreases with the growing distanoe fthe black
hole. Matter feels the black hole spin only within severalMigational radii. However, the
black hole spin plays an important role in black hole enétgetnd evolution. The spin is
assumed to be responsible for generation and up-keepimg @iawerful relativistic jets.
The information about the spin value on a statistically gigant sample of black holes is



X PREFACE

important in the understanding of formation and growth atklholes. It can significantly
help to answer the question if the observed spin value i3 oaifethe rotating black holes
are spun-up via accretion.

The innermost parts of black hole accretion discs can beuamed in high energetic
radiation, such as X-rays gtrays. This is for two reasons. First, such an energetic radi
ation can originate only under the extreme conditions ctoseblack hole. Second, any
weaker radiation is oftenfigciently absorbed by surrounding matter and cannot reach a
distant observer. Fast development of X-ray detectorsdanest two decades has allowed
astronomers to provide spectra with an unprecedentediségsand so constrain accre-
tion flows within a few gravitational radii and measure thadsl hole spin. There are
currently several methods of spin measurements. Modadlinglativistic iron line repre-
sents one of them, and it is particularly suitable becausseapplicable to black holes at
all mass scales.

In this Thesis, we will look into the inner black hole accoetidisc with relativis-
tic models of iron line. In Section 2, we summarise the basitcepts of this method,
and compare two models which employfdrent ways to determine the spin value. In
Section 3, we study in detail the role of the angular emigsion the spin value mea-
surement. Both analyses are provided on the current XMM1blewata whose reduction
is described in Section 4, and on the simulated data of a remdrgtion X-ray mission
with a significantly higher energy resolution. In Sectiow#, also present the results of
our X-ray spectroscopic study of the Seyfert 1.5 galaxy IRB878+1626, which repre-
sents the first X-ray spectroscopy measurement of this soudree achieved results are
discussed at the end of each Chapter. Main conclusions dfttegis are summarised in
Section 5. Future perspectives are pronounced in Section 6.

Most of the results presented in the Thesis were publisheddpapers in Astronomy
and Astrophysics journal (Svoboeéaal. 2009; Svoboda, Guainazzi & Karas 2010), and
several proceedings (Svoboetaal. 2008a,b; Svoboda 2009).

In Prague, April 2010

Jifi Svoboda
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Chapter 1

Introduction

1.1 Black holes

Black holes are regions of space-time in which the grawateti well is so deep that no
particle or even light can escape. First ideas of existeficeich objects from which a
distant observer cannot get any signal due to the escapeityefpeater than speed of
light were formulated by Michell (1784) and Laplace (179@cgnt English translation
can be found in Stephani 2003). However, real foundationisléck hole theory were laid
by discovery of general theory of relativity by Einstein {8). The first exact solution
of Einstein’s equations describing a black hole was foun&btlywarzschild (1916) for a
point mass assuming spherical symmetry. The radius of thetdnorizon is accordingly

called Schwarzschild radius:
rs=2rg = ZG—M
CZ
wherer is the gravitational radius which is equivalent to the méds geometrised units
with ¢ = G = 1 are used. The Schwarzschild metric in Schwarzschild ¢oates is:

(1.1)

b

dg = - (1 - %)dtz a4l (1.2)

-5

wheredQ? = d¢? + sirf 6 dy?, t is the time measured by an observer at infinity at reist,
the radial coordinate) is latitude, andp is the azimuthal angle.

The solution for rotating black holes was found almost hatkeatury later by Kerr
(1963). The Kerr's metric in the Boyer-Lindquist spherdidaordinatest(r, 9, ) and
geometrised units is (e.g. Misner, Thorne & Wheeler 1973pc33):

A sirt 6
>

d? = —A—AE dt? + (dy — wdt)? + % dr? + = de?, (1.3)

where the metric functions ares(r) = r? — 2r + a2, X(r,6) = r2 + a?cos 6, A(r,0) =

2 . o .
(r2 + a2) — A(r) @sirt 6, andw(r, 6) = 2ar/A(r, 6); a denotes the specific rotational an-
gular momentum (spin) of the central body.
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The conversion factor from the angular momentdgrs (in physical units) to the
angular momentund (in geometrical units) readsd = (G/c®)Jpnys The geometrised
dimension of] is the square of the length [¢n It is convenient to make all geometrised
quantities dimensionless by scaling them with the appab@mpower of mas$l. The
dimensionless specific angular momentans, J/M?, spans the rangel < a < 1, where
the positivgnegative value refers to the motion/counter-rotating with respect to the
coordinate. We will further assume co-rotational motiotyqa > 0). The magnitude of
ais thought to be less than unity in order to have a regulazbarand avoid the case of
naked singularity. The value of the outer horizon is:

ro=1+(1-a)" (1.4)

For the Keplerian angular velocity of the orbital motion, elgain (Bardeen, Press &
Teukolsky 1972):

QK(r) = m (15)
For the linear velocity with respect to a locally non-ratgtobserver, we have:
r2 —2art/’? + a?
V() = (2.6)

AVZ(132 1 @)

orbital velocity

0.2

2 4 6 8 10
radius

Figure 1.1: Orbital velocityV(r) of co-rotational motion near a rotating black hole, as
given by formula (1.6) for three values of the black-hole eitsionless angular momen-
tum parametea (spin). The thick coloured part of each curve indicates #mge of radii
above the marginally stable orbit> r,s(a), where the circular motion is stable. The thin
curve indicates an unstable region at small radii.
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The velocity at the marginally stable orbit reaches a canrsiole fraction of the speed
of light ¢ (=1) and has a similar valu&(r) ~ (0.5- 0.6) c for any value of the angular
momentum, see Figure 1.1. For large spin, a small dip des@hape velocity profile near
the horizon. Although it is an interesting feature (see Blflket al. 2005), its magnitude
is far too small to be recognised with current observatifexlities.

The Schwarzschild and Kerr metric represent solutions nétéin’s equations rele-
vant for astrophysical black holes which are assumed todmradally neutral. Neverthe-
less, they can be further generalised by taking of the étezttarge into the consideration.
The corresponding solutions are Reissner-Nordstromicnietr a non-rotating charged
black hole, and Kerr-Newman metric for a rotating chargeatklhole, respectively. Be-
sides the mass, angular momentum and electric charge, lnbde& do not have any other
parameters, which is often called “no-hair theorem” (thégement gets its name from a
comment by the famous astrophysicist John A. Wheeler 1##8atso Misner, Thorne &
Wheeler (1973)).

1.2 Marginally stable orbit

The marginally stable orbitrs), sometimes also called innermost stable circular orbit
(ISCO), is the closest orbit to the centre of a black hole whiee orbit of a test particle is
stable. Below this orbit, only unstable or unbound orbitsogy from infinity may occur.

The position of ISCO depends on the value of the spin (Bardemss & Teukolsky
1972):

Fms=3+2Z —[(3=Z1)(3+ Zi + 22,) ], (1.7)

Z, =1+ (1-a)3[(1+a)s + (1-a)3] andZ, = (3a2 + Z2)3. Notice thatr,{(a) spans the
range of radii fronr,s = 1 fora = 1 (the case of a maximally co-rotating black hole) to
rms = 6 fora = 0 (static black hole). Figure 1.2 illustrates the relati@rv} graphically.

It is generally supposed that the rotation of the astromlaysilack holes is limited by

an equilibrium valuea = 0.9982, because of capture of photons from the disc (Thorne
1974). This translates 19, = 1.23. For a hypothetically higher value of the spin than
a = 1, the radius of the marginally stable orhjf increases again.

The ISCO is an important quantity in the standard accretiea ttheory because the
inner edge of the accretion disc is assumed to coincide withawever, this may not be
satisfied precisely under realistic circumstances (Beitkwlawley & Krolik 2008). The
magnitude of the resulting error on spin measurements @e@8 1.5.2) was constrained
recently by Reynolds & Fabian (2008) who applied physicgliarents about the emission
properties of the inner flow. It is very likely that this dission will have to continue for
some time until the emission properties of the generalivedait MHD flows are fully
understood.
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Figure 1.2: Relation between spiaand marginally stable orbit;s.

1.3 Black hole accretion

1.3.1 Accretion power

Black holes are interesting objects for the theoreticiamsesthey represent a natural lab-
oratory for testing the theory of general relativity, butyhare also important objects for
astronomers due to their interaction with the surroundiadgten. Nowadays, black holes
cannot be observed directly as the sensitivity of grawtetl wave detectors is still in-
suficient. However, there is an increasing amount of obsemaid the electromagnetic
radiation of the matter accreting on black holes. Theserghtens can constrain the
black hole parameters as well as the accretion physics.

The accretion power is due to conversion of the gravitatipogential energy into
radiation. For a body of ma$g and radiuR we can estimate the energy released by the
accretion of a particle with mass as:

GMm

AEgec = R
We can compare the power of the accretion process with theemeitput by nuclear
fusions. In the case of hydrogen burning, we obtsih~ 6 x 10'%ergg?. For a neutron

star withM ~ Mg andR ~ 10km, the energy output by accretion on the stellar surface

(1.8)
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is AEacc * 10P%rg g?!. This means that it is released more energy by the accretion o
a compact object than from the nuclear synthesis. Accraiigo super-massive black
holes in quasars powers the most luminous sources in theskseiv

The maximal luminosity produced by the spherical accretiom star is restricted by
the Eddington limit:
4rGMm,c

gT ’
wherem, is the mass of a proton (i.e. a nucleus of hydrogen)@ands Thomson cross
section. The Eddington luminosity represents the highessiple luminosity on the con-
ditions of spherically symmetric accretiovi and totally ionised accreting material. In
this case, the opacity is dominated by electron scattendgage sifice only with Thom-
son cross sectiort. For accretion powered objects the Eddington limit implidisrdt on
the steady accretion rate.

If all the kinetic energy of infalling matter is conversedraaliation at the surface of
the central body, then the accretion luminogity. is given by:

Ledd = (1.9

Lacc = % (1.10)
In the case of black hole accretion, the radRudoes not refer to the surface but a natural
choice is a Schwarzschild radius. The uncertainty of thaevalf the luminosity can be
parametrised by a dimensionledi@encyn (Shakura & Sunyaev 1973; Soltan 1982),
which measures howfléciently the rest mass energy of the accreted material isectety
to radiation:

Lacc: n =~ nMCZ. (111)

Comparing eq. (1.11) with energy released by the burningydfdgen we ge = 0.007
for nuclear synthesis. Shakura & Sunyaev (1973) mentioned 0.06 in the case of
Schwarzschild’s metric, and in Kerr's metrjaccan achieve 40%. The estimation of real-
istic value forn in black hole accretion is an important problem, a reas@ngbkss for

it would appear to bg ~ 0.1 (Yu & Tremaine 2002; Elvis, Risaliti & Zamorani 2002;
Marconiet al.2004).

1.3.2 Accretion discs

The dominant accretion process for compact objects ingotlisc accretion. Most of
the accreting matter, which is gas supplied by a donor stemiary systems or the host
galaxy in quasars, possessesfiisient angular momentum to go into the orbit around the
black hole, forming an accretion disc. The previous retetioalculated for spherically
symmetric case will serve as convenient approximationsestichations. Accretion disc
physics includes many processes, including gravity, hyginamics, viscosity, radiation
and magnetic fields. The angular momentum of matter in aretioordisc is gradually

1The radiation influences mostly electrons which are of the teass than protons, vice-versa the gravity
more attracts the massive particles. Electrons and pratoidsogether due to electromagnetic interaction.
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transported outwards by stresses (turbulent, magneti¢, &he time scale for redistribut-
ing angular momentum is long compared with either the drbitaadiative time scales,
which allows matter to gradually spiral inwards.

Steady thin accretion discs (Shakura-Sunyaev)

Steady thin accretion discs represent the standard dist@ofound by Shakura & Sun-
yaev (1973). The model is applicable when the charactenstues of luminosities are
sub-Eddingtonl./Lgqq < 1, i.e. when the vertical component of the thermal disc radia
tion alone cannot support the matter against gravity attanhal altitudes above the disc
plane. This condition may be violated if the thermal motispiedominant. The thermal
criterion for the Shakura-Sunyaev thin disc is:

.
% rL <1 (1.12)
g

whereks = 1.38x 1022JK™! is the Boltzmann constant, is the gas temperature, and
u is the mean mass per particle. When the condition (1.12)tisulfdled, luminosities
may reach Eddington valuels/Lgqq ~ 1, and the radiation-pressure force becomes com-
parable to that of the gravity. The height of the disc ceas&®tsmall and the thick-disc
solution needs to be considered.

When the assumption of geometrical thinness is justifiedly cadial advection is
dominant and the equations for the conservation of mass @gular momentung2 can

be written as:
ox 0

and 0 0 190G
hd 2 e 3 - -
r p (ZreQ) + P (Zv,r°Q)) o Br (1.14)
where 20
G(r,t) = 2ar3yz— (1.15)

or

defines the torqué; is the surface density; is the velocity in the radial direction, and
is the kinematic viscosity. Combining egs. (1.13) - (1.18)l aising eq. (1.5) we obtain
the equation governing time evolution of surface densitheKeplerian disc:

0x 30 0
i FE“E&(VZ Vr). (1.16)
The kinematic viscosity may be a function of local variables in the disc. The
eg. (1.16) has the form of non-lineafigision equation governing the behaviouif, t).
Given a solution fo(r, t) the radial velocity is:

3 0
Vr = —WFE(VZ \/F) (117)
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Finally, we need some prescription foto close the system of equations and to fully
determine the radial structure of the accretion disc. Athaf qualities currently ignored,
such a detailed micro-physics, enter into the problenvviifter radial integration of the
equations (1.13) and (1.14) and assuming time-steady cgseﬂ)), we get:

r¥v, = const (1.18)
and : .
_ M lin\2

vZ_Zﬂ[l (r)] (1.19)

At r = rj,, the viscous torqué&(r) vanishes. It is generally assumed that this radius co-
incides with the marginally stable orbit because belowatrtatter losses the centrifugal
support.

The essential idea of the accretion process is dissipatienargy. The dissipation is
caused by viscous torques and is given by:

o)

D(r) = 4;; . (1.20)

Using eq. (1.15) we obtain:

1 [ 89\
For the Keplerian steady disc, we get the relationshii@) independent of:
3GMM Fin\2
D(r) = 1-(—) |. 1.22
) 8nr3 [ ( r ) ] ( )
The luminosity produced by the disc between ragdéndr is given by:
2
L(ry,rp) = 2[ D(r)2xrdr, (1.23)
r
and using eq. (1.22):
3GMM (2 rin\2 | dr
L(rs.r2) = = fﬁ [1— (T) ]ﬁ' (1.24)
Settingr, = ri, andr, — oo, we obtain the luminosity for the whole disc:
GMM 1
Lisc = or. = éLacc' (1-25)

The thin disc is characterised by no motions or accelersiimthez-direction and the
relevant Euler’s equation has the form:

1p_ 5

i (1.26)

GM]

(r2 + 2)?
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wherep is the pressure. For a thin diéc< r) we can write:

1p GMh
;E = —T, (127)
whereh is the typical vertical scale height of the disc. From eq2T).we can estimate
the thickness of the disc as: c o
s _ =

hr =2 ==, 1.28
o e (1.28)

wherevy is the local Keplerian velocity ancl = \/g is the sound speed. Hence, we can
write the criterion for the thin disc as:

Cs < . (1.29)

It means that the accretion disc is geometrically thin wiherkteplerian velocity is highly
supersonic.
The total pressure of the disc is the sum of gas and radiatesspre. The equation
of state has the form:
- pk.;T + 4_O-T4

pm, 3

The relationship for the central temperature can be deffrnaad evaluating the heat
loss per unit area by the radiative transport with the théemargy by viscous dissipation

given by eq. (1.22):
1- (rﬂ)l (1.31)

P (1.30)

do_, .. 3GMM
ET =D = 8nr3

wherer is the optical depth of the disc, which can be defined as:

r

T = KRpH = KRZ, (132)

wherexkr is the total Rosseland mean opacity. For hot discs arouncgaotobjects,
free-free transitions and Thomson scattering contribudstiy to the opacity. The above
estimation of the central temperature value is valid onhtlie case of an optically thick
disc witht > 1.

Up to now, we have considered equations of the mass congeryHie angular mo-
mentum conservation, energy conservation, hydrostatidiegqum, equation of state,
and equation of radiative transport for the thin steady.disorder to study the detailed
physical structure of such a disc, or any aspect of its tiarability, as well as stabil-
ity, the knowledge of the viscosityis required. A simple and very useful model of the
viscosity ise-model (Shakura & Sunyaev 1973):

y = ach, (1.33)

wherea is a dimensionless parameter, which can take the value frtonlO In the first
approximationg is a constant for a given accretion disc.
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The viscous stresf, exerted in thep-direction can be defined for a Keplerian disc as:

3
f, = EnQK’ (1.34)
wheren is the codicient of dynamic viscosity. For turbulent motion, it can bgressed

as:
1N~ PVrurblturb, (1.35)

wherep is the matter densitwn < Cs is the velocity of turbulent cells relative to the
mean gas motion ang,, < his the size of the largest turbulent cells (Landau & Lifshitz
1959; Shapiro & Teukolsky 1983). Using eq. (1.28) we camestie the value of viscosity
stress as:

f, < (ocsh) Q ~ pc? = P. (1.36)

In general, we may write:
f, = aP, (1.37)

wherea is the same parameter as in eq. (1.33). From eq. (1.17), dired ve&locity can be

expressed by this model as:

y  atCh
Vr ~ - X

r r
Thus, the radial inflow is very subsonic.

The steady thin disc solution (or also called Shakura-Sewigasolution) allows to
express the central densityr), the surface densit¥(r), the central pressure(r), the
disc heighth(r), the radial driftv,(r), the central temperatui(r), and the optical depth
7(r) as functions of the parametek M, anda.

< Cs. (1.38)

Accretion flows in sub- and super-Eddington regime

The condition for the steady thin disc accretion is not abvagycomplished. The accretion
rate is the main factor which constrains the shape of theetioarflow. In the low (sub-
Eddington) accretion regime, the cooling mechanism viatawh ceases to be ficiently
efficient and advection mechanism takes place instead (Ichit@r7; Narayan & Yi
1994; Abramowiczt al. 1995; Narayan & McClintock 2008, and references thereim). |
the super-Eddington regime, the gas pressure is strongyrioexpand significantly the
disc vertically and the height of the disc needs to be takenaocount (Abramowicet al.
1988; Yuan 2001; Sadowski 2009).

Generally, we may write the energy conservation equatiompi¢ volume as:

ds
P =% — 0 (1.39)

wherep is the density] is the temperature§ is the entropy per unit massis the time,
andq, andq. are the heating and cooling rates per unit volume. Sincéhalkentropy
stored in the gas is advected with the flow, the left-hand of(#39) may be replaced
by a quantityg,q, Which represents cooling rate via advection. The heat gmetgased
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by viscous dissipation is partially lost by radiative coglig- and partially by advective
cooling gag-

0+ = Q- + Qadv- (1.40)

For the Shakura-Sunyaev thin discgs > Qaq. If, Oppositely,q- < Gaav the gas is
radiatively ingficient and the accretion flow is under-luminolis< 0.1Mc?). Such an
accretion flow is known as ADAF (advection-dominated adoretiow), or RIAF (radia-
tively inefficient accretion flow).

There are two distinct regimes of advection-dominatededmor flow. The first one
occurs when the cooling time scale is much larger than theeon time scalet.qo >
tace It is the standard case of the ADAF, a self-similar solutodrwhich is described
by Narayan & Yi (1994). The second regime corresponds to Wegi scattering op-
tical depth when the radiation is unable tdfdse out of the system, i.e. the photon
diffusion time is much larger than the accretion time sdgle,> ty. This radiation-
trapped regime was briefly discussed by Begelman (1979)emddeveloped in detail by
Abramowiczet al. (1988) as the “slim disc” model.

Accretion state of an accretion disc evolves in time bec#lusaccretion rate varies
and the accretion flow regimes interchange accordingly. Kékfrom the observations
that the black hole binaries change the spectral propawdigiglly and several tlierent
X-ray states were defined (for review see Remillard & Mc@akt 2006, and references
therein). A close connection between the states and ameriiwv regimes was discussed
by Esin, McClintock & Narayan (1997). The value of the adomtrate is the main
criterion for appearance of a certain X-ray state. Theiestdttic sketch is shown in Fig-
ure 1.3, which illustrates the link between the accreti@test and the mass accretion
rate. However, this simple picture is rather far from the ptete description of the spec-
tral states behaviour, not taking into account dynamic @riogs of the corona including
strong flares, hysteresis of the states when interchanging e

The main conclusion of the unification scheme is that belomesaritical value of
the accretion rate, such as,; ~ 0.08mgqq (Esin, McClintock & Narayan 1997), the
accretion disc does not extend to the innermost stable, dnlif instead, it is truncated
at some further radius whose position is inversely propodi to the accretion rate. The
standard thin (Shakura-Sunyaev) accretion disc occussinithe high state. In the very
high state, the radiation pressure inflates the disc in th&aheighbourhood to the black
hole, and consequently, the advection plays again an iporole in the inner flows
(slim disc solution).

Thermal radiation of accretion discs

The radiation temperature follows from thermodynamicalsiderations:
kTrad = hV, (1.41)

whereh = 6.626x 10734J s is the Planck constant anis the mean frequency. The value
of this temperature can be estimated by comparing it witlbtaek-body temperaturg,
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Figure 1.3: Schematic sketch of the configuration of the accretion flodifierent spec-
tral states shown as a function of the mass accretion ratéimgin units. The ADAF
is indicated by dots. The thin disc (horizontal bars) exsetadthe innermost stable orbit
only in the high state. In lower states, the truncation ofdise occurs, and the transition
radius depends on the accretion rate. Figure is adoptedEsam McClintock & Narayan
(1997).
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and the thermal temperatufe,:

_ Lacc \?
To = (47rR20') ’ (1.42)
GMm,

whereo = 5.67x108J s m2K~is the Stefan-Boltzmann constant. These temperatures
are two extreme cases fdr,q. If the accretion flow is optically thick, the radiation rées
thermal equilibrium before escaping afdy ~ Tp. On the other hand, if the conversion
to radiation is direct (from optically thin material), th@pg ~ Ty,. It gives the limits for
the radiation temperature:

Ty < Trad < Tin. (1.44)

For a solar-mass neutron star we will give the range for pheteergy:
1keV < hy < 50MeV. (1.45)

Thus, we can expect accreting neutron stars and black robgsgpear as X-ray emitters,
or possiblyy-ray sources.

If we suppose that the viscously dissipated energy (eq.) 1s2adiated as a black-
body spectrum (Shakura-Sunyaev disc), using eq. (1.42)ewéheg relationship for the
surface temperature of the disc:

T(r) = (3GMM [1_ (rﬂ)zl) (1.46)

8nor3 r

For a fixed ratio between the source luminosity and Eddingioi and a scaled radius
r/M the temperature of the disc depends on the mass as:

T(r) o« M73. (1.47)

The temperature of the innermost region of an accretion sliscounding a solar-mass
black hole isT ~ 10’ K. Using eq. (1.41), the corresponding spectral ener@yisl keV.
Thus, the thermal component of the black hole accretionidism X-ray binary occurs
in the soft X-rays. For a super-massive black hole, the siocralisc temperature is
T =~ 10° — 10°K for the mass rang® ~ 1¢° — 10° M. The thermal disc component has
its maximum in the ultraviolet energy band and the spectnatgy isE < 0.1keV for

M ~ 1P M,, andE < 0.01keV forM =~ 10° M.

Time dependent discs

Accretion discs are fueled by a variable amount of the acgyenatter, and thus, the
time variability of accretion discs is a natural conseqeehe@t us estimate fferent time
scales: dynamical, thermal and viscous. The dynamical rfoitad) time scale can be
defined as:

tayn = Q7. (1.48)
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The thermal time scale, on which the dissipated energy iatedifrom the accretion disc,
Is given by:

tin = tdﬂ = i
a a
The viscous time scale which is linked with the redistribatof the angular momentum
is defined as:

(1.49)

r2 (r\2
tvisc ~ — (_) tth (1.50)
v \h

Comparing the time scales we get for a thin disc:
tuisc > tin > tdyn' (1.51)

On dynamical time scales we can well consider the temperainda parameter in-
dependent of time. Although theprescription is very successful in many applications,
there are some limitations of this approach. Especialg/ptiesence of the magnetic field
plays an important role in the accretion disc stability. inesent-day theoretical mod-
els assume that the turbulence, which is responsible farnbalar momentum transport,
may be due to a magneto-rotational instability (Balbus & tawd991).

1.3.3 Accretion disc atmosphere and disc reflection

X-ray emission of both, black hole binaries and active gakaxis characterised by a
power-law component with an exponential diitat high energyl ~ 300 keV). Its origin
is suggested to be due to multiple inverse Compton scagewh the “seed photons”
from the accretion disc (UV photons in the case of AGN, sofa)-photons in the case
of black hole binary) in the optically thin accretion disonaisphere, so called “corona”
(Thorne & Price 1975; Haardt & Maraschi 1991). The coronaeigelved to consist of hot
relativistic electrons which are possibly heated up by tlagmnetic dissipation processes.
These processes may be caused by amplification of the madie&di due to convective
motions and dferential rotation within a hot inner region of the accretéisc, resulting
into flaring events in the places of magnetic re-connecti@meev, Rosner & Vaiana
1979; Haardt, Maraschi & Ghisellini 1994; Czerny & Goosmagi4).

Geometrical properties of the corona are still uncertamall as the distribution
of the Comptonising electrons (thermal, non-thermal, axed). The corona might be
“sandwiching” the accretion disc (Haardt & Maraschi 1994ds),rather be locally cen-
tralised with a typical size of a few @f. In this geometry (“sphere disc”), the corona
is irradiated by soft photons from the cooler outer partshef accretion disc (Shapiro,
Lightman & Eardley 1976; Haardt, Maraschi & Ghisellini 19%ternet al. 1995; Dove
et al.1997).

Some X-ray photons produced in the corona may escape gitedthe observer and
then be detected as the primary power-law radiation, butesoithem may illuminate
the disc and be reflected from its surface before reachinghbkerver (Basko, Sunyaev
& Titarchuk 1974). The illuminating radiation is partly aivbed in the disc medium
and partly re-radiated from the accretion disc. The rem®eg spectrum is characterised
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| incident hard K alpha photon ¥
| X-ray photon /‘ E=6.4keV [
=4 / ejected K electron [

iron atom before photo-ionization iron atom after photo-ionization

Figure 1.4: A schematic sketch of the photoionisation of a neutral irmmafollowed

by production of a k photon. The three atomic shells are shown, from inside: K, L,
M. Two electrons of the N shell are grouped with the M shelt&lans in the picture for
simplicity.

mainly by the Compton hump & > 10 keV and the fluorescent iron linelat> 6-7 keV,
as seen in Figure 1.5 or Figure 1.9.

The Compton hump is the result of the increased importan€goaipton scattering
compared to the bound-free absorption. The cross-sectitredound-free absorption
o decreases namely with increasing energy (Morrison & McCami983), except
for absorption edges, while Compton cross-sectigns significant up toE > 50 keV
(Lightman & White 1988). Thisect makes the overall spectral hardening and forming
of the Compton hump (Lightman & White 1988; Guilbert & Ree88p

In addition to the reflection continuum, intrinsically nanr features, absorption edges
and fluorescent emission lines, are other significant inpohthe reflection from an ac-
cretion disc. These spectral features have a great pdtentivestigation of the prop-
erties and localisation of the original source of radiatidhey are defined with specific
energies and so, detecting of energy shifts and broadehiihg deatures is an important
observational tool which allows us to investigate the inmest region of a black hole
accretion disc.

A schematic picture of photoionisation followed by prodantof an X-ray photon is
shown for the case of a neutral iron atom in Figure 1.4. Thiglerd radiation must have
high energy (hard X-ray) to be able to kicki @n inner electron. The minimal energy
of the incident photon is equal to the binding energy of thextebn in the atom, and it
corresponds to the absorption edge in the reprocessedwspecthe originally neutral
atom is photoionised and the electron vacancy is immedgidiledd up by an electron
dropping down from a higher atomic level, L shell or M shelhiFis accompanied by a
release of the energy equivalent to th&eatience between the energy levels either in the
form of radiation (fluorescence), or by ejecting of an outecton (Auger &ect).?

°The Auger &ect may be interpreted as a further, inner, photoionisaf\qrhoton released by dropping
down of an electron from higher to lower level (from L to K dhét absorbed by an outer electron. The
photon has enough energy to eject the electron from the atom.
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Figure 1.5: Left: Disc reflection spectrum originated by irradiation of a meuslab of
gas by an incident power law radiation (dashed line). Imtliad fluorescent lines are ap-
parent the iron line being most prominent. Figure adoptechfReynolds (1997)Right:
Reflection spectra for ffierent ionisation states (from bottom to tép= 30 — 10 000).
Figure adopted from Ross, Fabian & Young (1999).

The fluorescent emission line is named according to the Bbell which the electron
was ejected by the photoionisation, K line if the ejectedtets is from the K shell, L
line if it is from the L shell etc. Further division follows ¢horigin of an electron filling
the vacancy in the inner shell. If it comes from a neighbayishell a Greek lettet
is added to the name, and gradually with higher levg|sy(...). The Kx line, shown
in Figure 1.4, means that a K electron was ejected by the pimsation, and an L-
shell electron jumped into the vacancy. This is a more prigb@bnsition than filling the
vacancy by an M-shell electron. The probability ratio af Ko KB appearance is well
defined quantity and it is about 7.4 : 1. Similarly, if the vacya by photoionisation is
produced in the L shell, & photon is radiated if an M shell electron fills the vacancy.

The probability of the fluorescence occurrence, i.e. proipathat an X-ray photon
is radiated from the atom after photoionisation, is cham@td by the fluorescence yield
w. This quantity depends strongly on the atomic number, apmately asw ~ Z*
(e.g. Bambynelet al. 1972). Taking into account cosmic abundances as well, the ir
fluorescent lines are expected to be particularly strongrelher, the iron & and K3
lines occur at the energies.{&eV and 706 keV, respectively) where both, the thermal
radiation of an accretion disc and the reflection continuwepresented mainly by the
Compton hump) are minimal, and where only a few absorptioesliof lighter elements
occur. This all makes the iron K lines to be relatively easibgervable spectral features
(see left panel of Figure 1.5). Properties of the iranliKe in the X-ray illuminated cold
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accretion disc picture were extensively studied by GeordeaBian (1991); Matt, Perola
& Piro (1991) and Matet al. (1992).

The energy and the intensity of the fluorescent line depeigd#isantly on the ioni-
sation state (Ross & Fabian 1993; Matt, Fabian & Ross 1998sRd-abian 2005). The
ionisation parameter may be defined as:

ArFy(r)

&(r) = o (1.52)
whereF, is the flux received per unit area of the disc at a radiuandn(r) is the co-
moving electron number density.

The intrinsic energy of the fluorescent line monotonicaligreases with higher ioni-
sation state because the binding energies of the innesshelease with ionisation. In the
case of iron, the energy of thenKs very close to 8t keV up to Fe XVII, then the energy
value increases up ta®keV for Fe XXV (helium-like iron atom), and finally reaches
the valueE = 6.97 keV for Fe XXVI (hydrogen-like iron atom) when the last@l®n
is ejected by photoionisation and another electron is caugly the fully ionised atom
and drops down to the innermost K shell. The energy of the K@hdepends also on the
sub-level of the dropping down electron, which makes the Kssion line to be a dou-
blet with energie€y,; = 6.404 keV andEk,, = 6.391keV. This diference is, however,
very small and beyond the resolution abilities of the detescon-board the current X-ray
satellites.

The intensity of the fluorescent line is maximal #gr 1000— 3500. This is due to
two effects. First, the fluorescent yield is higher for ionised iadoms than for neutral
ones. Second, the incident radiation which is strong entaiginise iron atoms is not so
much photoabsorbed by dissociated lighter elements. TheeBaence does not occur if
all the matter is too highly ionised, so that all electrores@mbound. The iron fluorescent
line cannot be produced4f > 5000 erg cm . Reflection spectra for fierent ionisation
are shown in the right panel of Figure 1.5.

1.4 Observational evidence of accreting black holes

1.4.1 Stellar-mass black hole binaries

The first black hole candidates to be identified were celdstidies of small size and mass
only a few solar masses, in close orbits to ordinary compesiiars emitting intense and
rapidly flickering X-rays. This emission is attributed tetradiation of inward-spiralling
matter in the form of accretion disc (see Section 1.3.2).fiFeeestablished black hole bi-
nary was Cygnus X-1 (Webster & Murdin 1972; Bolton 1972).sIdlbject is persistently
bright in X-rays because its companion is a blue super-gérsipectral type 09.71ab
(Walborn 1973) which fuels the accretion onto black holedrgé amount. These types
of objects are classified as High-Mass X-ray Binaries (HMX&sd next to the Cygnus
X-1, two black hole binaries in the Large Magellanic Cloud)C X-1 and LMC X-3,
belong to this category.
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More frequently observed black hole binaries are, howéxmv-Mass X-ray Binaries
(LMXBSs), or also called X-ray novae, which are transient ahdnge rapidly the spectral
state according to the accretion rate of the infalling nmafievo of them are especially
remarkable, GRS 19%3.05 belongs to the brightest X-ray objects on the sky (exotd
the Sun), and since its eruption in August 1992 it remainey beght for more than one
decade; and GX 339-4, which undergoes frequent outburttsved by very faint states.
In total, about two dozens of black hole binaries are confiriayed two other dozens are
the candidates. For review about X-ray properties of theiesl black hole binaries see
Remillard & McClintock (2006).

1.4.2 Active galactic nuclei

Another class of the astrophysical black holes are supssivablack holes (SMBH)
which settle in the dynamical centres of galaxies. The inseetuclear activity of some
galaxies was detected already at 1930s by radiotelescoypiethie spatial resolution was
poor to measure the position of the radiation source. In Hrey d940s, Carl Seyfert
discovered intense nuclear activity together with the gmes of highly ionised and ex-
tremely broad (up to 8500 km optical emission lines in a sample of galaxies (Seyfert
1943). Consequently, a new subclass of galaxies, Seyfientiga, was established.

Another windows to the Universe, especially X-ray and irdth revealed that some
galactic nuclei are enormously bright compared to the regalaxies in the whole spec-
tral energy range. These objects are commonly denoted asAzalactic Nuclei (AGN).
Some AGNs are faint radio sources like M31, but other nutile, the one in a quasar
3C 273, belong to radio-loud AGNs, which are characteriseddilimated jets of ener-
getic particles spanning millions of light years into theasg.

Such an activity of galactic nuclei is attributed to the ation on the super-massive
black hole with the mass of several millions to billions ofssamassesMgy ~ 10° —
10°M,, (Rees 1984). The precise value of the central black hole isaseasured from
the velocity dispersion of the stars orbiting near to thermee(see Section 1.5.1 for more
details).

Extensive mapping of properties of the individual AGNs asrthe whole electromag-
netic spectrum lead to the origin of severaffelient empirical AGN subclasses, which
gradually evolved into a realisation that a unification iatsingle family of intrinsically
similar active galaxies may be possible (Antonucci & Mill&85; Antonucci 1993; Urry
& Padovani 1995). The ffierent appearance is mainly due to the orientatibece see
Figure 1.6. The activity in the radio spectral energy rasgecalled “radio loudness”, is
the only large distinction, probably connected with thesprece or absence of the rela-
tivistic jet.

Particularly interesting subclass of the AGNs are Seyfalidxjes which belong to the
low-luminosity radio-quiet AGNSs. Its significant role inghunification scheme is mainly
due to the relatively frequent occurrence at low redshiéige to our Galaxy), which en-
ables a spatial resolution unachievable for the distansaysa The Seyfert galaxies are
divided into two main groups, Seyfert 1 and Seyfert 2, adogrdo the presence or ab-
sence of broad lines, especially Balmer lines of hydrogeccafding to the unification
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Figure 1.6: Standard picture of the AGN unified scenario (Antonucci 1998y &
Padovani 1995). All the observed active galaxies have theedatrinsic structure but
are viewed under a fierent inclination. (QSG-= quasar, Sey Seyfert galaxy, BLRG
= Broad Line Region Galaxy, NLRG Narrow Line Region Galaxy, OV\£ Optically
Violent Variables, BL Lac= BL Lac Objects)

scenario, as seen in the Figure 1.6, the broad line regioeyfe8 2s is obscured by a
torus surrounding the central region as the nucleus is seger @ high value of the incli-
nation® The torus does not enter the line-of-sight between us andeth&al broad line
region when we see the nucleus under a low value of the indmaThe typical value
of the inclination angle of Seyfert 1s is around 30 degreesteMensitive detectors con-
structed in 1980s enabled fainter division of Seyferts sgectral subclasses (Osterbrock
1989). The spectral type of a Seyfert galaxy may be expressé@8landforcet al. 1990):

narrow-line flux]o'4

total flux in lines (1.53)

Spectral type= 1 +

In spite of the unquestionable success of the standard atifitcscheme by Antonucci
(1993), some observational facts are not explained withigwdtandard AGN picture. Es-
pecially, broad absorption lines (.1c) in about 10% of quasars and highly ionised out-
flows (v ~ 1000 km s?) in narrow absorption lines in a half of Seyfert galaxiesobel to
the issues which are beyond the standard picture. Hencis, R800) proposed a filer-
ent structure for quasars which can be also applied to otk see Figure 1.7. The

3Standard convention is that the inclination angle is zeremlie see the digorus along the symmetric
axis. We say that we see the disc “face-on”. Oppositelygfdhserver is in the disc plane, the inclination
is 90 degrees and the disc is “edge-on”.
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Figure 1.7: Proposed structure of quasar by Elvis (2000). The figurevisled into four
quadrants which illustrate the following (clockwise frooptleft): the opening angles of
the structure, the spectroscopic appearance to a distaatvay at various angles (BAL
= broad absorption lines, NAE narrow absorption lines), the outflow velocities along
different lines-of-sight, and the typical column densitieshefabsorber.

warm highly ionised medium, WHIM, is in the form of an outflomin the disc and has a
conical configuration. The opening angle of the cone is aB0t80 degrees and its width
is at maximum about 10-20 degrees. If we translate it to tbbaduility of observation of

a quasar through the conical sheath then broad absorpties df the WHIM should be

detected in about 10-20 % quasars. This corresponds to tipeiional representation
of the so called BAL quasars in the observations. The spaotraharacterised with high
values of column density of the ionised absorNgr~ 10?*cm.

1.4.3 Black hole binaries versus active galaxies: similares and dif-
ferences

Both, black hole binaries and active galaxies, are poweydddrk hole accretion. The
masses of black holes in binaries and galactic nuclei asedifferent (see previous Sec-
tions). The typical length and time scaldfdr accordingly (eq. 1.1). However, the phys-
ical mechanism of the energy balance seems to be the samspatite AGNs can be
interpreted as scaled-up Galactic black holes, or viceaygBalactic black holes are of-
ten called as “microquasars” (Mirabel & Rodriguez 1998heunified picture of both
types of objects is illustrated in Figure 1.8 where anothgect, collapsar, is added to the
same family of accretion powered objects, as well. The pedaoccurs when a massive
star undergoes the final gravitational collapse, and itagg@nly in a short flash. If the jet
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Figure 1.8: The same physical mechanism can be responsible for thifeesstit types of
objects: quasatéft), microquasarrfiddle, and collapsarr{ght). Figure is adopted from
Mirabel (2006).
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Figure 1.9: Model of intrinsic X-ray spectrum of a Seyfert 1 AGhkft) and a stellar-mass
black hole binaryright). Relativistic smearing is not included in the figure. Theufe
illustrates similarity of the AGN and BHB X-ray spectrum. ddaX-rays are dominated
by the power-law component (red curve) which partially ietfeon the disc (green curve).
The reflection component is dominated by the Compton hurip~a20- 40 keV and the
iron fluorescent line. In the figure, the accretion disc of Ala&N is assumed to be cold
while the disc of BHB is ionised, and so, the shape of the reéfleccomponent diers
accordingly. The soft excess (blue curve) observed in sé&ayfert galaxies is shown
here as a black-body component but it also may arise throigghreflection (for more
details, see Section 1.4.3). Figure is adopted from MiR&O{).
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is aligned with the line-of-sight the objects appear asdiszmicroblazars, and gamma
ray bursts, respectively.

Besides the similar appearance of AGNs and BHBs the tempefaviour seems to
be the same, only proportionally scaled (McHaedyl.2006; Uttley 2008). The minimal
time scale for the spectral variability is limited by the ¢ditahole horizon (eq. 1.1):

Tvarlablllty Z c = 3 (1.54)
The typical time scale for stellar-mass black hole binages order of milliseconds, for
super-massive black holes in AGNs it is of order of minutelsdors.

The very rapid flux variability is a characteristic featufeboth kinds of objects and
was constrained in several observations. The RXTE (RosaiyXFiming Explorer) satel-
lite is suitable for studying millisecond variability of B$ (see e.g. the review by van der
Klis 2006, and references therein). The variability of AGMss also reported in several
works (see e.g. lwasaved al. 1999; Turneet al. 1999; Miniutti & Fabian 2004; Vaughan
& Fabian 2004; Uttley & McHardy 2005; Turnet al.2006; Pontet al.2006; Gierlinski
et al.2008; de Marcet al.2009) although more sensitive instruments or longer exjgosu
times would be eligible to increase the accuracy.

The time-averaged spectrum of a black hole binary evolvethasspectral states
change, but in general, it may be interpreted as a compofigpower-law radiation,
thermal multi-colour black-body radiation of the accretatisc (Mitsudeet al. 1984), and
reflection radiation from the disc, all absorbed by a locals@bly ionised) matter and
the interstellar Galactic gas. The model spectrum of BHB1@s1 in the right panel of
Figure 1.9. The model spectrum of an AGN is very similar (kefhel of Figure 1.9), but
the thermal component is dominated in the UV energy rangk,thns, it is obscured by
the interstellar gas, which is opaque to UV photons. Needess, the high energy tail of
a black-body spectrum can reach soft X-rays if the tempegatithe disc is high enough.
Indeed, a “soft excess” is observed in several Seyfert gedaxhich may be interpreted
by the thermal radiation of the disc (as shown in the left pahEigure 1.9).

However, Crummyet al. (2006) and Gierlifski & Done (2006) argued that the thermal
radiation interpretation is doubtful since the tempematuould be the same for a big sam-
ple of AGN with distinct masses, and therefore, they suggkatternative explanations.
The “soft excess” may be due to reflection by the ionised serfa the accretion disc
(Crummyet al.2006). For a cold disc, the reflection is dominated by a plehgmission
lines in soft X-rays. In this case, the “soft excess” may asour when the reflection
radiation comes from the innermost regions of an accretiso @hd the individual lines
are blended due to relativistic smearing. Another intdgtien of the “soft excess” is
that it appears due to the partially ionised and Doppler sateabsorption (Gierlihski &
Done 2006).

1.5 Measuring black hole parameters

Astrophysical black holes are characterised only by the@issrand angular momentum.
Although electrically charged black holes also represeatsblution of Einstein’s equa-
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tions, their existence in the Universe is very unlikely gitite electromagnetic repulsion is
about 42 orders of magnitude stronger than the gravitdtaitraction. Thus, any charged
black hole will be immediately neutralised by an accretirgjter.

1.5.1 Mass

Masses of astrophysical black holes are known with reltyeod precision and custom-
arily categorised in three groups of stellar-mass blackfi§l 30M,), intermediate mass
black holes (18-1¢° M,), and super-massive black holez (0° M) in galactic nuclei
(Casares 2007; Ziotkowski 2008; Vestergaard & Osmer 20a@rny & Nikolajuk 2009).
The intermediate mass black holes may occur in centres btitostar clusters and rep-
resent a plausible explanation of so called ultra-luminguay sources (ULXs) (Kaaret
et al. 2001; Miller & Hamilton 2002; Miller & Colbert 2004; Strohngar & Mushotzky
2009), but their existence has not yet been unambiguousgpted (e.g. King 2004; Soria
& Ghosh 2009).

The mass of the black hoMgy in a binary system can be determined from the knowl-
edge of the inclinatiomof the system and the mass ratio between two components of the
binary (the mass of the companion star can be estimated fnensgectral type of the
star). The mass function is given by:

_ PK(:); _ Mgy S|n3|
f(M) = oG (1+ &)2’ (1.55)
MsH

whereP is the orbital periodK¢ = vsini is the maximal line-of-sight Doppler velocity
of the companion star, andc is the mass of the companion star, which is usually lower
than the black hole mass (if it is not a super-giant as in tee ciithe Cyg X-1 system).

The mass of black holes in galactic nuclei can be derived tft@ynamical proper-
ties of the stellar neighbourhood. The first velocity monediie collisionless Boltzmann
equation, the Jeans equation, gives the mass as the funttiadius:

2 ro?| dinp, ding? o o
M(r)_EJr? “dinr  dInr -5 1_0_? ’ (1.56)

wherev is the rotational velocityg? are velocity dispersions and. is the density of
stars. All these quantities are measurable, but severblgms exist. First, we observe
these quantities projected on the sky, and de-projectioatiger complicated process.
Second, the most galaxies are not spherically symmetri@ high quality of the data
are required. Observations performed by the Hubble Spdesci@e can serve to extract
the line-of-sight velocity dispersions (LOSVD). Then, abibbased approach, known as
Schwarzschild’s method is applied to de-project the qtiastiFinally, maximum entropy
models are used to account for axisymmetry instead of therggath symmetry, and the
potential is derived from the profile of the surface briglsthe The velocity maps can
be achieved with higher precision from microwave maser simisof water molecules
(Miyoshi et al. 1995; Greenhilkt al. 2002).
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In order to estimate the black hole mass one can use the faictié stars around
more massive nucleus orbit with higher velocities. The eicqli relation between the
black hole mass and velocity dispersion of the nearby stds; o relation, was found
on the sample of galaxies with relatively known values ofd¢betral mass (Ferrarese &
Merritt 2000; Gebhardet al. 2000):

log (Mg+/Mo) = o + glog(c./200 km ™). (1.57)

Earlier, the correlation between the central mass and tlge buminosity was discov-
ered (Kormendy & Richstone 1995; Magorriahal. 1998). This relation is often called
“Magorrian” relation. It has larger scatter than thd = o relation, and hence it is used
less often at present. However, both correlations have limpbimplications for theo-
ries of the galaxy and bulge formation and the interactidnthe stars with the central
super-massive black hole.

In fact, the value of the mass determined using such reki®mnather an order-of-
magnitude estimation than the precise measurement duee teelftively large scatter
of the correlations. Our own Galaxy is an exception in thesyetermination of black
holes in galactic nuclei because it is so clos€b000 ly) that the individual stars orbiting
around the central black hole are observed (Eckart & Gerd@8;1Ghezt al. 1998, 2005;
Gillessenet al. 2009). The latter one presents the black hole mass tdhe= (4.3 =
0.2¢at £ 0.3gy9) X 10°PM,, where the uncertainty is given by the statistical and syateal
error, in which the uncertainty of the distance is includ&€te suitable view to measure
dynamical properties of the closest stars to the Galactireés due to the most sensitive
infrared detectors at the largest telescopes (VLT, Ke&i&stopes).

Though the infrared observations reveal some accretiawitggcin the form of the
flares (Genzekt al. 2003), there is no observational evidence for a standaréugaa
Sunyaev accretion disc in the Galactic centre. The adwed@minated accretion flow
is likely to explain the X-ray spectrum and also the lumitysif the Galactic centre
(Narayan, Yi & Mahadevan 1995).

1.5.2 Angular momentum (spin)

The mass of a black hole is relatively easy to measure bethaesdtractive gravitational
force reaches to the large distance afiécis therefore orbital movement of the com-
panion star in a binary system or the surrounding stars aadngéne central region of
a galaxy, respectively. More challenging is to measure tieevof the spin of a black
hole because the spin causes curvature of the space-tingetectable level only within
a few gravitational radii around the black hole. Despite thinall outreach, the black
hole spin plays an important role in the black hole energegspecially, it is assumed
to be responsible in generating and up-keeping of the polvefativistic jets (Penrose
1969; Blandford & Znajek 1977). The information about thens@lue on a statistically
significant sample of black holes is important in the underding of the formation and
the growth of black holes. It can significantly help to ansterquestion if the observed
spin value is natal or if the black hole rotation is acceledatia the accretion (see e.g.
King & Kolb 1999; Volonteriet al. 2005).
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There are several observational methods which provide d gpportunity to explore
the innermost region of an accretion disc, and thus, to cainsthe spin value. The
summary of them is listed and briefly discussed:

Continuum fitting

In the thin Shakura-Sunyaev disc, the temperature de@eeiie the distance as given
by eq. (1.46). When the innermost edge of the disc corresptuntihe last stable circular
orbit, which should be the case in at least one accretioa giagh'soft), its position can be
determined from the spectral fitting of the thermal compon&his is the basic concept
of the method which is called X-ray continuum fitting method avhich was first carried
out by Zhang, Cui & Chen (1997) to measure black hole spin.

The temperature does not depend only on the inner edge ofgbeldit also on the
accretion rate. The thermal spectrum is further distorteithe rotational and gravitational
frequency shift, and therefore, the fully relativistic nebds acquired for this purpose (Li
et al. 2005, kerrBB Model). The spectral hardening facty = T/ Ter @s a function
of the Eddington scaled disc luminosity (Dawsal. 2005) and a switch parameter for
zergnonzero torque condition at the inner edge are includedaxitkree model. The
spectral hardening factor (or also called colour corregtify, plays an important role
especially in higher accretion rates (Shimura & Takaha&b).9

Iron K « line profile

The iron Ka line profile originates by the reflection of hard X-rays on #oeretion disc
surface. The combination of thre@fects makes the iron Kline easily detectable in X-
ray spectra of black hole binaries as well as active galax&st, the fluorescent yield

is higher for heavier elements: (Z*, see Section 1.3.3). Second, the relative cosmic
abundances of iron are high compared to other heavy elemantslast, the energy of
iron Ka line occurs in the spectral range of a simple continuum (sga€ 1.9).

The profile of the intrinsically narrow emission line is diged by thermal motion,
Compton scattering, Doppler broadening, and relativgtiects on the radiation includ-
ing relativistic Doppler shift, lensing, gravitationaldshift, and time delay (if the radia-
tion source is not steady in time). The Doppler broadeniregtduhe rapid orbital motion
and the relativistic #ects are much more significant than the thermal or Comptoadsro
ening if the emitted radiation comes from the inner regioamfccretion disc (within a
few hundreds of,), making the line profile extremely smeared even for a ndatirng
Schwarzschild black hole (Fabiat al. 1989). The &ects are amplified in the case of
a rotating black hole since the marginally stable orbittshafoser to the black hole (see
Sec. 1.1 and Fig. 1.2), and are maximal for a maximally notgltlack hole (Laor 1991).

The advantage of this method is that the line profile is coteplandependent of
black hole mass, and is widely applicable to BHBs as well a&Gdis (for reviews see
Reynolds & Nowak 2003; Miller 2007; Guainazzi 2009). Theelprofile depends on the
source properties — its geometrical position, which is erflced by the black hole spin
(the innermost edge of a disc), and orientation. This makisge¢chnique a suitable tool
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for investigation of the nature of the innermost region @& #tcretion disc, and also for
measurement of the inclination angle of the disc. This netthanore widely investigated
and discussed in the following Sections of the Thesis.

Quasi-periodic oscillations

X-ray quasi-periodic oscillations (QPOs) are transientrmmena associated with the
non-thermal states and state transitions. There are twasloh QPOs - low frequency
quasi-periodic oscillations (LFQPOSs) at roughly 0.1-30iklizhe power density spectra
(PDS), and high frequency quasi-periodic oscillations QHOs) at roughly 40-450 Hz
in PDS. The typical frequency of HFQPO corresponds appratefy to the orbital fre-
quency at the ISCO, and are thus relevant for the spin maasmte Although several
models were suggested (e.g. Stella & Vietri 1998; Titarchuapidus & Muslimov 1998;
Abramowicz & Kluzniak 2001; Rezzollat al. 2003; Toroket al. 2005; Horak & Karas
2006), the satisfactory description of QPOs is not wellldsthed.

Variability and reverberation

Small size of a “hole” in the inner accretion disc implies ttaiability on the relatively
short time-scales. Temporal changes in the primary radiadre translated to the re-
flection radiation with a certain time lag The characteristic time lag is approximately
T ~ I'hg/C. A clear evidence for such a lag, a 30 s reverberation lagdmwdirect X-ray
continuum and Fe L emission accompanying the relativigilection, was reported by
Fabianet al. (2009). This measurement was possible thanks to a high lmwedance of
iron in this particular galaxy and a very long exposure timeXiMM-Newton satellite.

Polarimetry

The last method of the spin measurement is via X-ray polaryn&he polarisation of X-
rays from accretion discs around black holes was studieddtytinan & Shapiro (1975).
The thermal emission is polarised due to Thomson scatteriaglisc atmosphere. Con-
nors, Stark & Piran (1980) showed that the polarisatioruiest are stronglyféected by
general relativistic fects. Other authors have considerdé@&s of magnetic fields on
the resulting polarisation (e.g. Agol, Blaes & lonescu-&@nl998; Silant’ev & Gnedin
2008). Especially, rotation of the polarisation angle ig@asitive quantity. Recent studies
(DovcCiaket al. 2008; Schnittman & Krolik 2009) illustrate how the polatisa features
depend on the spin value in the thermal state of an accretauk Ihole. Although the
models capable to compute Stokes parameters of a polagsegtian disc spectrum are
ready for use (Dovciak, Karas & Yaqoob 2004), any X-ray patater useful for this type
of measurement has not yet been launched. This method is pemmising in the future.
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Relativistic lines

2.1 Line profiles in strong gravity regime

In classical astronomy, broad emission lines are usefgndistic tool for measuring of
the temperature (thermal broadening) or velocity dispargDoppler broadening) of an
observed system. However, X-ray spectroscopy of some Xiregries and active galax-
ies has revealed iron fluorescent lines so broad and asyiortedt their profiles cannot
be explained in terms of classical physics and instead, gnfully general-relativistic
approach needs to be taken into account (Fabiah 1989; Tanakat al. 1995; Reynolds

& Nowak 2003; Nandraet al. 2007; Miller 2007). The broad iron lines are supposed to
originate in close neighbourhood of a black hole where thengt gravitational redshift
occurs and the orbital velocities reach a considerableifraof the speed of light (see
Fig. 1.1).

2.1.1 Frequency shift

The frequency shiffg, is defined as the ratio of the observed frequengyto the intrinsic
emitted frequencyen:

Vobs = gVem. (2.1)

In high-energy astronomy, energies are usually used idstefrequencies:
E=hy=— (2.2)

whereh = 6.626x 10734Js is the Planck constant, ands the wavelength. Typically
used units are kiloelectronvolts (1 ke\1.602x 10716 J) for energies, or Angstroms (1A
107°m) for wavelengths. The conversion relation is:

EkeV] = ~22 (2.3)

11A]
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In the case of a rotating accretion disc, the g-factor is ation of the position on the
disc and the emission angle= g (R, ¢, 6¢). In Newtonian approach:

Oclass = 1- ) (2.4)

whereVqs is the line-of-sight velocity. For Keplerian orbital veltog Vies = 4 /% COSy Sindg.
In special relativistic approach:

3 1
OsTR= —y(l— V|_os)’

C

(2.5)

1
V2
line-of-sight velocity is zero\(,,s = 0, “face-on” disc). Sincgstr = ¥y * < 1 in this case,
the frequency is shifted to lower energy. Thiseet is called as the transverse Doppler
shift.

In general relativity, g—factor may be expressed withingpproximation of geometri-
cal optics, in terms of four-momentum of photqggsand four-velocities# (Cunningham

wherey =

is the Lorentz factor. The observed frequency is shiftech evieen the

1975):
p,.U
g — ( H )ObS. (2.6)
(p“uﬂ)em
UsingWqps = [—-1, 0, 0, 0] (four-velocity of the observer):
g = —Plovs. @2.7)
(Put¥),,
The frequency shifty and the emission angliz may be expressed using constants of
motion as: i
C avn
g= m Oc = arccosT, (2.8)

whereB = 1+ ar~%?2,C = 1- 3r~! + 2ar=3/2; £ andy are constants of motion connected
with symmetries of the Kerr space-time (Novikov & Thorne 39Karas 2006).

The computation of g—factor can be provided numericallg.(®ovcCiak, Karas &
Yaqoob 2004; Beckwith & Done 2004; Brenneman & Reynolds 2006some feasible
approximations were developed for Schwarzschild metripgdorm fast calculations
(e.g. Beloborodov 2002; Pechadetkal. 2005).

The contours of constant frequency slgfaround a non-rotating = 0, and a max-
imally rotating,a = 1, black hole are shown for two ftlerent values of the inclination
angle in Figure 2.1 (an atlas g&factor for diferent values of spin and inclination may be
found in DovcCiak 2004). The value of the frequency spifesults from two &ects, grav-
itational redshift and Doppler shift. Thdfect of gravitational redshift quickly increases
when approaching the black hole, and it is infinite at thelbleale horizon § = 0). Near
the black hole, the gravitational redshift clearly domasabver the Doppler shift.
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Figure 2.1: Contours of redshift factog(r, ¢) near a non-rotating Schwarzschild black
hole,a = 0, (top) and a maximally rotating black hola,= 1, (botton), depicted in the
equatorial planex,y). The black hole and the accretion disc rotate counter elask.

A distant observer is located towards the top of the figuree ifiher region is shown up
tor = 20 gravitational radii from the black hole. The black holelenoted by a dark
filled circle around the centre, for Schwarzschild blackehible circle around represents
the marginally stable orbit. Two cases offdrent observer inclinations are shovlreft:

6, = 30 deg.Right: 6, = 70 deg. The colour bar encodes the range acquireg(hy),
whereg > 1 corresponds to blueshift (approaching side of the dish)levg < 1 is for
redshift.
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The magnitude of the Doppler shift depends on the line-gifitsvelocities. Its &ect
is also maximal at the closest orbit to the black hole wheeedtbital speed is maxi-
mal (see Figure 1.2). Therefore, the maximal redshift abvagcurs at the innermost
orbit. However, the position of the maximal blueshift istfear from the black hole due
to the gravitational redshift, and its exact position defgeon the inclination angle. For
lower inclinations, the Dopplerkect is weaker and hence, it overcomes the gravitational
redshift at a farther radius. S8iciently far from the black hole, two distinct regions of
blueshift and redshift are separated according to theiootand the direction of the line-
of-sight velocity to the observer. The level of the frequesiaift decreases with the radius
as the orbital velocity decreases as well.

2.1.2 Intensity

The specific intensity is defined as energy emitted at some given frequenicyo the
element of solid angl& in unit of timet:

. _ _Nh
~ dtdvdQ’

whereN is the total number of photons.

The value of the intensity detected by an observer depentifedrequency shift of the
emitted radiation. This relation may be derived from thelhitie’s theorem which states
that the phase-space volumias invariant to the canonical transformations represgntin
the time evolution of the system:

(2.9)

fd”pd”q =C, (2.10)
r

wheren is the dimensiong expresses coordinates apthe conjugated momenta. In our
application, the Liouville’s theorem states that the phsis@ce density:

=X 2.11
n= (2.11)

is a constant of the Lorentz transformation. The elemenhefphase-space volume is
given by:

I' = d®*pdix = 47 p?dpdQcSdt. (2.12)
Thus,
n= L (2.13)
4 p?dpdcSdt
Substituting from (eq. 2.13) into (eq. 2.9) and uspmg h—CV:
4rhtcSnd
== (2.14)

and |
— = const (2.15)
4
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Thus, using eqg. (2.1)
3
Yobs _ Yobs® _ (2.16)

lem Vem
This fact implies that the radiation from a matter approagho the observer (blueshift)
is boosted while the radiation from a matter receding froenabserver (redshift) is dimin-
ished. The level of the intensity amplification (resp. diation) depends on the values of
the line-of-sight velocity.

2.1.3 Line profiles from accretion discs

For line emission from an accretion disc, we can assume ah ¢inmetry and separa-
bility of the radial and angular emissivities in some casd#en, the line emission from
the disc can be written in the form of product:

lem(Te» e, Ee) = R(Ie) e M(ute, Ee) 6(Ee — Eo), (2.17)

wherer, is the disc radius (distance from the centyg),= cosf. is the cosine of the

emission angle measured from the disc normal direction écetjfuatorial plane, in the

disc co-moving frame, i.e. in the local Keplerian frame tirigy with the angular velocity

Q,(r). Likewise, the intrinsic energ¥. is measured with respect to the local frame.

Eo = Eo(¢) is the intrinsic energy of the fluorescent line dependingh@nonisation state.
The radial part is being approximated by a power law,

R(re) =rs"  (q=const) (2.18)
or by a broken power law:

R(r.) - { R(re) =re™ (e <Tp)

R(re) =1e*  (re > Tn) 219

Theq parameter is typicallg > 2 which means that the intrinsic intensity of the radiation
decreases with the distance. The standard valge=s3, larger values may occur only
under certain conditions in the innermost parts of the dise €.g. Niedzwiecki &ycki
2008).

The angular emissivity lawM(ue, E¢), defines the distribution of the intrinsic inten-
sity outgoing from each radius of the disc surface with respect to the perpendicular
direction. The limb darkening law in the form(ue, Ee) = M(ue) = 1 + 2.06 e (Chan-
drasekhar 1960; Laor 1991) is most frequently used. Howehrerchoice is somewhat
arbitrary in the sense that the physical assumptions behisdaw are not satisfied at
every radius over the entire surface of the accretion disis dspect is studied in detail
in Section 3 of the Thesis.

The observed radiation flux from an accretion disc is obthimgintegrating the in-
trinsic emission over the entire disc surface, from the iiredge ( = ry,) to the outer
edge ( = rqy), Weighted by the transfer function(re, e, 6o, @) determining the impact
of relativistic energy change (Doppler and gravitatiorzedwell as the lensingiect for
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Figure 2.2: Schematic sketch of the transformation from the Boyer-findt coordinates
of the discr,¢ to the detector coordinates 8. Credit by M. Dovciak.

a distant observer directed along the inclination adglsee Cunningham 1975; Asaoka
1989; Karas, Vokrouhlicky & Polnarev 1992; Karas 2006):

I:obs(eo, a, Eo) = fT(re, Pe, 0o, a) | (re, He, Ee) dg e dre, (2-20)

where the index ‘e’ denotes quantities related to the disgc@robserved quantities. The
integration is carried out over all possible values of tlegjfrency shify and the whole
surface of an accretion disc.

Another approach is employed in Dovciak, Karas & YaqoolO@Owvhere the inte-
gration is carried out over the coordinates @ni@ctor is computed at each place. There
are two possibilities in which coordinates the observedifilexpressed:

1. in detector coordinates S:

Fobs(eo, a, Eo) = fGl(re, Pe, 6o, a) I (re, Hes Ee) dor d,B, (2-21)

2. in Boyer-Lindquist coordinates of the disgap:

lout

27

Fobs (6o, &, Eo) = f Ga(le; Pe, 0o, @) | (re, e, Ee) re dre dpe, (2.22)
0 lin

whereG(re, e, 0o, @) aNdGy(re, @e, 6o, @) are another transfer functions.llis the specific

intensity given by eq. (2.9) then from eq. (2.163; = g°. The relation forG, may

be found from the transformation relation between dh@ coordinates and the Boyer-

Lindquist coordinates of the disgp (see Figure 2.2):
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Figure 2.3: Comparison of iron line models produced with tkieRLINE model for dif-
ferent set of parameters. If not further specified the modedmeters ara = 0.9982,
g=3,rin = 'ms(@), rout = 400,60, = 30deg,Eq = 6.4 keV Left Three curves correspond
to the spima = 0 (black),a = 0.7 (red), anda = 0.998 (blue), respectivel\Right Three
curves correspond to the inclinatién= 30 deg (black)¢ = 60 deg (red), and = 85 deg
(blue), respectively.

da dB _ dS, % dsff)c % dSiec _ %
rdr dg& ~ dst dSiec ds g ,

loc
whereS, is the observed element surface (i.e. in the detector fra8ig)is the local

element surface of the disc, afics ddsslf is the lensing factor defined as the ratio of the

cross-section of the flux tube at the detector to the crostieseof the same flux tube at
the disc. Using egs. (2.21)—(2.2%; = g?uel.

As a summary, the resulting line profile from an axisymmaeddcretion disc is shaped
by these parameters (see egs. 2.17 and 2.22):

(2.23)

1. inclination angl&,

2. inner disc radius;,

3. outer disc radiusy

4. radial dependence parameter
5. angular emissivity lauwM

6. spina

Figure 2.3 shows the theoretical line profiles foffelient values of the parameters.
The KYRLINE model (DovcCiak, Karas & Yaqoob 2004) in the XSPEC fitting kesge
(Arnaud 1996) was used to produce the lines. The inner disdiwed to the radius of the
marginally stable orbiti, = ryns(a) which is linked with the spin value by eq. (1.2). The
line profile has a more extended red wing for higher values®fspin because the inner
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edge of the disc shifts to lower radii where more extreme igawnal redshift occurs.
The line profile is broader for higher values of the inclioatangle because the line-of-
sight velocities are higher accordingly implying a stronBeppler gfect. The stronger
Doppler dfect overreaches the gravitational redshift in the regioar@lthe matter moves
towards the observer. The position of the maximal blueshifioser to the black hole
proportionally to the strength of the Doppler shift and thiesthe inclination angle (see
Figure 2.1). The peak of the line is shifted to higher enerfpe higher inclinations. All
the lines shown in the figure are normalised to the same flux.

2.2 Observational evidence of relativistic iron lines

Broad iron lines have been detected in several X-ray speétbdack hole binaries as
well as active galaxies. The first detection of a moderatebad iron line is attributed
to the EXOSAT observations of Cygnus X-1 (Barr, White & Pa@83). The redshift
and broadening of the line was explained by Falgibal. (1989) as a result of relativistic
smearing. They constructetgskLine modetl for the relativistic line around a non-rotating
black hole. A model of the relativistic line for a maximallgtating Kerr black hole
was developed independently by Kojima (1991) and Laor (L92ktrongly asymmetric
and redshifted line profile was predicted for radiation aagnirom an inner accretion
disc around a black hole. This indicated that the intergstisights on the geometrical
properties of accretion discs in the closest vicinity of acklhole may be derived from
the shape of the line.

The first X-ray spectrometer capable for resolving the slodfiee line was SIS detec-
tor (Solid-state Imaging Spectrometer) on-board the AS@lite (Advanced Satellite
for Cosmology and Astrophysics). The first resolved broaa iine was detected in
the spectrum of a Seyfert galaxy MCG -6-30-15 by Tanekal. (1995). This source
exhibited an extremely broad iron line in X-ray spectra dfsalcceeding satellites (see
Section 4.3). The one of the most suitable and still opegatiissions for investigation
of broad iron lines is the XMM-Newton satellite thanks to l&sge dfective collecting
area in the iron line band and also a few keV above (see Settiofh). Recently, the
Suzaku satellite (launched on 10 July 2005) exceeds XMMNewvith its broad-band
coverage (0.4-600 keV) which allows better constraininthefcontinuum (both, primary
and reflection).

Broad iron lines shown in Figure 2.4 for the case of a black batary GX 339-4, and
in Figure 2.5 for the case of a Seyfert 1 galaxy MCG -6-30-16rgto the best exam-
ples of the extremely relativistically broadened lines. Meanalysed the XMM-Newton
observations of these sources. For a brief description tf fources and details of our
re-analysis, see Sections 4.2 and 4.3. Other examplesioé getlaxies with broad iron
lines may be found in e.g. in Nandeaal. (1997); Guainazzi (2003); Streblyanséial.
(2005); Reevest al. (2006); Turneret al. (2006); Piconcellet al. (2006); Nandraet al.

1This model is embedded in the XSPEC fitting package and miystused for spectral analysis of
non-rotating or slowly rotating black holes or neutron staétowever, be aware that th&ext of lensing is
not included in this model.
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Figure 2.4: Left: X-ray spectrum of GX 339-4 observed in the higft state by XMM-
NewtonEPN (black), RXTEPCA (red) and HEXTE (blue) (Milleet al. 2004). The
spectrum is modelled by a multi-colour temperature diskchlaody and a power law
revealing a broad asymmetric iron line. Fe Kne is shown in detail in the bottom panel.
Right: X-ray spectrum of GX 339-4 in the lgWvard state (Milleet al.2006). The XMM-
Newton data observed during the revolution No. 782 are shawue, No. 783 in red
and the data obtained by RXTE are black. Fe lihe is shown in detail in the bottom
panel.

(2007); Longinottiet al. (2008); Markowitzet al. (2008, 2009); Brenneman & Reynolds
(2009); Fabiaret al. (2009); Shuet al. (2010). A statistical distribution of AGN with
broad iron lines was studied by Guainazzi, Bianchi & Dokd2006) who estimated a
fraction of 42+ 12 % of well exposed AGNs that exhibit a relativistically bdened iron
line. Works by Longinotteet al. (2008) and de la Callet al. (2009, submitted t&\& A)
represent the continuation of thif@t. Different samples of Seyfert galaxies observed
by the XMM-Newton satellite were studied by Nandrgal. (2007) and Brenneman &
Reynolds (2009). Both groups concluded that the most X-p@ctsa of their samples
possess a relativistically broadened iron line. Other gtasof black hole binaries may
be found in Diaz Trigaet al. (2007); Hiemstraet al. (2009); Miller et al. (2009). Rel-
ativistically broadened iron lines were also detected iressd X-ray spectra of neutron
stars (see Cackett & Miller 2010, and references therein).
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Figure 2.5: Relativistic iron line in MCG -6-30-15 observed by XMM-Newvt (red) and
Suzaku (black). Figure adopted from Miniwtial. (2007).

2.3 Comparison between the AOR and KY models

There are several numerical codes for the relativistic dfgectral line, some of them
were already mentioned. The most widely used model, oveostitwo decades, has
been the one by Laor (1991), which includes tliie@s of a maximally rotating Kerr
black hole. In other words, theaorR model sets the dimensionless angular momentum
a to the canonical value ad = 0.9982 — so that it cannot be subject of the data fitting
procedure. DovcCiak, Karas & Yaqoob (2004) have relaxesl limitation and allowec

to be fitted in the suite afy models.

Other numerical codes have been developed independentgugyal groups (Mar-
tocchia, Karas & Matt 2000; Viergutz 1993; Zakharov & Rep@02; Fuerst & Wu 2004;
Beckwith & Done 2004Cadez & Calvani 2005; Brenneman & Reynolds 2006) using
different techniques. The last three equipped their codes imiitas functionality as KY
to be used in X-ray spectra modelling. Brenneman & Reynd@086) performed useful
tests demonstrating that and theiKkERRDISK model give compatible results when they
are set to equivalent parameter values.

Although theLAOR model does not have the spin value as a variable parametan it
still be used for evaluation of the spin if one identifies thadar edge of the disc with
the marginally stable orbit (eq. 1.7, see also Figure 1.R¢ @valuation of the spin from
extension of the red wing only is, however, not precise beedhe spin also modulates
the value of theg factor and thus, it ffiects the overall shape of the line by itself. This
systematic error of spin measurements obtained with.d@R model has not yet been
constrained. Further, we compare the spin estimation byAb& andKYRLINE model
to constrain this error.
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Figure 2.6: Comparison of the AOR (black, solid) anckYRLINE (red, dashed) model
for two values of the spia = 0.9982 (left) anda = 0.7 (right). The other parameters of
the line areE = 6.4 keV,q = 3,i = 30.

The theoretical line profiles of theaOR andKYRLINE models are compared in Fig-
ure 2.6 for two values of the spia,= 0.9982 (left panel) and = 0.7 (right panel). The
inner radius of the disc is set to coincide with the marginsiable orbit for a given value
of the spin, i.e.rj; = 1.235 andrj, = 3.39, respectively. The angular dependence of
the emissivity in this example is given by the limb darkeniag (I (ue) o« 1 + 2.06ue)
which is the only prescription for the directionality in theoOrR model. TheKYRLINE
model enables to switch betweentdrent emission laws. Further in this Section, we
used two distinct cases and this name conventiofRLINE is equipped with the same
limb-darkening law as in theAOR model, andkKYRLINE* uses the limb-brightening law
in the forml (ie) o In(1 + =£-) (Haardt 1993).

COSOe
In the first comparison (left panel of Fig. 2.6), théfdrence between the two models
is noticeable only in the high energy edge of the line profiliis is caused by poorer
energy resolution of theaAoOrR model. In the second comparison (right panel of Fig. 2.6),
an additional discrepancy appears in the slope of the linél@rlook at energies 4.5—
6 keV). This is the ffect of the diferent frame-dragging taken into account and it is caused
by the fact that theAOR model is calculated only faa = 0.9982.

Relatively to the total line profile, the filerence between thenOR and KYRLINE
model seems to be rather small. Nevertheless, we furthepamnioth models applied to
the real data with these goals:

1. toinvestigate the importance of the precise value ofisytime line profile formation
besides the relation between spin and the marginally stablg

2. to constrain the uncertainty in the spin determinationth®y less preciseAOR
model.
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2.3.1 Analysis with current data provided by XMM-Newton satellite

For the comparison of theaAor andKYRLINE model with current data, we chose two
sources, MCG -6-30-15 and GX 339-4, which exhibited extigrbeoad iron lines (see
Figures 2.4 and 2.5). We re-analysed the observationsrpegtbby the XMM-Newton
satellite (see Section 4.1.1).

MCG-6-30-15

The galaxy MCG -6-30-15 is a nearby Seyfert 1 galaxy-(0.008). The skewed iron
line has been revealed in the X-ray spectra by all recenllisedgGuainazzet al. 1999;
Wilms et al. 2001; Fabiaret al. 2002; Leeet al. 2002; Miniuttiet al. 2007). The XMM-
Newton observed MCG -6-30-15 for a long 350 ks exposure tiomend summer 2001
(revolutions 301, 302, 303). We joined the three spectra amte for further analysis.
Details of the data reduction and spectral re-analysis @seribed in Section 4.3.

We used the same continuum model for the MCG -6-30-15 spacsipresented in
Fabianet al. (2002): the simple power law component absorbed by Galgetscmatter
along the line of sight with column density; = 0.41 x 10°* cm2. The employed model
is suficient to fit the data above 2.5 keV, which is satisfactory for our goal of the com-
parison of the relativistic line models. The value of the foimandex isl" = 1.90(1). The
residuals are formed by a complex of a broad iron line and taroomv iron lines — one
emission line akE = 6.4 keV likely originating in a distant matter (torus) and ofsarp-
tion line atE = 6.77 keV which can be explained by a blueshifted absorptiogireating
in an outflow. The rest energy of the broad lindtis= 6.7 keV, which corresponds to the
helium-like ionised iron atoms. The spectral complexittha line band allows an alterna-
tive explanation — the model with two narrow emission linesreergieE = 6.4 keV and
E = 6.97 keV. This alternative model leads to the presence of thadline component
atE = 6.4keV. See Section 4.3 for details.

A good fit of the broad line was found with a broken power lave lamissivity with
a steeper dependence on the radius in the innermost regius gdodness of the fit is
constrained by the least squared method. The fit resultb#05 keV are presented in
Table 2.1. The/? values give comparable results for all employed models. yPhe=
¥?/v =~ 1.2, wherey is the number of degrees of freedom which is related to thad tot
number of energy bins and model parameters. The six indepémérameters of the
LAOR andKYRLINE models make the global minimum gf rather wide with several
local minima. Each model has afidirent tendency to converge to dfdrent minimum.
Hence, we did not compare only best fits of both models, but #ie evaluated spin
values by theckYRLINE andLAOR models when the other model parameters correspond
to each other. The equivalent width of the lineg%8V ~ 700+ 50 eV which is a rather
high value but consistent with the result of Brenneman & Réy® (2006).

The errors presented in the table are evaluated while tleg ptrameters of the model
are fixed. However, the realistic errors are higher becauseniodel parameters further
depend on other parameters of the line and continuum moBetsatch up these relations
we produce various contour graphs focusing on the detetiomef the spin value, taking
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Table 2.1: Results of iron line models for MCG -6-30-15 in 2.5-9.5 keV.

parameterl KYRLINE | KYRLINE* | LAOR pest | LAOR joc.min.

a/M | 0.945% | 0.950%2 |0.989% | 0.967%
i[deg] | 267(7) | 315(7) | 357(5) | 268(5)
E[keV] | 667(1) | 6.60(1) | 6.48(1) | 6.66(1)
0 4.9(1) 3.7(1) 4.8(1) 4.7(1)

G 284(4) | 211(4) | 250(3) | 2.87(3)
b 55(2) | 183(5) | 6.6(2) 5.1(2)

X2V | 175148 | 174/148 | 170/148 | 174/148

Notes: The errors in brackets are related to the last signifidigit of the number, and they
correspond to 90% confidence level calculated while therattuelel parameters are fixed.

into account the other parameters of the used model, seeeR2gr. The dependence of
the y? value on the value of the spiRYRLINE) or the inner disc radius AOR) is shown
in the left column of the figure. The contour graphs for thegpid the inclination angle
are shown in the middle column. The underlying model was fireldoth cases, and it
was relaxed for the third evaluation in the right column vehtére contours for the spin
and the power-law index are shown. The contour plots rewaéité gomplicated structure
of the parameter space with several minima, making the sgimation rather smeared.
Taking all of these into account, we obtain for the spin value

Ay = 094t8?_8 and Ghor = Ogﬁggg

Another issue is the smoothness of the contour plots. Sontkeogharp or local
features in the presented contour plots are due to compuétproblems of the fitting
method but some of them can be smoothed by an improved chbtbe mternal com-
putational parameters. We tried to change some of thesenptees. The smoothest
results were generally obtained when we increased numbfdtiog iterations together
with wider steps of the value of the examined parameters.ddew one may easily miss
a true minimum when stepping a parameter value roughly wieiatis to bad results.

To avoid this problem we always tried first to find a true minimand then stepping
the parameters in such a way that the values correspondihg toue minimum are not
skipped. Finding the true minimum is ratheffdiult problem in such a rich space of
free parameters. Therefore, we usually repeated the fiptiogedure several times with
different initial values of the model parameters and then we eoeay? values of the
local minima.
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Figure 2.7: The contour graphs show (frol&ft to right) the dependence of thé value,
the inclination angle and the power law index on the valudefdpin KYRLINE) or the
inner disc radiusuAoR) for the MCG -6-30-15 spectrum in 2.5-9.5keV. The x-axis is
oppositely directed in the case of the inner disc radius eL. forR model as x-variable
for an easier comparison with therRLINE results. The black, red and green contours
correspond to &, 20- and 3r, respectivelyTop The results of the AOR model.Middle:
The results of thecYRLINE model with limb darkening.Bottom The results of the
KYRLINE* model with limb brightening.

GX339-4

The black hole binary GX 339-4 exhibited a strong broadeneal line in the 76 ks ob-
servation in 2002 when the source was in the very high staibefMet al. 2004), and
also in two 138 ks observations in spring 2004 when the souasein the low-hard state
(Miller et al. 2006). See also Figure 2.4 adopted from the two papers. Hawey our
re-analysis of the data we found that the longer/lawd state observation istfacted by
a pile-up — see the details in Section 4.1.2. Hence, we uskefuonly the very high
state observation from 2002. Details of the data reductiah spectral re-analysis are
described in Section 4.2.
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Table 2.2: Results of iron line models for GX 339-4 in 3-9 keV.

parametel KYRLINE KYRLINE* LAOR
a/M 0.69%% | 0.6221 | 0.77%
i [deq] 19+3 19+4 17+ 4
E[keV] | 6.97.02 69702 | 69702
q 345+ 0.08 | 335+ 0.08 | 33+0.1
X2V 147/125 | 148/125 | 148/125

The fitting results of the relativistic line models in 3—-9 kave summarised in Ta-
ble 2.2 and Figure 2.8. There are two minima found during thiedi procedure. We
preferred the one which better corresponds to the resutnda by the independent
radio and infrared measurements which constrained thanaimn angle to be < 26°
(Galloet al.2004). The dependence of the goodness of the fit on the spie iskhown
in the left column of the figure. The contour graphs for thegpid the inclination angle
are depicted in the middle column, and for the spin and thegptaw photon index in the
right column of the figure. The derived spin value is then:

acy = 0.69°015 and guor = 0.77°31%.

In both cases, MCG -6-30-15 and GX 339-4, the fitting withither model resulted
in slightly higher values for the spin, but consistent with values of th& YRLINE model
within the general uncertainties of the spin estimatione $pin value of MCG -6-30-15
is better constrained thanks to its high value and more saarthe line than in the case
of GX 339-4 (see Table 2.3).

Table 2.3: Count rates of the XMM-Newton observations ir-20 keV.

MCG-6-30-15| GX339-4
number of counts§1(F] 0.97 3.56
net countss 4.98(1) 1547(1)
model counts 5.02 1546
line countgs 0.20(2) 51(1)
line counts 4.37x 10* 1.15x 104
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Figure 2.8: The contour graphs show (frol&ft to right) the dependence of the value,

the inclination angle and the power law index on the valudefdpin KYRLINE) or the

inner disc radiusuAOR) for the GX 339-4 spectrum in 3-9 keV. The x-axis is oppogyitel

directed in the case of the inner disc radius ofither model as x-variable for an easier

comparison with th&YRLINE results. The black, red and green contours correspond to

1o, 20 and 3r, respectively.Up: The results of the AOR model. Middle: The results

of thekYRLINE model with limb darkeningDownt The results of th&YRLINE* model

with limb brightening.

2.3.2 Simulated data of next generation X-ray satellites

Further, we applied theaAorR andkYRLINE models on the data with significantly higher
quality supposed to be achieved by on-coming X-ray missidrige presently planned
International X-ray Observatory (IXO, see e.g. Bookbin2@t0) arose from the merg-
ing of the former XEUS and Constellation-X missions. Beeathe details of the IXO
mission have not been fixed at the moment when this work aitgah we used a prelim-
inary response matrix of the former XEUS mission (Arnacl. 2009). We generated
the data for & YRLINE model with a rest energy of the lirte = 6.4 keV and radial disc
emissivity that follows a power law with the index= 3. We re-binned the data in order
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Table 2.4: Results of the AOR fit in 3—9 keV in the simulated spectra.

MCG -6-30-15(simul.) GX339-4(simul.)
parameter| KY value | fitted LAOR value || KY value | fitted LAOR value
Rin 2.00 1.86*0.04 3.39 3.2010%
i [deg] 26.7 254(3) 19 18.6(2)
Eine[keV] |  6.70 6.71(1) 6.97 6.94(5)
o 4.90 4.51(3) 3.45 3.2(1)
O 2.80 2.76(2) - -
o 55 6.2(1) - -
Kiine 8.7x 10° 9.0x 10° 6.5x 1073 6.6 x 1072
X2/v 1364/873 2298873

Note Fiducial values of thecky model parameters which were used to the data simulation are
shown in columnsKy value”. The inner disc radius is determined from the refatig = rms(a)
(eq. 1.2).

to have a resolution of 30 eV per bin. We then fit the data in tHékeV energy range
with theLAOR model using the same initial values of the fitting paramedsrfor the data
simulation. Due to insflicient resolution of the AOR model, a significant problem ap-
pears at the high-energy edge of the broad line. This ocagause the next generation
instruments achieve much higher sensitivity in the comesing energy range.

We examined the artificial data for a grid of values of the dagmomentum and the
inclination angle. The results forftierent values are shown in Figure 2.9. We excluded
the higher-energy drop of the lines in order to reveal tfied@nces in the overall shape
of the line. It is clearly seen from the figures that tifieet of the spin on the shape of the
line is suficiently resolved with the higher quality data. The contotapdps of the inner
disc radius and the inclination angle are shown in Figur@ B three diferent values of
the spina = 0,a = 0.7, a = 0.9982. For lower values of the spin, the results obtained
with the LAOR model difer more from the fiducial values. The&oR model tends to
underestimate the inner disc radius, or, by other wordsyéoestimate spin value related
to the inner disc radius by the relatian= a (fms = rin)-

Further, we produced simulated data for the Seyfert galax3@Gvb-30-15 and the
black hole binary GX 339-4 using rather simplified models ahhivere suitable to fit
the current XMM-Newton data. For MCG-6-30-15 we used a poaer model plus a
KYRLINE model for the broad iron line, absorbed by Galactic gas mattang the line
of sight: PHABS * (POWERLAW + KYRLINE). The parameters of the continuum are the
column densityny = 0.4 x 10 cm?, the photon indeX = 1.9 of the power law, and its
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normalisatiorKr = 5x 1073, The values of the line parameters are summarised iKYhe
valuecolumn of Table 2.4. The exposure time was chosen as 220 ktharftlix of the
source as B x 10 ergcnt?st in the 2-10keV energy range (i.e4x 10’ cts).

For GX 339-4 we usedHABS * (DISKBB + POWERLAW + KYRLINE) with ny = 0.6x
10°72cm?, kTi, = 0.87keV Kyt = 1.4 x 10°), andl’ = 3 (K = 5.6). The exposure time
was chosen as 75 ks, the flux of the source. ag B0-%erg cnt? st in the 2-10 keV energy
range, i.e. Bx1( cts. The number of counts is more than two orders of magnhigleer
than for the observation of the XMM-Newton satellite (sebl&®.3). The reason is due
to the loss of 97% of the photons during therst modeof XMM-Newton observation
which eliminates the pile-up problem (see Section 4.1.1he Text generation X-ray
missions are supposed to have a calorimeter instead of tBeda@era on-board which
will get rid of such problems.

The results of the AOR fit are shown in Table 2.4 and in Figure 2.11. The broad iron
line component of the model is plotted in the top panel of therg. The model continuum
components are not displayed there to clearly see the defisaif theLAOR model. The
most prominent discrepancy appears at the higher-eneayy dihich is clearly seen in
the datamodel ratio plot in the middle panel of Figure 2.11. The mquBelameters are
constrained with small error bars (see cont@ws. i in the bottom panel of Figure 2.11),
which reveals a dierence between therRLINE and theLAOR models.

The spin value derived from the analysis usingither model is:

0.003
AaorMCG = 0. 958i0.004

for MCG -6-30-15, while the fiducial value of the spin wag vcc = 0.940, and

_ +0.02
aIaor,GX - 0-74_0_02

for GX 339-4, while the fiducial value of the spin wag cx = 0.70.

2.4 Discussion of the results

We investigated the iron line band for two representativeses — MCG -6-30-15 (active
galaxy) and GX339-4 (X-ray binary). The iron line is statatly better constrained
for the active galaxy MCG -6-30-15 due to a significantly lengxposure time of the
available observations — see Table 2.3 for comparison afta@tes of the observations.
The spectra of both sources are well described by a contimaadel plus a broad iron
line model.

We compared modelling of the broad iron line by the two relatic models,LAOR
andkYRLINE. TheLAOR model always assumes an extreme Kerr metyit = 0.9982),
and therefore, it is used for the fitting offiirent spin values only by identifying the inner
edge of the disc with the marginally stable orbit. In #/eRLINE model, on the other
hand, the spin itself is a fitting parameter and the metridjgsied to the actual value of
a/M.
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The discrepancies between therRLINE andLAOR results are within the general un-
certainties of the spin determination using the skewed pirtdile when applied to the
current data. This means that the spin is currently detexdhfrom the position of the
marginally stable orbit rather than from the overall shapie line.

Results with both models are apparently distinguishabiehfgher quality data, as
those simulated for the next generation X-ray missions. W tinat theLAOR model
tends to overestimate the spin value and moreover, it hafficient energy resolution
which dfects the correct determination of the high-energy edgeebtbad line. This
leads to largg? values by fitting the high resolution data (see Table 2.4).

Technically, thec YRLINE model leads to a better defined minimumydffor the best
fit value. The confidence contour plots fatM versus other model parameters are more
regularly shaped. This indicates that tkeRLINE model has a smoother adjustment
between the dierent points in the parameter space allowing for more rigliabnstraints
ona/M. TheLAOR model has a less accurate grid. Smoother and more precidésres
by theKYRLINE model are at the expense of the computational speed. Ewjyriae
found that thec YRLINE model is about 1R slower than the AOR model.
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Figure 2.9: Simulated data for three fierent values of spin (frortop to bottom a = 0,
0.7, 0.9982) and two dterent inclination angleg = 30 deg left), andd = 60 deg (ight).
The artificial data are shown with the expected errors (btmokses). Black curve is the
seedkYRLINE model from which the data were generated. The red curve isAbe
model which resulted from the fitting of the simulated dataclEpanel also contains a
plot with ratios of the data to thenOrR model.
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Simulated XEUS data for kyrline model with a/M = 0, theta = 30 deg Simulated XEUS data for kyrline model with a/M = 0, theta = 60 deg
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Figure 2.10: Contour graphs of the inclination angle and the inner disttusaof the
LAOR model applied to the same artificial data as in Figure 2.9.fitheeial values of the
studied parameters are= 30 deg [eft), i = 60deg (ight), andr;, = rng(a = 0) = 61y
(top), 3.39ry (Middlg), and 1235r, (botton). The individual curves correspond tarl
20, and 3o, respectively.
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Chapter 3

Role of the emission directionality in the
spin determination

3.1 Emission directionality

Light rays coming from a black hole accretion disc are highugved in strong gravita-
tional field and the emission angle given by eq. (2.8) may ggsany value, depending
on the position on the disc from which the radiation is re#idct Figure 3.1 shows the
contours of the constant local emission angldérom the accretion disc around a non-
rotating,a = 0, and a maximally rotatingg = 1, black hole taking into account their
distortion by the central black hole and assuming that thitedphotons reach a distant
observer at a given view anglg. It clearly illustrates that the local emission angle spans
the entire range, from 0 to 90 degrees for any valué,ofThis is due to the combined
effects of aberration and light bending which grow greatly ribarinner rim of the disc.

In the inner region, the photons are boosted in the direafantation and they emerge
along grazing angles. Notice for the case of a higher dismiaton, 6, = 70 deg, that
there is a small region behind the black hole (below, in tiotupe) where the local emis-
sion angle is very low, i.e. the radiation is emitted in theediion almost perpendicular
to the disc. This is the cleaffect of the light bending. Although the contours are most
dramatically distorted near the horizon the emission amglasibly different from the
observer inclination even quite far from the horizon, atstatice of several temg. This

is mainly due to special-relativistic aberration which agx slowly with the distance as
the disc obeys Keplerian rotation at all radii. Asymptaticade(r, ¢) — 6, forr — oo.

As emission directionality, we call the dependence of thensity on the emission
angle. Because of the variety of the emission angle valbeg]itectional distribution of
the outgoing radiation is among the important aspects thist e addressed. This func-
tionality depends on how the radiation originates and atsthe surrounding conditions.
In the case of a black hole accretion disc, the directiopalithermal and reflection ra-
diation may be significantly elierent. In general, the directionality is a function of radiu
from the black hole and energy of the emitted radiation. acpcal application, however,
a unique profile is standardly assumed, invariably over thieeerange of radii in the disc
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Figure 3.1: Contours of the local emission angl@(r,¢) near a non-rotating
Schwarzschild black holeg = 0, (top), and a maximally rotating black hole, = 1,
(bottom), depicted in the equatorial plang, ¥). The black hole and the accretion disc
rotate counter clock-wise. A distant observer is locatehtds the top of the figure. The
inner region is shown up to= 20 gravitational radii from the black hole. The black hole
is denoted by a dark filled circle around the centre, for Seheahild black hole the circle
around represents the marginally stable orbit. Two casdsfefent observer inclinations
are showng, = 30 deg [eft) andd, = 70 deg (ight). The colour bar encodes the range
of 6.(r, ¢) from O to 90 degrees. The emission angle is measured frordisiecenormal
direction to the equatorial plane, in the disc co-movingtfea
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and the energy in the spectral band. Particularly, the limatkehing law is frequently
used since it is embedded in the currently most widely ugexk model (Sect 2.3).

Limb darkening traditionally refers to the gradual dimioutof intensity in the image
of the surface of a star as one moves from the centre of theantathe edge. Itis a
consequence of uneven angular distribution of the radidhiox emerging from the stellar
surface (Chandrasekhar 1960; Mihalas 1978). Limb darkeresults as a combination
of two effects: (i) the density of the surface layers decreases inuhegaod direction,
and (ii) temperature also drops as the distance from theecehthe star increases. The
outgoing radiance is therefore distributed in a non-unifonanner.

The limb darkening law is widely applied also to describgaidn coming from an
accretion disc around a black hole. Nevertheless, the Idctuna of the angular distribu-
tion depends on the physical mechanism responsible fomtigseon and the geometrical
proportions of the source. The limb darkening law is relé\an thermal radiation of
the disc with infinite optical depth. However, already whiee bptical depth is assumed
to be finite and also internal heating is taken into accouetdmmission directionality
significantly changes (see e.g. Fukue & Akizuki 2006). Theeaaf reflection is substan-
tially different from the thermal radiation because the initial ramiietomes from above
the disc and passes through the disc atmosphere. The hayees lare characterised by
higher ionisation and temperature with the electron sgagjeas the dominant process
there. The observer looks deeper to the colder layers oftthesphere when the emis-
sion angle is low. However, the radiation is there more jikelbe absorbed resulting in
the detection of weaker reflection radiation than when thes&on angle is higher (see
discussion in Goosmanet al. 2007, Sect. 3). Thisflect is just opposite to the limb
darkening, and therefore, it is called as limb brightening.

Given the high velocity of the orbital motion (see Fig. 1.tyldhe strong-gravity light
bending near the black hole, thfext of directional anisotropy of the local emission is
enhanced. As a result of this interplay between the locasigkyof light emission and
the global &ects of the gravitational field, fierent processes contribute to the final (ob-
served) directional anisotropy of the emission. For thasom it is important to describe
the angular distribution in a correct manner; ad hoc choaddte limb-darkening law
may lead to errors in the determination of the model best fiupaters, including the
inaccuracy in the spin parameter which aréidilt to control, or they may prevent us
from estimating the statistical confidence of the model.

3.1.1 Hfects of the emission directionality on the iron line profiles

In optics, Lambert’s cosine law describes an emitter prodpa radiation intensity that

is directly proportional tque = cosf.. Lambertian surfaces exhibit the same apparent
radiance when viewed from any angle Likewise, Lambertian scattering refers to the
situation when the surface radiates as a result of extemaaliation by a primary source
and the scattered light is distributed according to the samsee law. This is, however,

a very special circumstance; directionality of the emetdjght is sensitive to the details

of the radiation mechanism. For example, the classicaltrefthe Eddington approxi-
mation for stellar atmospheres states that tfiecéive optical depth of the continuum is
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T= % and so the emergent intensity is described by the limbeshanig law,| (ue) o ,ue+§.

In the case of a fluorescence iron line produced by an illutathplane-parallel slab,
the angular distribution was investigated by various ath®@asko 1978; George &
Fabian 1991; Haardt 1993; Ghisellini, Haardt & Matt 1994yRads, Nowak & Mal-
oney 2000). In that case a complicated interplay arises grims angular distribution
of the primary irradiation, reflection and scattering in thec atmosphere. Several au-
thors pointed out that it is essential for the reliable deteation of the model parameters
to determine the angular directionality of the broad lindssion correctly. Martocchia,
Karas & Matt (2000) noted, by employing the lamp-post mottelt “...the broadening of
the observed spectral features is particularly evidentmteongly anisotropic emissivity
laws, resulting from small h [i.e., the lamp-post elevatadyove the equatorial plane],
are considered.

The important role of the emission angular directionaligsvelearly spelled out by
Beckwith & Done (2004): :..the angular emissivity law (limb darkening or brighteg)
can make significant changes to the derived line profiles evhght bending is impor-
tant" (see their Fig. 9-13). Similarly, DovcCiakt al. (2004a); DovcCiak, Karas & Yaqoob
(2004) and Beckwith (2005) compared the relativistic brivaels produced under filer-
ent assumptions about the emission angular directionatitywever, to verify the real
sensitivity of the models to the mentionefileet of directionality, it is necessary to con-
nect the radiative transfer computations with the spedittaig procedure, and to carry
out a systematic analysis of the resulting spectra, takitggaccount both the line and the
continuum in the full relativistic regime. We report on oasults from such computations
in Section 3.2.4.

Reynoldset al. (2004, sec. 4.3) argue that the combinffd& of photoelectric absorp-
tion in the disc and Compton scattering in the corona mdiectthe iron line photons
emerging along grazing light rays than continuum photortseyTconclude that the line
equivalent width should be diminished for observers vigntime accretion disc at high
inclination angles. Such a trend can be seen also in the fapmodel of Matet al.
(1992) and Martocchia, Karas & Matt (2000, see their Figute However, in the latter
work this diminution is less pronounced when we compareti thie case of intrinsically
isotropic emissivity. _

More recently, Niedzwiecki &ycki (2008) studied thefeect of diferent limb dark-
ening laws on the iron line profiles. They pointed out thatrthle of emission direction-
ality can be quite significant once the radial emissivityha tine is fixed with sfficient
confidence. However, this is a serious assumption. In ye#tié radial emissivity is not
well constrained by current models.

The angular dependence of the outgoing radiation is detearidy the whole inter-
connection of variousféects. We describe them in more detail below (Sec. 3.2.4&fBri
the conclusion is such that realistic models require nuraécomputations of the full ra-
diative transfer. We have developed a complete and consegpg@roach to such radiative
transfer computations in the context of the broad iron-hmadellingtogetherwith the
underlying continuum computations. As described in cagrsible detail below, we per-
formed the extensive computations which are necessarylgr ¢o reliably determine the
impact of the emission angular anisotropy on spectral gttesults (namely, on the deter-
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mination of the black hole angular momentum). In particulaa describe detailed results
from the investigation of the model goodness (by employmg@equate statistical anal-
ysis of the complicateg? parameter space). Such the analysis has not been perfoomed s
far in previous papers because detailed stepping throwgghatameter space and proper
re-fitting of the model parameters was not possible due terleemous complexity of the
models and extensive computational costs.

In regular stars and their accretion discs, the relativegtects hardly &ect the emerg-
ing radiation. The situation is veryftierent in the inner regions of a black hole accretion
disc, where the energy shift and gravitational lensing myeificant. The observed signal
can be boosted or diminished by the Doppleet combined with gravitational redshift:

I (uo)/1 (ue) = g (eq. 2.16), where thg values span more than a decade (see Fig. 2.1).

As mentioned above, many authors have adopted the definoigecfLaor 1991) of
the cosine profile for the line angular emissivity(ue, E¢) = 1 + 2.06u,. This relation
describes the energy-independent limb-darkening typeaffle. However, the choice
is somewhat arbitrary in the sense that the physical assonggbehind this law are not
satisfied at every radius over the entire surface of the toaordisc. It has been argued
that the limb-darkening characteristics need to be modifiedceven replaced by some
kind of limb brightening in the case of X-ray irradiated degenospheres with Compton
reflection (Haardt 1993; Ghisellini, Haardt & Matt 1994ycki & Czerny 1994). The
latter should include the energy dependence, as the Comggtomcessing of the reflected
component plays a significant role. The angle-dependenpuatations of the Compton
reflection demonstrate thesffexts convincingly (Czerngt al. 2004). Indeed, the same
effect is seen also in our computations, as shown in the righelpeErFigure 3.2. The
increase of emissivity with the emission angle stronglyethe}s on the ionisation state
of the reflecting material, so the actual situation can béequomplex (Goosmanet al.
2007).

A question arises of whether the current determinations@btack hole angular mo-
mentum might be fected by the uncertainty in the actual emissivity angulsiritiution,
and to what degree. In fact, this may be of critical concerenvfuture high-resolution
data become available from the new generation of detecWeshave therefore carried
out a systematic investigation using tke code to reveal how sensitive the constraints
on the dimensionlessparameter are with respect to the possible variations ianielar
part M(ue) of the emissivity.

Figures 2.1 and 3.1 demonstrate the main attributes of thplpropagation in black
hole space-time relevant to our problem: the energy shdtthe direction of emission
depend on the view angle of the observer as well as on the angumentum of the
black hole. Notice that, near the inner rim, the local emsissangle is indeed highly
inclined towards the equatorial plane where at the same the@utgoing radiation is
boosted. Thesefkects are further enhanced by gravitational focusing, whielalso take
into account in our calculations.

It should be noted that the energy shifts and emission amglasa black hole have
been studied by a number of authors in mutually complemgmtays. The figures shown
here have been produced by plotting directly the contentl®ERormat files that are
encoded in the correspondirg routines (see DovcCiak (2004), where an atlas of contour



3.1. Emission directionality 53

45 p ‘ ‘ ‘ ‘ 4 ‘ ‘ ‘ 2—6ke\‘/**
| 16 1\ 6-15keV ----- 1
4n 1 \ 15- 100 keV -----
- . . 14 0N 2 -100 keV
3.5 '\ limb brightening , S NY
\ reprocessin
—_ 3 ' . A - — AN p g
=< \ limb darkening _ — L 12 TS
g 25+ N - §
AN - isotropic
2 - 1 =
~ - \\\\\\.
15| = 1 S T
— Tl isotropic 0.8 r NIl S 1
1 = ==—-___ ~ ;~ -
Tt e--- 4 —
05 L L L L 06 N
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
He He

Figure 3.2: Left directional distribution of the intrinsic emissivity @&ec. 3.2.1 for de-
tails). Right an example of the directional distribution from the nuroarcomputations,
showing results from the reprocessing model with the comtim photon index” = 1.9,
integrated over 2—100 keV energy range (solid line), anctvesal diterent energy sub-
ranges (line styles are indicated in the inset). The lattgply demonstrates the presence
of limb-brightening &ect in comparison with respect to the isotropic emissions €k
fect is clearly visible as a function of the emission anglealthough its magnitude is
smaller than the limb-brightening approximation used mlgft panel. See sec. 3.2.4 for
details.

plots is presented for fierent inclinations and spins). Analogous figures were diswa
in Beckwith & Done (2004), who depicted the dependence ottsne of the emission
angle on the energy shift of the received photon and the @nisadius.

The above quoted papers concentrated mainly on the discusbkthe energy shifts
and the emission directions of the individual photons, eytisolated the role of relativis-
tic effects on the predicted shape of the spectral line profile. Thegrly demonstrated
that the impact of relativisticfBects can be very significant. However, what is still lacking
is a more systematic analysis which would reveal how théfeets, when integrated over
the entire source, influence the results of spectra fittioghis end one needs to perform
an extensive analysis of the model spectra including thémamm component, match the
predicted spectra to the data by appropriate spectra fiptiogedures, and to investigate
the robustness of the fit by varying the model parameters apldrng the confidence
contours.

One might anticipate the directiondfects of the local emission to be quite unimpor-
tant. The argument for such an expectation suggests thatlthef directionality should
grow with the source inclination, whereas the unobscurgtesel type AGNs (where the
relativistically broadened and skewed iron line is usuahpected) are thought to have
only small or moderate inclinations. However, this quéikatrend cannot be used to
quantitatively constrain the model parameters and perfomgnkind of precise analysis,
needed to determine the black hole spins from current aneutigh-quality data. Such
an analysis has not been performed so far, and we embark ereifdr the first time.
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3.2 Iron Ka line band examined with different direction-
alities

3.2.1 Approximations to the angular emission profile

We describe the methodology which we adopted in order tooegphe &ects of the

spectral line emission directionality. To this end we finsipdoy simple approximations,
neglecting any dependence on the photon energy and theienmiadius. We set the line
intrinsic emissivity from the planar disc to be describedomg of the following angular
profiles,

Case 1: In(1+uzt) (Haardt 1993)
Case2: M(ue) =3 1 (locally isotropic emission) (3.1)
Case 3: 1+206u, (Laor1991)

The three cases correspond, respectively, to the limbyanged, isotropic, and limb-
darkened angular profiles of the line emission.

The limb-brightening law by Haardt (1993) describes theudangdistribution of a
fluorescent iron line emerging from an accretion disc thatrediated by an extended
X-ray source. The relation was obtained from geometricasmterations and agrees well
with more detailed Monte-Carlo computations (George & Baldi991; Matet al. 1992).
The physical circumstances relevant for the limb-darkgraw are diterent, and we
include this case mainly because it is implemented in.tbe model and frequently used
in the data analysis. The isotropic case, dividing all librigthtening and limb-darkening
emissivity laws, is included in our analysis for comparison

The radial profile of the emission is set to a unique power kyv,(2.18), over the
entire range of radii across the disc. The directionalityrfola (3.1) of the intrinsic emis-
sivity and the resulting spectral profiles are illustratedrig. 3.2 (left panel). Naturally,
more elaborate and accurate approximations have beersdetin the literature for some
time. For example, Ghisellini, Haardt & Matt (1994) in theq. (2) include higher-order
terms inue to describe the X-ray reprocessing in the single-scatidRayleigh approx-
imation. However, at this stage the first-order terms afBcsent for us to demonstrate
the diferences between the three cases. Later on we will proceaddswumerical radi-
ation transfer computations that are necessary to deralistie profiles of the emission
angular distribution and to keep their energy dependence.

The dependence of the spectral profiles on the angularlaistin M(ue) of the in-
trinsic emission is shown in figures 3.3-3.4. It is appareminfFigure 3.3 that the limb
brightening case makes the line profile broader (in the kafigh) and the height of the blue
peak lower (in the right panel) than the limb darkening casé&fe same set of parameters,
which can consequently lead to discrepant evaluation agpine While Figure 3.3 shows
the line profile for an extended disc, Figure 3.4 deals witlaaow ring. In this case, a
typical double-horn profile develops. Although the enerfithe peaks is almost entirely
insensitive to the emission angular directionality, thakpkeights are influenced by the
adopted limb darkening law. In the right panel of Figure 3, ratio of the two peaks
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Figure 3.4: Left The same as in Fig. 3.3, but for a narrow ring with= 3.5, ro,; = 3.6
(other parameters am® = 0.9982,q = 3, §, = 30deg,E; = 6.4 keV). The lines are
normalised with respect to the height of the blue pdright The ratio of the two peak
heights for the three cases of the emission angular diregdity according to eq.?)
and for the two values of the spin and the inclination angtegses and circles are for
6, = 30 deg; empty and filled triangles are fiar= 60 deg).

is shown for the three cases of the emission angular diregdity according to eq.7?).
The influence of the directionality is apparent and it is camaple to the #ect of the
inclination angle. The spin value has only little impactlnge inclinations.

In general, we notice that the extension and prominenceeofdétl wing of the line
are indeed related to the intrinsic emission directiopalithis was examined in detalil
by Beckwith & Done (2004), who plotted the expected broae-lprofiles for diferent
angular emissivity and explored how the red wing of the liharges as a result of this
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Figure 3.5: Left Unfolded spectrum generated by thewERLAW + KYRLINE model
with parameters of the line identical as in the Figure 3.3. &¥sumed the limb-
brightening profile, i.e. Case 1 of eq. (3.1Right Ratio of the simulated data on the
left to the same model but with the limb-darkening profileg€8). The normalisation of
the line was allowed to vary during the fit. Ti&, changed from D4 to 130 between the
two cases. The details about the simulation of the data pai& the same as described

in the section 3.2.3.

undetermined angular distribution. Similarly, the inétrspin of the black hole must
depend on the assumed profile to a certain degree. This isiabpso because the spin
is determined by the extremal redshift of the red wing of the (see Section 2).

However, simple arguments are ifigcient to assess how inaccurate the spin deter-
mination might be in realistic situations, as the specttah§ procedure involves several
components extending over a range of energy above and be&owon-line band. We
illustrate this in Figure 3.5, noticing that thefliirent prescriptions produce very similar
results outside the line energy, but they dffetiat the broad line energy range. The the-
oretical (background-subtracted) profiles of the relatiziline cannot alone be used to
make any firm conclusion about the error of the best fit parara¢hat could result from
the poorly known angular emissivity. To this end one hasudyt consistent model of
the full spectrum. With a real observation, the sensititatyhe problem of directionality
(as well as any other uncertainty inherent in the theoreticadel) will depend also on
the achieved resolution, energy binning and the error batsealata.

3.2.2 Example: directionality effects in MCG -6-30-15

We re-analysed a long XMM-Newton observation of a nearbyfe&e§ galaxy MCG -6-
30-15 to test whether theftirent directionality approximations can be distinguisimed
the current data. The observation took place in summer 2001k acquired exposure
time was about 350 ks. We reduced the EPN data from three iseggjuevolutions (301,
302, 303). The details of the reduction of the data are desdiin Section 4.3.

We applied the same continuum model as presented in Fab&n(2002): the power
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Figure 3.6: The best-fit values of? statistics for the spin parameter, which we obtained
by gradually steppin@ from 0.8 to 1. XMM-Newton data for MCG -6-30-15 were em-
ployed (Fabiaret al. 2002). Left the limb-brightening profile (Case 1Right the limb
darkening profile (Case 3). The dashed line is the 90% cordel&avel (2 sigma). See
the text for a detailed description of the model.

law component (photon inddx = 1.9) absorbed by Galactic gas (column density=
0.41x 10**cm2). This simple model is dficient to fit the data above 2.5 keV, which

is also satisfactory for our goal of reproducing the oveshtpe of the broad iron line.
Other components need to be added to the model in order yauindlerstand the spectrum
formation and to decide between viable alternatives, tholgithe presence of outflows
and a combination of absorption and reflectidfeets (Miller, Turner & Reeves 2008a,;
Turner & Miller 2009). However, our goal here is not to givepedence to any of the
particular schemes. Instead, we rely on the model of a bina@hd we test and compare
different angular laws for the emission.

The residuals from the simple power law model can be expiabnea complex of
a broad line and two narrow lines. Due to the complexity of ttedel, it is hard to
distinguish between the narrow absorption lind&at 6.75 keV and the emission line at
E ~ 6.97 keV (Fabiaret al.2002). Although the level gf? values stays almost the same,
the parameters of the broad iron line do depend on the cantimaodel and the presence
of narrow lines (see Section 4.3). By adding an absorptimmditE ~ 6.75 keV, the best
fit rest energy of the broad component comes out t& be6.7 keV, and so the broad line
originates in a moderately ionised disc. This result is iast with Ballantyne, Vaughan
& Fabian (2003).

Figure 3.6 shows the results of the one-dimensi@tgbparcommand performed in
XSPEC, which demonstrates the expected confiden@epaframeter best-fit values for
the two extreme cases of directionality, Case 1 and Casembllel used in the XSPEC
syntax iS:PHABS*(POWERLAW + ZGAUSS+ ZGAUSS+ KYRLINE). The fixed parameters
of the model are the column density = 0.41x 10**cm2, the photon index of power
law I" = 1.9, the redshift factor = 0.008, the energy of the narrow emission ligg, =
6.4 keV, and the energy of the narrow absorption lfgs = 6.77 keV. The parameters
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Table 3.1: The best-fit spin values inferred for the three cases of timb Idarken-
ing/brightening law, eq. (3.1), for theYRLINE model.

Case a =07 ar = 0.9982
no. | =300 6 =60 | 6 =30 6 = 60r

1| 056:9% 069°9% | 0029% 0.981:9%%
2 06698 070992 | >0966 >0.986

3 |074%% 07098 | >0991 >0.993

The artificial data were generated using kY&kLINE model with isotropic directionality
and the fiducial values of parameters (denoted by the sybsE). See the main text for
details.

of the broad iron line were allowed to vary during the fittingpgedure. Their default
values wereEy g = 6.7 keV for the energy of the broad iron ling, = 30deg for the
emission angleg; = 4.5,0, = 2 andr, = 10r for the radial dependence of the emissivity
(the radial part of the intensity needs to be rather comgddt#o fit the data and can be
expressed as a broken power l#re) = re™ for re < rp, andR(re) = re® for re > ry).

The determined best-fit values for the spin are virtually shene for both cases,
independent of the details of the limb-brightenihayrkening profile. However, this re-
sult arises on account of the growing complexity of the mod€&he dtterences be-
tween the two cases become hidden iffedtent values of the other parameters — espe-
cially in g;, g andry, i.e. the parameters characterising the radial dependenttee
line emissivity INKYRLINE as a broken power law with a break radiygs We find: (i)
Ebroad = 6.60(1),6, = 315(7)deg,q0; = 3.7(1),02 = 2.1(1), r, = 18(1)rq for Case 1,
and (ii) Eproad = 6.67(1) keV,6, = 26.7(7)deg,0n = 5.3(1),q, = 2.8(1), 1, = 4.9(2)r4
for Case 3. The errors in brackets are evaluated as the 90fldence region for a single
interesting parameter when the values of the other parasnate fixed. The combina-
tion of three parametery;, Oy, rp thus adjusts the best fit in XSPEC. Nonetheless, the
clear diferences between the models occur consistently with theakekpectations: for
Case 3 the lower values of the sping 0.87, produce largey? and the best-fit spin can
reach the extreme value within the 90% confidence threshold.

3.2.3 Analysis of simulated data for next generation X-ray nssions

In order to evaluate the feasibility of determining the spfra rotating black hole and
to assess the expected constraints from future X-ray dagraduced a set of artificial
spectra. We used a simple model prescription and prelimireaponse matrices for the
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Figure 3.7: Test results of the theoretical fits with = 0.7, 6; = 30 deg and three flerent
profiles of the emission directionalityleft: limb brightening (Case 1 in eq. 3.Ijiddle
isotropic (Case 2)ight: limb darkening (Case 3). The simulated data were generated
using thePOWERLAW + KYRLINE model with isotropic directionalityTop dependence
of the best fity? values on the spin value. The horizontal (dashed) line sgmts the 90%
confidence levelBottom contour graphs of versusd,. The contour lines correspond to
1, 2, and 3 sigma. The position of the minimal valug éfs marked with a small cross.
The values of? corresponding to the minimum and to the contour levels aoevehat
the top of each contour graph. The large cross indicatesakiign of the fiducial values
of the angular momentum and the emission angle. Besidesthes/of spin, inclination
and normalisation constants of the model, the other paemetere kept fixed at their
default valuesT = 1.9, Eqg = 6.4 keV, ri, = s, rout = 400, = 3, (default values of
normalisation constant& = 1072, Kji,e = 107%).

International X-ray Observatory (IXO) missidnHere we limit the energy band in the
range 25—-10 keV. The adopted model consistsr@fWERLAW for continuum (photon
indexI” and the corresponding normalisatikp), pluskKYRLINE model (DovcCiak, Karas
& Yagoob 2004) for the broad line. The normalisation factfrthe model were chosen
in such a way that the model flux matches the flux of MCG -6-30+45his section, the
simulated flux is around.® x 10! erg cnt? st with about 3% of the flux linked to the
broad iron line component. The simulated exposure time Wak4.

We generated a set of “fake” spectra (i.e., artificial sgeotrthe XSPEC terminol-
ogy). These spectra were produced in a grid of angular mamewtlues while assuming
isotropic directionality, Case 2 in eq. (3.1). We call thewased angular momentum of
the black hole the fiducial spin and we denote ibasWe performed the fitting loop to

We used the current version of provisional response matricavailable at
http://ixo.gsfc.nasa.gov/science/responseMatrices.html for the glass core calorimeter, dated Octo-
ber 30, 2008. We used the energy resolution of 5 eV per bin.
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Figure 3.8: The same as in Figure 3.7, but far= 0.7 andg; = 60 deg.
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Figure 3.9: The same as in Figure 3.7, but fgr= 0.998 and; = 30 deg.

these data points using each of the three angular emispigfifes. Once the fit reached
convergence, we recorded timerred spin a Figures 3.7—3.10 show the results in terms
of best-fity? profiles and the confidence contours for twéelientfiducial values of the
spin(we assumed; = 0.7, and 0998). We summarise the values for the inferred spin for
two inclination angles = 30 deg and = 60 deg in Table 3.1.

The fitting procedure was performed in twatdrent ways — having the rest of the
parameters free or keeping them frozen. Obviously the fomp@roach results in an
extremely complicateg? space. Therefore, for simplicity of the graphical repréagon,
we plot only the results of the second approach which, howeiees broadly consistent
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Figure 3.10: The same as in Figure 3.7, but f@r= 0.998 and; = 60 deg.

results (though it misses some local minimayéf. In other words, the plots have the
parameters of the power law continuum, the energy of thedimethe radial dependence
parameter fixed dt = 1.9, Eq = 6.4 keV, andq = 3.

The conclusion from this analysis is that the determinatiba indeed seems to be
sensitive within certain limits to the assumed directiggaif the intrinsic emission. The
suppression of the flux of the reflection component at highesbfd, may lead to over-
estimating the spin, and vice versa. The middle panels of.Ag/—3.10 show the fit
results for isotropic directionality, which was also thedenodel used to generate the
test data, and so these contours illustrate the magnituttenabined dispersion due to the
simulated noise and the degeneracy between the spin anddireation.. The fiducial
values are well inside theslconfidence contour in all the graphs in the middle panels.

However, systematically lower values of the angular momn@rdre obtained for the
limb brightening profile and, vice versa, higher values awnfl for the limb darkening
profile. The magnitude of thefilierence is larger for higher values of angular momentum.

3.2.4 Angular emission profile of the detailed reprocessingodel

The results presented in the previous sections show thad) ulfferent emission direc-
tionality approaches leads to afféirent location of thg/?2 minimum in the parameter
space. Doubt about the correct prescription for the emisdicectionality thus brings
some non-negligible inaccuracy into the evaluation of tloeleh parameters. The magni-
tude of this error cannot be easily assessed as a unique nbedaise other parameters
are also involved.

A possible way to tackle the problem is to derive the intingpectrum from self-
consistent numerical computations. This has the poteotismoving the uncertainty
about the emission directionality (although, to a certagrde this uncertainty is only
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Table 3.2: The best-fit spin and inclination angle values inferred lferthree cases of the
limb darkeningbrightening law in thexyL 3crR model.

Case 1l Case 2 Case 3

a =0.7,6 =30
a | 0603E 0693 076%
6, [deg] | 29.8%2 297793 296%03
X2V 1.33 1.27 1.39

a = 07,6 = 60°
a 065908 0.73'55; 0.8275¢5%

0, [deg] | 6002 60092 60301
Y2y 1.87 1.00 1.48

a = 0.998,6; = 30

a 0-95@8:882 1J:EL)E—3 1igE—5
0, [deq] 29.9J_r8:§ 29.5J_r8:§ 28.7i8:‘21

X/ 1.30 1.58 5.08

a = 0.998,6; = 60°

0002 140 +0
a 0982700, L'aes  Lees

6, [deg] | 59.9%F 60171 602731

X3V 1.24 1.02 2.51

Data were generated using tkeL 2CR model. See the main text for details. The quoted
errors correspond to the 90% confidence level.
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Figure 3.11: Plots of datégmodel ratio, where the data are simulatedPasvERLAW +
KYL 2CR and the model applied to the datareWERLAW + KYL 3CR with a particular
analytical approach of the directionality. The default@agmomentum value i& = 0.7,
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Figure 3.13: Results from the test fits withy = 0.7 andf; = 30 deg, using theOwWER
LAW + KYL 3CR model applied to the data simulated WROWERLAW + KYL 2CR. Three
different profiles of the emission directionality are shown ilugms —left: limb bright-
ening,middle isotropic,right: limb darkening.Top dependence of the best fit values
on the fiducial spin value. The horizontal (dashed) line @spnts the 90% confidence
level. Bottom contour graphs of versusd,. The contour lines refer to 1, 2, and 3 sigma
levels. The position of the minimal value gf is marked with a small cross. The values
of y? corresponding to the minimum and to the contour levels avesstat the top of each
contour graph. The large cross indicates the position ofitheeial values of the angular
momentum and the emission angle. Other parameters of thelmade kept fixed at
default valuesT = 1.9, ri, = I'ms, Fout = 400, = 3 and normalisation of the power law
Kr = 1072

moved to a dierent level of the underlying model assumptions). In thidtiea, we
present such results from modelling the artificial data geiee by numerical simulations,
I.e. independently of an analytical approximation of thessnmon directionality presented
in the previous sections.

Let us remind the reader that the orbital speed within therirfh 10ry reaches a
considerable fraction of the speed of light (Fig. 1.1). Bemnaberration, and the light-
bending all ##ect the emitted photons very significantly in this regionst.energetic pho-
tons come from the outer parts where the motion slows dowrtlandelativistic &ects
are of diminished importance. This reasoning suggestshieaanalysis of the previous
section may be inaccurate because the adopted analyticedxamations (3.1) neglect
any dependence on energy and distance.

We applied the Monte-Carlo radiative transfer code NOAR @ection 5 in Dumont,
Abrassart & Collin 2000) for the case of “cold” reflectione.ifor neutral or weakly-
ionised matter. The NOAR code computes absorption cros®aedn each layer. Free-
free absorption and the recombination continua of hydroeged helium- like ions are
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Figure 3.14: The same as in Figure 3.13, but fgr= 0.7 andg; = 60 deg.
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Figure 3.15: The same as in Figure 3.13, but fgr= 0.998 and); = 30 deg.

taken into account, as well as the direct and inverse Congutattering. The NOAR code
enables us to obtain the angle-dependent intensity foejm@cessed emission. The cold
reflection case serves as a reference point that can be tagraced against the models
involving stronger irradiation and higher ionisation oéttisc medium.

The directional distribution of the intrinsic emissivity the reprocessing model is
shown in Fig. 3.2 (right panel). The continuum photon inffex 1.9 is considered and
the energies are integrated over the 2-100 keV range. Adththe results of the radi-
ation transfer computations do show the limb-brightenifiga, it is a rather mild one,
and not as strong as the Case 1. In the same plot we also shamghéar profile of
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Figure 3.16: The same as in Figure 3.13, but fgr= 0.998 and); = 60 deg.

the emissivity distribution in dierent energy ranges: (i) 2—6 keV (i.e. below the iran K
line rest energy); (ii) 6-15 keV (including the iroraine); (iii) 15-100 keV (including
the Compton hump). We notice that the energy integratedl@nsfidominated by the
contribution from the Compton hump, where much of the enmgrflux originates. How-
ever, all of the energy sub-ranges indicate the limb-begimg dfect, albeit with slightly
different prominence.

We implemented the numerical results of NOAR modelling oétected radiation
from a cold disc agYL 2CR in theKY collection of models. Furthermore, we produced
an averaged modekYL 3CR, by integratingYL 2CR tables over all angles. Therefore,
KYL 3CR lacks information about the detailed angular distributidrihe intrinsic local
emission from the disc surface. On the other hand, it has divardage of increased
computational speed and the results are adequate if theiemis locally isotropic. Fur-
thermore,KYL 3CR can bea posterioriequipped with an analytical prescription for the
angular dependence (Cases 1-3 in eq. 3.1), which bringsithdaa resolution back into
consideration. This approach allows us to switch betweethitee prescriptions for com-
parison and rapid evaluation.

In order to constrain the feasibility of the aforementioggroaches, we generated
the artificial data using theOWERLAW + KYL 2CR model. The parameters of the model
are: photon index of the power lalv = 1.9 and its normalisatioiK; = 0.01, spin of
the black holea, inclination anglef,, the inner and outer radii of the disg = rms
andrqy, = 400, the index of the radial dependence of the emissiyity 3, and the
normalisation of the reflection compondfy,.; = 0.1. We simulated the data for two
different values of the spia,= 0.7 anda = 0.998, and for inclination angles = 30° and
6, = 60°. The simulated flux of the primary power law component is h@e as in the
previous section. However, now an important fraction ofggthimary radiation is reflected
from the disc. The total flux depends on the extension of tee @nd its inclination. Its
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value is 49 — 5.6 x 10 erg cn? s71 for our choice of the parameters.

As a next step, we replacedrL 2CR by KYL 3CR and searched back for the best-
fit results using the latter model. In this way, usikgL 3CR we obtained the values
of the spin and the inclination angle forfidirent directionalities. The fitting results are
summarised in Table 3.2. Besides the spin and the inclimatigle, only normalisation of
the reflection component was allowed to vary during the Gtprocedure. The remaining
parameters of the model were kept frozen at their defauliegal

The resulting dayanodel ratios are shown in Figures 3.11 and 3.12. &o¢ 0.7
andé, = 30 the graphs look very similar in all three cases. However,jtferred spin
value difers from the fiducial value with which the test data were oiadly created. The
dependence of the best-fit statistic on the spin and the corresponding graphs of the
confidence contours for spin versus inclination angle amvshin Figures 3.13—-3.16,
again for the three cases of angular directionality. Thegeds confirm that for the limb-
brightening profile the inferred spin value comes out sonsvidwer than the correct
value, whereas it is higher if the limb-darkening profile ssamed.

In each of the three cases the error of the resuléigtermination depends on the
inclination angle and the spin itself. However, we find tha tsotropic directionality
reproduces our data to the best precision. The limb darigepiofile is not accurate at
higher values of the spin, suchas 0.998, when the resulting?/v value even exceeds 2.
The limb darkening profile is characterised by an enhanagelfiak of the line while the
height of the red peak is reduced (see Figs. 3.3-3.4). Caesdy, the model profile is
too steep to fit the data. This is clearly visible in the ¢gratadel ratio plots fola = 0.998
shown in Figures 3.12. The flux is underestimated by the mbeew a mean energy
value Epean Of the line (fora = 0.998 andi = 30 degEean ~ 5keV) and overestimated
aboveEea, This fact leads to a noticeable jump in the datadel ratio plot.

A noteworthy result appears in comparing of the contourdypeced by the model with
limb brightening and limb darkening fa = 0.7 andi = 60deg (Fig. 3.14). Although
the former model (limb brightening) gives a statisticallgrae fit withy?/v = 1.87 than
the limb darkening casg{/v = 1.48), the inferred values of the spin and the inclination
angle are consistent with the fiducial values within tleel&@vel. On the other hand, the
spin value inferred from the limb darkening model is far friiva fiducial (i.e., the correct)
value.

It was shown for the case of XMM-Newton data of MCG -6-30-1&ttthe radial
emissivity can mimic dferent angular emissivity (Section 3.2.2). Therefore, agx n
step, we allowedy parameter to vary during the fitting procedure of the ar#ficiata.
The contour graphs of the spin and tpparameter are shown in Figure 3.17. It is clear
from the figures that the correct value of the spin can be ezhdly adjusting of the
parameter — for limb brightening by decreasing steepnesadil emissivity, and vice
versa for limb darkening. However, this is not valid for east of parameters. For
a = 0.7, andi = 60deg, the model with limb darkening overestimates the gplne for
any value ofg within 3o confidence level. Oppositely, far= 0.998, and = 30deg, the
model with limb brightening underestimates the spin vatwreahy value ofy within 3o
confidence level.
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Figure 3.17: The contour graphs of the spirand the parameteyof the radial emissivity
for different fiducial values of the spin and inclination. Fréop to bottom {a = 0.7,

i = 30deg, {a = 0.7,1 = 60deg, {a = 0.998,i = 30deg, {a = 0.998,i = 60deg.
The fiducial value of the radial-emissivity parameter wagagsq = 3. Three diferent
profiles of the emission directionality are shown in columnieft: limb brightening,
middle isotropic, right: limb darkening. The contour lines refer tarl 20, and 3o
levels. The position of the minimal value gf is marked with a small cross. The values
of x? corresponding to the minimum and to the contour levels acsvehat the top of
each contour graph. The large cross indicates the posititmedfiducial values of the
angular momentum and the emission angle. Other paramdténge onodel were kept
fixed at default valued: = 1.9, rjy = rns Fout = 400 and normalisation of the power law
Kr = 1072
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3.3 Discussion of the results

We investigated whether the spin measurements of accrief@ays holes are féected by
the uncertainty of the angular emissivity lad{(ue, Ee), in the relativistically broadened
iron Ka line models. We employed threefidirent approximations of the angular emissiv-
ity profiles, representing limb brightening, isotropic dimab darkening emission profiles.
For the radius-integrated line profile of the disc emissang especially for higher val-
ues of the spin, the broadened line has a triangle-like profihe diferences among the
considered profiles concern mainly the width of the linetweng. However, the height
of the individual peaks, alsafacted by the emission directionality, is important for the
case of an orbiting spot (or a narrow ring), which producebaacteristic double-horn
profile.

We re-analysed an XMM-Newton observation of MCG -6-30-158ttaly the emission
directionality dfect on the broad iron line, as measured by current X-rayunsnts. We
showed the graphs gf values as a function of spin forféérent cases of directionality.
We can conclude that the limb darkening law favours highkresof spin angr steeper
radial dependence of the line emissivity; vice versa follithé brightening profile. Both
effects are comprehensible after examining the left panelgf3:B. The limb darkening
profile exhibits a deficit of flux in the red wing compared witle {imb brightening profile.
Both higher spin value and steeper radial profile of the isitgrtan compensate for this
deficit.

The higher spin value has thé&ect of shifting the inferred position of the marginally
stable orbit (ISCO) closer to the black hole, in accordanitk &g. (1.2). Consequently,
the accretion disc is extended closer to the black hole. @limtion comes from shorter
radii and it is dected by the extreme gravitational redshift. Hence, theritmrtion to
the red wing of the total disc line profile is enhanced. Ndlyrthese considerations are
based on the assumption that the inner edge of the line egitgion coincides with the
ISCO. Likewise, the steeper radial dependence of the entissieans that more radia-
tion comes from the inner parts of the accretion disc thamftiee outer parts, and this
produces a similarfeect to decreasing the inner edge radius. With the limb beigihg
law the above-given considerations work the other way atoun

We further simulated the data with tlr@WERLAW + KYRLINE model. The simple
model allows us to keep better control over the parametaetseaevaluate the eierences
in the spin determination. We used one of the preliminargease matrices for the IXO
mission and we chose the flux at a level similar to bright Sgyifgalaxies observable by
current X-ray satellites (Nandet al. 2007). The simulations with theYRLINE model
confirm that the measurements would overestimate the spthddimb darkening profile
and, vice versa, they tend to the lower spin values for the nghtening profile.

Although the interdependence of the model parameters engabkand it is not pos-
sible to give the result of our analysis in terms of a singlmhbar, one can very roughly
estimate that the uncertainties in the angular distrilouiche disc emission will produce
an uncertainty of the inferred inner disc radius of about 2084he high quality data by
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IXO.2 We consider this value as realistic.

In the next step, we applied the NOAR radiation transfer ctmdachieve a self-
consistent simulation of the outgoing spectrum withoutasipg an ad hoc formula for
the emission angular distribution. We assumed a cold ipatatly illuminated disc with
a constant density atmosphere. We created new models fervtlseite. The results of
NOAR computations of the cold disc are implemented inkle 2crR model, while the
KYL 3CR model uses the angle-integrated tables over the entire rahgmission direc-
tions. This enables us to include, a posteriori, the ar@yformulae for directionality
and check how precisely they reproduce the original anggetved calculations. We sim-
ulated the data using the preliminary IXO response matrtk tie seed modeloOwER
LAW + KYL 2CR. Then we replaced theyL 2crR model bykyL 3CR to test the analytical
directionality approaches on these artificial data.

We found that, fora = 0.998, none of the three assumed cases of the directionality
profile covered the fiducial values for the spin and the iratlon angle within the @ con-
tour line (see Figs. 3.15-3.17). The suitability of the jgater directionality prescription
depends on the fiducial values of the spin and the inclinatigie. The limb brightening
profile successfully minimises the values fora = 0.998 andi = 30deg (though with
slightly different parameter values), but foe 0.7 andi = 60 deg it gives the worst fit of
all studied cases of the directionality laws.

On the whole, we found that the isotropic angular dependehtiee emission inten-
sity fits best. The model with the limb darkening profile was alle to reproduce the
data, especially for higher values of the black hole spire Bést fity?/v value exceeds 5
for a = 0.998 and = 30deg, which means a more than three times worse fit than using
isotropic or limb brightening directionality. The inclinan angle was underestimated by
more than 1 deg, thg-parameter was overestimated by almost 10%.

This is an important result because much of the recent worthenron lines, both
in AGN and black hole binaries, has revealed a significarmtikestic broadening near
rapidly rotating central black holes (see e.g. Miller 200If) some of these works, the
limb darkening law was employed andférent options were not tested. The modelled
broad lines are typically characterised by a steep poweliraWe radial part of the in-
tensity across the inner region of the accretion disc, asemientioned MCG -6-30-15
observation. This behaviour has been interpreted as a taseighly spinning compact
source where the black hole rotational energy is electromtacplly extracted (Wilms
et al. 2001). We conclude that the significant steepness of thalrpdit of the inten-
sity also persists in our analysis, however, the exact galiepend partly on the assumed
angular distribution of the emissivity of the reflected edtin.

It should be noted that, in reality, the angular distribotad the disc emission is sig-
nificantly influenced by the vertical structure of the adomtlisc. However, our compre-
hension of accretion disc physics is still evolving. In netogears, several detailed models
have been developed for irradiated black hole accretiorsdis hydrostatic equilibrium

2Here, we refer to the inner disc radius instead of the spial&the latter is not as uniform a quantity
as the corresponding ISCO radius to express the uncersimply as a percentage value. However, we
still suppose that the inner edge of the line emitting regibtihe disc coincides with the marginally stable
orbit.
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(see e.g. Nayakshin 2000; Ballantyne, Ross & Fabian 2001afskaet al.2002). These
models combine radiative transfer simulations with caltiahs of the hydrostatic balance
in the stratified disc medium. Aside from reprocessing spethe models provide solu-
tions for the vertical disc profile of the density, temperafwand ionisation fractions. In
Goosmanret al. (2007) the éects of general relativity and advection on the disc medium
were added.

In Nayakshin (2000), Goosmamt al. (2007), and R6zahska & Madej (2008) the re-
processed spectra are evaluated fiedBnt local emission angles. The shape and normal-
isation of these spectra depend on various model assursptidmtil we know in more
detail how accretion discs work, it is hard to choose whicthis “correct” reprocess-

be included in the radiative transfer simulations, suchhasimpact of magnetic fields,
macroscopic turbulence, orftBrent chemical compositions of the medium. Using the
above-mentioned models for an accretion disc in hydrasggfuilibrium may then easily
become computationally intense.

For the practical purpose of data analysis, however, thepatetion of large model
grids is necessary, which requiredistiently fast methods. This is why simple constant
density models are most often used to analyse the obsarahtiata. In fact, Ballantyne,
Ross & Fabian (2001) have shown that their reprocessingtreptar a stratified disc
medium in hydrostatic equilibrium can be satisfactorilpnesented by spectra that are
computed for irradiated constant density slabs. Thergfeeeincluded in our present
analysis the angular emissivity obtained from the modglbh neutral reprocessing in
a constant density slab. We have not discussed in any fullttail the dependence on
the ionisation parameter, which we expect to be rather itapgrand it will be possibly
addressed in a future work.

We emphasise that the main strategy of our presented réssarot intended to find
the “correct” angular emissivity, as this is still beyond computational abilities and un-
derstanding of all the physical processes shaping thetamcfow. Instead, we examined
the three dterent prototypical dependencies which are mutually degedi.e., the limb-
darkening, isotropic, and limb-brightening cases), agpln current data analysis, and
which presumably reflect the range of possibilities. Byuwlihg these dferent cases we
mimic various uncertainties, such as those in the vertittatication, and we estimate
the expected error that these uncertainties can produd¢eispin determinations. Fur-
ther detailed computations of reprocessing models andripelar emissivity are needed
in the future in order to understand its role irffdrent spectral states of accreting black
holes.



Chapter 4

Data reduction and spectral analysis

4.1 Preliminaries

4.1.1 XMM-Newton satellite

X-ray astronomy is essential to study neutron stars andetiogrblack holes. These
objects would not be revealed on the sky without X-ray detscivhich were first used
in the early 1960s. It was quite a surprise at that time thabdray sky was so dierent
from the optical sky. The first detected X-ray source besm@&sSun, Scorpius X-1
(discovered by Aerobee 150 rocket launched on 12th June) 1®62 found to be 10,000
times brighter in X-rays than in its optical emission. X-estronomy is not possible from
the Earth surface because our atmosphere blocks out afysX-@nly telescopes above
the atmosphere can detect X-ray radiation. Following thet fiockoons” experiments
(hybrid of a rocket and a balloon) many X-ray satellites hagen launched.

The XMM-Newton satellite (X-ray Multi Mirror) belongs to éhlargest scientific
satellites ever launched and it represents a cornerstossianiof the European Space
Agency’s Horizon 2000 programme (Jansstnal. 2001). It was launched by the Ari-
ane 504 rocket on 10th December 1999, and it is planned tatgpstill several more
years. Its largeféective area (4700 cfis its major advantage compared to other recent
satellites (like Chandra). The satellite is in a highly ettde orbit (between 7000 and
114,000 km) allowing long uninterrupted exposure times40 hours). Observing time
on XMM-Newton is being made available to the scientific comity) applying for ob-
servational periods on a competitive basis. The data aredsto the publicly available
archive.

The XMM-Newton satellite carries three CCD cameras for ¥X-spectroscopy and
imaging — European Photon Imaging Camera, EPIC, which deduwo MOS detectors
(Turneret al.2001) and one PN detector (Strud¢ml. 2001), two spectrometers for high
resolution X-ray spectroscopy — Reflection Grating Spectter, RGS (den Herdet al.
2001), and one opticdV imaging and grism spectroscopy instrument — Optical Nami
OM (Masonet al. 2001). All these instrument are able to operate simultasigod he

Ihttpy/xmm.esac.esa.ifxsa
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Table 4.1: Capabilities of detectors on-board XMM-Newton satellite.

Instrument EPIC PN EPIC MOS RGS OM

Energy bandpass 0.15-12keV | 0.15-12keV | 0.35- 25keV | 180—- 600 nm
Orbital target visibility* 5-135ks 5-135ks 5-135ks 5-145ks

Sensitivity? ~ 10714 ~ 10714 ~8x10° 20.7 mag
Field of view 30 30 ~5 17
Spectral resolutiof ~ 80eV ~70eV 0.4/0.025 A 350

Notes: ! The orbital target visibility represents the total timeitalle for scientific measurement
per orbit. The value depends on what time the satellite isideitvan Allen radiation belts which
could damage the detectors.

2 The sensitivity is @) for EPIC detectors: in units of er§em=2 measured in A5- 15 keV range
after 10 ks exposure, b) for RGS detectors: in units of cosmtsm 2 measured in O VII 0.57 keV
line flux with a background of 1@ counts s* cm2, ¢) for OM: 5¢- detection of an A0 star in 1 ks
exposure.

3 The spectral resolution of EPIC detectors is at 1 keV (at trexgy of Fe Kr line E = 6.4keV
the energy resolution of both detectors:id50 eV. The resolution of OM is the resolving power
(1/AN).

main properties of the instruments are summarised in Talle 4

Observation modes of EPIC detectors

The EPIC detectors are suitable for our research of broadlines with their energy
range (see Table 4.1) and higfietive area. There are several observation modes which
differ from each other mainly in the covered field of view and tlaelreut time. The basic
characteristics of the PN and MOS observation modes are suised in Tables 4.2-4.3.
The “Full Frame” or “Extended Full Frame” modes are useful faint sources where
long read-out time is necessary to reach a reasonable s@nalse ratio. Oppositely,
“Timing” mode or “Burst” mode are dedicated for observatfrnvery bright sources to
avoid the problem with pile-up (see Section 4.1.2). The dytte in the “Burst” mode is
only 3% which means that the rest 97% of counts are lost.

SAS - tool for reduction of the XMM-Newton data

The Science Analysis System (SAS) is a collection of task#pts and libraries, specif-
ically designed to reduce and analyse data collected by M#M>Newton observatory
(Gabriel et al. 2004). It is publicly available afittp;/xmm.esac.esa.jsts where also
the instructions for install and usage are described. k1Seiction, we briefly summarise
what is needed in preparation of the X-ray data before thetsgleanalysis and which is
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Table 4.2: EPIC PN observation modes.

Modes Time resolution [ms]| Live time [%] | Max. count rate* [cts ]
Extended Full Frame 200 100 2
Full Frame 734 999 6
Large Window 48 94.9 10
Small Window 6 71 100
Timing 0.03 995 800
Burst 0.007 3 60000
Table 4.3: EPIC MOS observation modes.
Modes Time resolution [ms]| Live time [%] | Max. count rate* [ctsst]
Full Frame 2600 100 0.7
Large Window 900 995 18
Small Window 300 975 5
Timing 1.75 100 100

*The maximal count rate values are shown for a point sourcéy @iservations of sources with
lower flux avoid problems with an irremovalée-up.

all accessible with the SAS software:

1. The raw XMM-Newton data, called Observation Data File®E) are provided
in FITS (Flexible Image Transport System) format. The SA8veare allows to
create a calibrated and concatenated event list wheressivent all detector chips
are included in one single file. The information about thérureental calibration
IS necessary to properly interpret the data. The resear@nerencouraged to use
the most updated calibration data set.

The SAS software helps its users to create scientific mtsdaccording to their
own taste and data screening criteria. High X-ray backgidlame events are stan-
dardly removed by creating of good-time intervals of theesbation where the
background level is under a certain criterion.

After choosing good-time intervals, an X-ray image migétcreated. The source
spectrum is extracted from the region on the chip where thet gpread function
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(PSF) is the brightest (it is usually a circle around the izof the PSF). The
background spectrum is extracted from the outer regionk@tame chip where
the PSF is weaker.

4. Each X-ray instrument has a typical response on the inogmadiation and has
a different sensitivity in dferent wavelengths. The instrumental spectral transfer
functions (response matrices) are needed for the quaveitgiectral analysis. The
SAS software allows the users to generate it for the indafidbservation.

5. The SAS software contains also a tool for estimation ofpiteeup fraction in the
data (see Section 4.1.2), and many other useful tasks (foe méormation see
Gabrielet al. (2004) or look at the SAS web pages).

4.1.2 Pile-up

Pile-up is one of the biggest problems of the detection tegleusing a CCD camera
when the observed source is too bright. Any CCD camera is ogagpfrom individual
pixels which are collecting photons. The energy of an incanphoton invokes a charge
in the photo-active region (in typical CCDs, epitaxial ley@f silicon are used). The
charge is then read-out during the duty cycle. Problem wiiyg occurs when two
or even more photons deposit charge packets in a single @ptabton pile-up”), or in
neighbouring pixels (“pattern pile-up”) during one reaat-oycle.

In general, the pile-up makes spectra harder because tworersoft photons are de-
tected as only one hard photon. In addition, when the summedg is above a rejection
threshold, it leads to a more or less pronounced depres$icouats in the central part
of the point spread function implying undesirable flux lo$$ie Tables 4.2-4.3 contain
the values of the maximal count rates of the observed souwkesfifor diterent obser-
vation modes to avoid the problem with pile-up. In genetta¢, MOS detector is more
susceptible to pile-up than the PN camera.

If the pile-up is only moderate, it might be removed by:

1. using only single events, i.e. events where no signal tisctied in neighbouring
pixels. The single events are less sensitive to the pildrap any multiple events.

2. excising of the PSF core. However, this procedure mayecaudrastic loss of
counts.

A SAS taskepatplotis a suitable tool for constraining the pile-up level. It meges
the “pattern pile-up” which is proportional to the “photorlepup”. The pattern pile-up
occurs when two single events are interpreted as one dowudhe with twice the energy.
The probability of single and double events fractions cambeelled for a given flux. If
there is a pile-up the double events are more frequent tlesthqied. The rate of diversion
of the data from the theoretical model curves correspontsetpile-up level.

We encountered the pile-up problem in the observation oéllastmass black hole
binary, GX 339-4, performed by the XMM-Newton satellite b2, see Section 4.2.1 for
details.
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4.1.3 Re-binning of the data

There is not a unique way of the treatment with the data dlfteir reduction described
in Section 4.1.1. Some astronomers use the data for therapantlysis without any
re-binning. Some re-bin the data but witHfdrent conditions. The common condition
for grouping is to have at least a certain number of countbpere.g. 20. The reason is
that the commonly used statistics for fitting the data is tla@s3ian one witly? values
describing the fit goodness, and the derived formulae of tnes&an statistics are based
on the assumption of a ficient number of counts (see Section 4.1.4). However, when th
number of counts per bin is not adequate C-statistics (C8ghB)Imay be used, instead.
Further, we discuss re-binning of the data because of thrgenesolution rather than an
insuficient number of counts.

The counts are intrinsically distributed in many channélhe instrument according
to the detected energy of photons. However, the energyutsiolof currently used X-ray
instruments is not so brilliant and it is largely exceededh®ytotal number of channels.
For instance, the PN detector has the energy resolutiondsraf~ 100eV (see Ta-
ble 4.1) and the energy range 10 keV which is about 100x larger than the energy
resolution. Thus, the corresponding number of energy Hittssowidth equal to the order
of the energy resolution is 100. However, the PN detector has 4095 intrinsic channels
in total, i.e. more than one order of magnitude more.

Hence, we find necessary to re-bin (group) the data with cespehe intrinsic res-
olution of the instrument. We find flicient re-binning which over-samples the energy
resolution by a factor of three. We use thlearbnscript provided us by M. Guainazzi
for this purpose. The energy resolutions of the instrumarggsypically approximated as
power laws of the energy (with an exponent —0.5 for the PN detector anel= —0.46
for the MOS detector), and with a known energy resolutioncahes reference energy
(2.26% at 6 keV for PN, 81% at 1 keV for MOS).

We emphasise that the interpretation of spectral resulisbeainfluenced by the
adopted procedure of the data re-binning, and $kemint authors may reachfidirent
conclusions. We will illustrate this fact on an X-ray speatrof GX 339-4 (see the de-
tails in Section 4.2.2).

4.1.4 Goodness of the fit

In this section, we briefly describe how to constrain the g@sd of the fit. Readers are
referred to e.g. Press (2002) for more information abofliédint statistical techniques to
analyse the data.

X-ray spectra are measured with spectrometers which dobtatrothe actual spec-
trum but rather photon count within specific instrument channels This observed
spectrum is related to the actual spectrum of the sot{€g by:

c(l) = fom f(E)R(, E) dE, (4.1)

whereR(l, E) is the instrumental response which is proportional to tiedability that an
incoming photon of energlg will be detected in channél
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The instrumental spectral transfer functions (respondeicesa) are not generally in-
vertible (see e.g. Blissett & Cruise 1979), and it is therefimsecure to reconstruct the
original spectrum (so called unfolded spectrum). Insteladeniving f(E) for a given
set of C(1), model spectrdy (E) are calculated how they would look like when passing
through the detector. The predicted coudg$l) are:

Co(l) = fo " fw(E)R(.E)dE, (4.2)

and then, they are compared with the data coG(ts
The quality of the fit, i.e. how the model is able to interpie¢ ata, is usually
characterised by thg? value given by:

(cm-cm)
2 _

whereC(l) is the number of counts in the energy BiGDATA), Cy(l) is the number of
predicted counts in the energy HitMODEL), ando(l) is the (generally unknown) error
for the channel. The erroro(1) is usually estimated as +/C(I).

The y? statistics provides a goodness-of-fit criterion for a givember of degrees
of freedomy, which is calculated as the number of channels minus the eusftmodel
parameters, and for a given confidence level?If/alue exceeds a critical value one can
conclude that the fify(E) is not an adequate model f@(l). As a general rule, one
wants to have a reduced,, = x?/v to be approximately equal to ong?(~ v). A reduced
x? value that is much greater than oné,, >> 1, indicates a poor fit, whilg2, << 1
indicates that the errors on the data have been over-estimat

If x24~ 1, so the best-fit moddl,(E) pass the “goodness-of-fit” test, one still cannot
say thatfy,(E) is the only acceptable model. For example, if the data us#ukifit are not
particularly good, one may be able to find manffetient models for which adequate fits
can be found. In such a case, the choice of the correct mofielgs@ matter of scientific
judgement.

There are several software packages to analyse X-ray apecSPEC (Arnaud
1996), SPEX (Kaastra, Mewe & Nieuwenhuijzen 1996), ISISy&lo& Denicola 2000).
For all the spectral analysis presented in this Thesis, wd tiee XSPEC fitting package.
The best-fit values of the model parameters were found usiegniodified Levenberg-
Marquardt algorithm (Bevington 1969), which is the defaute in the XSPEC. This
algorithm is local rather than a global one, so we were awétbepossibility to get
stuck in a local minimum instead of the global minimum by tétay of the fitting process
from reasonable initial values of model parameters. Tloeeefwe standardly repeated
fitting procedures for severalftierent initial parameter values.
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4.2 GX339-4

GX 339-4 belongs to the Galactic black hole candidates (Ranthi& McClintock 2006).
Dynamical properties of the system are still not complekelgwn. The companion star
stays unresolved by the present measurements even dugingigscent state of the ob-
ject. However, the optical spectroscopy reveals perioditalviour of He 1l and Bowen
blend N Il lines in spectra (Hynest al. 2003; Buxton & Vennes 2003). Hynet al.
(2003) determined the orbital period of the systenPas 1.7d. From the given period
the radial velocity curveK, of the secondary can be fitted. The mass funcfigd) is
given by eq. (1.55). For GX339-4:(M) = 5.8 + 0.5. The mass of the black hole can be
determined from the knowledge of the inclination of the sgstind the ratio of the mass
of the companion to the mass of the black hole (see eq. 1.55).

However, these quantities are not yet well constrained.eldghal. (2003) estimated
the mass ratig < 0.08 from a small modulation of the wings of the He Il line. Thelin
nation angle is unknown. However, a jet is resolved fromaaahid infrared observations.
The derived inclination from these measuremenis<s26° (Gallo et al. 2004), but this
need not be necessarily related with the inclination of tial plane.

We chose this object for our analysis because it exhibitetedivistic broadened iron
line profile in the X-ray spectra in both higgoft state (Milleret al. 2004) and loyhard
state (Milleret al. 2006), see Figure 2.4. This fact rather contrasts with therpnetation
of the lowhard state via a truncated disc (Section 1.3.2). The extyeskewed line
profiles suggest that the radiation comes from the inneripads of the accretion disc
within a few gravitational radii. Assuming accreting méaeéradiates only above the
marginal stable orbit it implies a high value of the spin of thlack hole (Section 2).
Miller et al. (2008) determined the value of the spin= 0.93 + 0.01 (statistical}x0.03
(systematic) by joint fitting of two XMM-Newton and one Surakbservations. The
XMM-Newton spectra were re-analysed by Retsal. (2008) who measured the spin
value asa = 0.935+ 0.01 (statistical}-0.02 (systematic).

4.2.1 Lowhard state observation

The lowhard state observations of GX 339-4 were performed by the XNi#wton satel-
lite in March 2004 (Obs. ID #0204730201 and #0204730301¢ WI®S detectors were
operating in the “Full Frame” mode. Although the object wathie lowhard state, it was
still bright with the count rate> 20 cts s, i.e. more than one order of magnitude greater
than the maximal recommended value to avoid the pile-uplenolf07cts s?, see Ta-
ble 4.3). Indeed, we found a substantial level of the pilerughe data using thepatplot
tool (see Section 4.1.2).

Figure 4.1 shows the central chip of the MOS 1 detector of tis¢ dbservation (it
is similar in the second observation). The black core itselicates the over-exposition
of the detector. Figures 4.2 and 4.3 show pattern distobutvith the energy for two
distinctly extracted regions from the central MOS chip @ thvo observations. The first
extracted region is a circle around the core of point spreadtfon (PSF) which is the
standard way of the region extraction to obtain the soureetsa if there is no pile-up
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200 600

Figure 4.1: Central chip of the MOS 1 detector (zoomed on PSF) of the @hten
ID #0204730201. Radii of the green circles are 18, 80 and dcXea.

problem. The radius was chosen as 120 arcsec. The second iegn outer annulus
between 80 and 120 arcsec. In this case, however, the madsé dluk is lost, and the
signal to noise ratio becomes very low.

The more deviated from the expected curves the patterndrecare (bottom panels
of the figures) the more significant thé&ext of pile-up is. It is clear that the pile-up
is highly presented when the extracted region is the whatdecincluding the core of
PSF. However, the pile-up is not completely removed nor féaraway outer annulus
though the level of the pile-up is much lower. Hence, the speanalysis might be
possible in combination with the use of only single eventswelver, the drastic excision
of such a large region causes that the signal to noise is sthiithe quantitative spectral
analysis gives very poor constraints about the spectrumsanot suitable for a detailed
investigation of any model parameters (not speaking of g sensitive spin parameter).

Besides the two extreme extraction regions, we checkedaemnuli with the inner
radius between 0 and 80 arcsec. We found that the pile-ugn#isant up to~ 80 arcsec.
Miller et al.(2006) were satisfied with an annulus 41820 arcsec. However, Figure 4.4
shows very strong indications of the pile-up in both obsowve for this extraction region.
Because of the pile-up problem, we left these data sets astaible for our purposes,
regarding any spectral results obtained with these datatassiworthy.

Meanwhile, the data were re-analysed by Done & Diaz Trig@@@vho also found
the pile-up level significantly high. Moreover, they perfed a more comprehensive
analysis including PN data, as well. They showed that the &id dre lessfiected by
the pile-up than MOS data, and so they can be used for therapacalysis if only single
events are considered and the brightest core of PSF is dx aimsthe PN “Timing mode”,
it means to excise several central columns of the sourcedmddpey concluded that the
PN data do not support the presence of a broad iron line assteghjfrom the piled-
up MOS data (presented by Millet al. 2006 and Rei®t al. 2008). They argued that
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Figure 4.2: Quantitative pile-up diagnostics in the MOS 1 camera of theeovation

ID #0204730201 using the SAS tasgatplot The data points correspond to single events
s(red), double eventd (dark blue), triple events(green), and quadruple evemtglight
blue). Up: Spectra related to the individual patterBattom: Pattern fractions. The solid
lines represent expected fractions if there is no pileftgce Left: Data extracted from a
circle with radius of 120 arcse®ight: Data extracted from an outer annulus between 80
and 120 arcsec.

missing relativistic smearing supports the truncated digerpretation of the loyhard
state. Similar issues with the pile-up were also reportefdaypadaet al. (2009) with
Suzaku data of GX 339-4.

Evidently, the pile-up issues and the possible ways of rengpits degradation of
the spectra are subject of discussionsfddent researchers seem to agree on the general
conclusion that the pile-up can be a serious problem. Homevimdividual observations
the impact of the fect is often estimated fiierently. It appears that the problem can be
definitively avoided only by future high throughput detesto
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Figure 4.3: The same quantitative pile-up diagnostics as in Figure dtZdy the sec-
ond observation (ID #0204730301).eft: Data extracted from a circle with radius of
120 arcsecRight: Data extracted from an outer annulus between 80 and 12Q@arcse

4.2.2 \Very high state observation

We also re-analysed the observation of GX339-4 in the vagh ktate (VHS). The PN
detector was operating in the “Burst mode” which avoids the-ypp problem (see Ta-
ble 4.2). Using the SAS tasépatplotwe found the pile-up to be insignificant with these
data. Therefore, we used these data for the further spextedysis and also for the
comparison of the relativistic line models in Section 2.3However, we obtained an
unacceptable fit with2, .4~ 6.9 when we applied the same model as in Mikeral.
(2004) to the data in the energy rang& 0 9 keV. The diference of the results is likely
due to the dferent re-binning of the instrumental energy channels (seddh 4.5).

Figure 4.5 shows ratios of flierently binned data to the same model as used in Miller
et al. (2004) and Reist al. (2008). The upper panel shows the data re-binned with
the only condition to have at least 20 counts per bin, whick used in the mentioned
works. This condition is, however, very weak with respedthi® total number of counts
Neounts ® 1.0 x 107 and the total number of energy channBlg., = 1.5 x 10% in the
2-10keV energy range. As a result, the data stayed practicatlyinned and the energy
resolution was excessively over-sampled.

In the lower panel of Figure 4.5, the data are re-binned vesipect to the instrumental
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Figure 4.4: The same quantitative pile-up diagnostics as in Figure dd2Fagure 4.3 but
for the same extracted region of the source as in Mdtex. (2006), i.e. an 18120 arcsec
annulus.Left: Observation #020473020Right: Observation #0204730301.

energy resolution (the energy resolution is over-sampjeal factor of three). An absorp-
tion feature at high energies which was concealed in largw éars of the ungrouped
data is now clearly revealed. The discrepancy is even maiblgiin the quantitative
spectral analysis, i.e. after constraining the fit-goodnieshe 07 — 9 keV energy range
by the reduceg/? values (see Section 4.1.4). Whié , = x?/v = 29631659 = 1.8
for the ungrouped datgZ, = 1427/208 = 6.86 for the grouped data. After adding a
Gaussian line to model a spectral feature .8tk2V, possibly being some calibration is-
sue only (Milleret al. 2004), y2, = 24531657 = 1.48 for the ungrouped data, and
Xoqueed = 921/206 = 4.47 for the grouped data in the energy range-09keV. So, the
model would still have not been acceptable if applied to fhy@aepriately grouped data.

Further, we analysed the spectrum of the re-binned datat, e removed an arti-
ficial SMEDGE model which was used by Millest al. (2004) for fitting a smeared edge.
As a next step, we allowed the model parameters of the cantirand also the iron line
to float. As a result, we found a better fit with/v = 277/202 = 1.7 in 0.7-9keV. The
model parameters are shown in Table 4.4 and they are compiegezlwith the values
found by Milleret al. (2004) and Reigt al. (2008).
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Figure 4.5: Ratios of the PN data of GX 339-4 to the model used in Midieal. (2004)
and Reiset al. (2008) with ungrouped dat&op) and grouped datdtton) as described
in the main text.
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Figure 4.6: Left The X-ray spectrum of GX 339-4. The residuals from the mauatel
plotted in the bottom panel of the graph (see the main texfudher details). Right
More detailed view of the iron line band.

Ouir fit is characterised by a steeper power law With 3.08 + 0.05, a slightly hotter
disc withkT;, = (0.87 + 0.01) keV, and a less prominent broad iron line. The column den-
sity ny = (0.63+ 0.01) x10?2cm2 s slightly higher than the valug; = 0.374x10°?cm 2
from the LeidepArgentingBonn H | measurements (Kalbegaal. 2005), which may be
explained by an additional local absorption. We tried atsadd a reflection component
into the model, aRPEXRAV (PEXRIV) or REFSCHmModel, but without any improvements
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Table 4.4: Results for PN spectrum of GX339-4 (VHS) in 0.7-9 keV.

model parameter || Miller et al.(2004) | Reiset al. (2008) our fit
PHABS ny [10?2cm2] 051+ 0.01 0.53 0.63+0.01
POWERLAW r 2.60_905 2.553+ 0.003 | 3.08+0.05
normalisation 22153 252700 5.647012
DISKBB KT [keV] 0.76+0.01 0.72679%1 | 0.87+0.01
normalisation 2300359 2545+ 20 145031
LAOR E [keV] 6.97 02 6.88729%, 6.97 05
Fin 21701 1.91'500s 3.0%0%
6 [deq] 1173 188+ 05 17+ 4
q 5,505 6.88:29, 3301
normalisation 0.077°30% 0.113+0.002 | 0.006%5%5
SMEDGE E [keV] 7.9°03 71+01 -
7 0.679 2502 -
W [keV] 10403 4,519 -
X2V 34565/1894 23446/1652 277/198

Note Miller et al. (2004) required the photon index of the power law to lie with" < 0.1 of the
value from the simultaneous RXTE measurements. The Taki.6 is their upper limit.

of the fit. Reiset al. (2008) used th&EFHIDDEN model for fitting of the reflection com-
ponent from the hot disc. However, we did not have the oppdsttio use it because it is
not a publicly available model.

The spectrum of GX 339-4 is shown in Figure 4.6 with a detaiieav of the iron
line band in the right panel. A broadened iron line featurstiipresent. However, due
to the diferent slope of the underlying power law the line is much we#kan the one
presented in Milleeet al. (2004). The equivalent width found by Millet al. (2004) is
200';3eV while our value is 1543 eV. The main diference is in the determination of the
inner disc radius inferred from the iron line modelling. \i¢hMiller et al. (2004) and
Reiset al. (2008) concluded that the black hole in GX 339-4 is very rpidtating with
a ~ 0.9 we found an intermediate value for the spin from our fittiagy 0.7 (see also
Section 2.3.1).
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4.3 MCG-6-30-15

MCG -6-30-15 is a nearby Seyfert galaxg/<£ 0.00775) of the type | (see Section 1.4.2).
This object is one of the most studied objects in X-ray donsamce it exhibited a very
broad iron line in the spectrum of the ASCA observation (karet al. 1995). The broad-
ness of the line has been attributed to its origin from thatnaktic accretion disc around
a rapidly spinning black hole. Further investigations d tbbject with following X-
ray missions confirmed the presence of the relativistidalbadened iron K line: Bep-
poSAX (Guainazzet al. 1999), XMM-Newton (Wilmset al. 2001; Fabiaret al. 2002;
Martocchia, Matt & Karas 2002; Vaughan & Fabian 2004; Brenae & Reynolds 2006),
Chandra+ RXTE (Leeet al. 2002), and Suzaku (Miniutgt al. 2007). All cited authors
concluded that the extension of the red wing can be reaspmdbipreted only with mod-
els employing a very high value of the black hole spin. Howgviler, Turner & Reeves
(2008b) showed in their analysis that the substantial Xdata set for MCG -6-30-15,
comprising all the mentioned missions, could be equallyl Wigééd by an absorption-
dominated model with no relativistically smeared emissidbhe main idea of this work
is that the source is obscured by several clumpy absorptinasz(“partial covering” ab-
sorption).

A possible way how to distinguish between the tw@atient models is to study the
time variability. The lack of variability in the energy ramgf the broad iron line was
noticed by Fabian & Vaughan (2003) in the XMM-Newton spectrand explained by
the light bending model (Miniutti & Fabian 2004). They caasted the inner edge of the
disc to be within two gravitational radii (the spin valae- 0.94). However, Niedzwiecki
& Zycki (2008) pointed out that the line profile has always anpranced blue peak in
the light bending model, whereas the blue peak is missingéndeep minimum state
observation (Iwasawat al. 1996). Hence, Niedzwiecki &ycki (2008) concluded that
the innermost region of the disc is not closer than 2—3 gatieiial radii. It has been
also shown that a possible warm absorber may have an impeftant on the spectral
variability (Miller, Turner & Reeves 2008b; Miyakaved al. 2009). Within these models,
the variability is explained by changing of the ionisatidats of the warm absorber.

The uncertainty which model is more realistic pertains kgiatilar sources. A strong
argument against partial-covering warm absorber modelpn@sounced by Fabiagt al.
(2009). In the X-ray spectrum of an extragalactic source)0¥-495, the authors de-
tected an iron L line as well (thanks to extraordinarily higbundances of iron), and
measured a time reverberation lag between the direct X@atirauum and its reflection
from matter falling into black hole. The time lag of 30s is quemable with the light
travel time within one gravitational radius, implying thtae radiation must come from
the closest neighbourhood around a maximally rotatingkatexte.

Long XMM-Newton observation of MCG -6-30-15

A long XMM-Newton observation took place in summer 2001 3Ldy - 5th August)
with the acquired exposure time was about 350 ks (Obs. #GUPA®DL, #0029740701,
#0029740801). The EPN and both MOS cameras were operatitigg ifSmall Win-
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dow” mode (see Section 4.1.1). The spectra were analyseéusya authors (Fabian
et al.2002; Ballantyne, Vaughan & Fabian 2003; Vaughan & Fabidid2B8renneman &
Reynolds 2006; Miller, Turner & Reeves 2008b, etc.). Wenmahgsed the data and then,
we used them for analyses presented in the previous sectidhe Thesis (Section 2.3
and 3.2.2). In this section, we describe the details of canaysis.

We reduced the EPN data from three sequential revolutiod%, (302, 303) using
the SAS software version 7.1.2. Intervals of high partidekground were removed by
applying count rate thresholds on the field-of-view (EPIli@gke events) light curves of
0.35ctgs for the PN, and 0.5 ¢ts for the MOS. The patterns 0—12 were used for both
MOS cameras, and patterns 0—4 (i.e. single and double @fenthe PN camera. The
source spectra were extracted from a circle of 40 arcsecdiugalefined around the
centroid position with the background taken from dfset position close to the source.
The two MOS spectra and the related response files were jamea single spectrum
and response matrix.

Using the FTOOL MATHPHA (part of the HEASOFT) we merged tduatthe three
spectra to improve the statistical significance. Furtherused the XSPEC version 12.2
for the spectral analysis. We re-binned all the data chanioebver-sample the instru-
mental energy resolution maximally by a factor of 3 and toehat/least 20 counts per
bin. The first condition is much stronger with respect to thimaltflux of the source —
4x 10 ergem?s? (1.1 x 1P cts) in the 2-10keV energy interval.

X-ray continuum

The resulting X-ray spectrum of MCG -6-30-15 is shown in Fegd.7. AboveE =~
2.5 keV, the X-ray continuum can be described by a power law @orapt with the photon
indexI” = 1.9 absorbed by Galactic gas matter along the line of sighteathmn density
ny = 0.41x 107 cm2 revealing a broad iron line & ~ 3 -7 keV (Fabiaret al. 2002). It
is clear from the figure that other components need to be adt®the model to describe
the spectrum at lower energies as well.

The shape of the data residuals in lower energies suggestalairation of two ef-
fects: an additional absorption and a soft excess. The éalthtional absorption is usually
attributed to a warm absorber, i.e. absorption by totallpantially ionised matter; see,
e.g., Netzeet al. (2003); Blustinet al. (2005); Krongoldet al. (2007) for more informa-
tion about warm absorbers in Seyfert galaxies. The softexcan be caused by reflection
on the ionised surface of the accretion disc (Crunehgl. 2006). Alternative explana-
tions for the soft excess are black-body radiation or compétially ionised absorption
(see Section 1.4.3 for brief discussion of the origin of tbi excess).

Brenneman & Reynolds (2006) included warm absorber andéairieflection in their
model and they showed that the extreme relativistic smegasistill required. However,
in a spectral analysis by Miller, Turner & Reeves (2008a@,2pectrum is characterised
by a complex partial covering absorption in fouffdrent zones whichfgects the higher
energy band more significantly implying that even no relatie smearing was needed in
the model. Our aim is not to discuss the appropriatenes®qfdhicular models. Instead,
we relied on the model of a broad line which we used in Secti@nf@& a comparison
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Figure 4.7: The X-ray spectrum of MCG-6-30-15 observed by the XMM-Newsatel-
lite. The continuum is characterised by a power law with thetpn indexI" = 1.9
absorbed by Galactic gas matter along the line of sight withuran densityny =
0.41x 10?*cm2. The residuals from the model are plotted in the bottom peleakly re-
vealing features of a local absorption and soft excess isdfteX-ray band, and a feature
at around 6 keV which can be explained by the presence of almaaline.

of two iron line modelsKYRLINE andLAOR, and in Section 3.2.2, for a comparison of
different angular emissivity laws.

Iron line complex
The iron line complex (see Figure 4.8) consists of three comepts:

1. a narrow line aE = 6.4 keV possibly originating by reflection on a distant torus
andor outer parts of an extended accretion disc

2. abroad relativistic line

3. an additional narrow line which can be either an emissionE ~ 6.97 keV (of
hydrogen-like ionised iron atoms), or an absorption linE at 6.7 keV

It is impossible to distinguish from the spectral analybis statistical preference be-
tween the models with the additional emission line of futiyised iron atoms and with
the absorption line of mildly ionised iron atoms. The valoéshe broad iron line pa-
rameters obviously depend on the parameters of the undgnigodel. However, it was
discussed by Fabiagt al. (2002) that the energy of the broad relativistic line is ¢stest
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Figure 4.8: A detailed view of the iron line band: the data residuals fribra power
law model are shown in terms of sigmas with error bars of size Energies of narrow
components considered in the model are indicated by red:liBe= 6.4 keV (observed
at E = 6.35keV due to the cosmological redshift) of the neutral EKmission line, and
E = 6.77keV (observed & = 6.72keV) of a mildly ionised absorption line. See the
main text for further details.

with neutral iron Kr line originating in the innermost regions of cold disc indedently

of the inclusion of the narrow emission or absorption lineisiwas confirmed in the anal-
ysis by Brenneman & Reynolds (2006) who preferred the epmndane atE ~ 6.97 keV
because they found it to be more consistent with a Chandranadison (Younget al.
2005). However, they considered also the model with therakisa line. They found the
equivalent width of the absorption lit&W = —21.3 eV much less than the one derived by
Fabianet al. (2002), whereEW = -138 eV, and so, they concluded that it is not robustly
required by the fit.

We considered both cases and realised that the parametis lvfoad iron line are
more sensitive to the underlying model than it was suggdsted the previous works,
including the broad line energy, i.e. the ionisation stdtine disc.

The energy of the narrow absorption line was constraine@®  6.77*531 keV, see
the left panel of Figure 4.9, where the dependence of the mgssdof the fit is plotted
against the energy of the absorption line. The photon indekeopower law, spin, in-
clination, energy and radial emissivity of the broad irareliand all normalisations were
allowed to vary during the fitting procedure. We measuredeitpgivalent width of the
absorption lineEW = —(21 + 5) eV, consistently with the result obtained by Brenneman
& Reynolds (2006).
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Figure 4.9: Confidence plot of the energy value of a considered narrowrpben (eft)
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Figure 4.10: Contour plots of the energy of the broad iron line and indloraangle
for two model alternativesLeft narrow absorption line & = 6.77 keV is included.
Right narrow emission line & = 6.97 keV is included, instead. The individual curves
correspond to &, 20, and 3o, respectively. The best fit values are indicated with a
small cross (in the right panel, the energy has the lowesiplesvalue E = 6.4 keV, so
the cross is situated in the graph boundary).

The alternative model employs the emission line, instealle @nergy of the nar-
row emission line was constrained to Be= 6.88 + 0.02 keV, a rather lower value than
6.97 keV considered by Fabiatal.(2002), but consistently with Brenneman & Reynolds
(2006). The total goodness of the fit against the energy oéthission line is shown in
the right panel of Figure 4.9. The equivalent widtheg/ = (28 + 4) eV, i.e. about twice
larger than the value by Brenneman & Reynolds (2006).

Further, we investigated how the energy of the broad irom diepends on the choice
of one of the model alternatives. We constructed contousitw the energy of the broad
line and inclination angle for the two model alternativese &igure 4.10. The parameters
of the narrow lines modelled as Gaussian profiles were fixeslUS¢dE = 6.77 keV for
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the energy of the absorption line, akd= 6.97 keV for the energy of the emission line.
The photon index of the power law, spin, inclination, enesgy radial emissivity of the
broad iron line, and all normalisations were allowed to v@uying the fitting procedure.
The values for the broad line energy are relatively consisgmilarly depending on
the inclination angle value. Nevertheless, in the altéveatith the absorption line (left
panel of Figure 4.10), the ionised case is preferred ratteer the case of a cold disc.

4.4 IRAS 050781626

IRAS 050781626 is a nearby Seyfert 1.5 galaxy. Before its identificatie an infrared
source it was also known as CSV 6150 (Catalogue of Suspeeat@biés). Its position on
the sky isl = 1861 andb = —13.5 in the Galactic coordinates. The cosmological redshift
of this galaxy isz ~ 0.018 (Takataet al. 1994). It had never been spectroscopically
examined in X-ray prior to the observation discussed in Thissis. However, it was
detected in a number of X-ray surveys, such as the all-skyitorimg of the INTEGRAL
IBIS/ISGRI instrument (Sazonaet al. 2007), the SWIFT BAT instrument (Ajellet al.
2008; Tuelleret al. 2008), and the RXTE Slew Survey (XSS) (Revnivisewal.2004).

The X-ray spectroscopic properties of intermediate Séyfare rather elusive: both
obscured Type 1 and unobscured Type 2 active galactic ni#sBN) have been reported
(e.g., Cappet al. 2006; Brightman & Nandra 2008; Biancht al. 2009b). It has been
suggested that intermediate Seyfert galaxies are seeteanidiate inclination angles
between pure “face-on” Seyfert 1s and pure “edge-on” Seg&erwhich follows directly
from the orientation-based AGN unification scenarios (Awizci & Miller 1985; An-
tonucci 1993; Urry & Padovani 1995). For this reason, X-rpgaroscopy of type 1.5
Seyferts may provide clues to the nature and geometrictllaitions of optically thick
gas surrounding the active nucleus, the latter being thesgfiorental ingredient behind the
unification scenarios.

IRAS 05078-1626 is included in the FERO project (“Finding Extreme Reilatic
Objects”; Longinottiet al. 2008) with the aim of establishing the fraction of a rela-
tivistically broadened K iron lines in the spectrum of a complete flux-limited sample
(2-10keV flux> 1 mCrab).

4.4.1 Results from XMM-Newton observation in 2007

Observations and data reduction

The XMM-Newton observation of IRAS 050483626 was performed between 2007 Au-
gust 21 UT 22:24:49 and 22 UT 15:35:43 (Obs. #05020905019.BHPN and both MOS
cameras were operating in the “Small Window” mode (see &edtil.1). The RGS cam-
eras were operating in the “Spectroscopic” mode (den Heztlal. 2001). The spectra
were reduced with the SAS software version 9.0.0 (Gaktial. 2004). Intervals of high
particle background were removed by applying count ratestiolds on the field-of-view
(EPIC, single events) and CCD #9 (RGS) light curves of 0.8 ébr the PN, 0.5 cfs for
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Figure 4.11: EPIC-PN light curves in the 0.2-2 keV band (upper panel) artDXeV
band (middle). The hardness ratio HR is defined as the ratizeofounts at 2—10 keV to
the counts at 0.2—-2 keV and presented as a function of timeeitotver panel. The bin
time is as 2048s.

the MOS and 0.15 cts for the RGS. The exposure time after data screenisdg8 ks for
MOS, ~ 40 ks for PN and- 58 ks for RGS, respectively. The patterns 0—12 were used for
both MOS cameras, and patterns 0—4 (i.e. single and doubl@s\for the PN camera.
The source spectra were extracted from a circle of 40 arcsexius defined around the
centroid position with the background taken from dfset position close to the source.
The two MOS spectra and the related response files were joiteed single spectrum and
response matrix. Finally, the PN and MOS spectra were radoiim order to have at least
25 counts per bin and to over-sample the energy resolutidmeoinstrument maximally
by a factor of three, while the RGS spectra were left un-minr@onsequently, tierent
statistics were used in fitting the spectra — the traditigfadtatistics to fit the PN and
MOS spectra and the C-statistics (Cash 1976) for all fitsusiolg RGS data. For the
spectral analysis, we used XSPEC version 12.5, which isgbdéine HEASOFT software
package version 6.6.

Timing properties

The PN light curve of the source is shown in Figure 4.11. Weeldivided the energy
range into two bands and checked the light curve behavioaaah of them, as well as
a hardness ratio, which we defined as the ratio of the courztsHi keV to the counts
at 0.2-2 keV. The energy ranges were chosen for samplifeyeint spectral components,
as indicated by the energy where the continuum starts diegittom a power law model
that describes the hard X-ray spectrum (see Sect. 4.4.&)hdtdness ratio stays almost
constant during the observation, suggesting that no sigmifispectral variations occur,
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Figure 4.12: PN spectrum extracted from the first half of the observatigh the lower
source flux (blue) and from the second half of the observatitimthe higher source flux
(black). The ratio of the two spectra is presented in the iqamel.

although the source flux increased by around 20%.

To confirm this conclusion also for narrow spectral featusesh as the iron emission
line, we compared the PN spectra extracted during the firdtthe second halves of
the observation (see Figure 4.12). The spectra corresjpahe lowerhigher source flux
because the flux is increasing nearly monotonically dutvegabservation. We calculated
the ratio values of the two data sets and fit them with a simptetionf(E) = aE+ b
using the least square method. The fitting resultsaare-0.004+ 0.003 andb = 1.12 +
0.01 with the sum of the residualg = 111 for 190 degrees of freedom. When we set
a = 0, the fitting results are comparably good with= 1.11 + 0.01 andy? = 113. The
ratio of the spectra is plotted in the lower panel of FigurE24.Because no significant
spectral diferences are evidenhtve analyse the time-averaged spectra hereafter.

Mean spectral properties

The signal-to-noise ratio is very good up to high energigguie 4.13), so we fit the EPIC
spectra spectra in the full energy range where they are aidrated (0.35-12 keV). The
X-ray continuum is described by a power law model at energiese 2 keV, although
the iron line atE = 6.4 keV is present (Figure 4.14). The photon index of the poasr |
isT" ~ 1.49(1). In this and all subsequent models we included abisorply Galactic gas
matter along the line of sight with column density = 0.188x 10°2cm™2. This value

is from the LeidepArgentingBonn H 1 measurements (Kalberi al. 2005). We used
the TBABS model (Wilms, Allen & McCray 2000) to fit the absorption prasha by the

2Meanwhile, de Marcet al. (2009) reported study of variability of FERO-sample gadaxiincluding
IRAS 05078-1626. They also found that the spectral variability of tluaree is diminutive.
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Figure 4.13: Total PN spectrum with the background level showing thatdigeal-to-
noise ratio is very good up to high energies.

Galactic interstellar matter.

We applied the simpleBaBS* POWERLAW model to both PN and MOS spectra. The
y? value is 3557 with 528 degrees of freedopi/¢ = 6.7) in the 035- 12.0keV energy
range. The spectraftier from the power law model not only arouid = 6.4 keV but
also at lower energy band3b— 2.0 keV (adding a Gaussian line model to fit the iron line
improves the fit only tg/?/v = 3384/524 = 6.5). Residuals against this model are shown
in Figure 4.15. They may be due to a warm absorberarsbft excess.

The spectral residuals reveal certain discrepancies leettte® PN and MOS spectra
(see Figure 4.15 with the dd@taodel ratios of both spectra, PN and MOS, with the iden-
tical model parameters of the spectra). The level of disomep is, however, comparable
to the level of systematic uncertainties in the cross-cafibn between the EPIC cam-
eras (Stuhlingeet al. 2006). Nonetheless, we conservatively analyse the EPICtrspe
separately. We use the same models for both spectra but dikowalues of the model
parameters to be fierent. The values of the photon index using the simple poser |
model difer from each other when fitting the spectra independengyltiag in a harder
PN spectrum witH" = 1.60(1) compared to the MOS spectrum with= 1.54(1), ignor-
ing the energies below 2 keV and also between 5.5-7.5 keYioAlh the absolute value
of these spectral index measurements does not have a dgsital meaning, given the
simplicity of the model applied on a small energy band, th@garison between them is
illustrative of the quality of the cross-calibration betwethe EPIC cameras. fiérences
of the order ofAI" ~ 0.06 in the hard X-ray band are consistent with current syatie
uncertainties (Stuhlingeat al. 2006).
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Figure 4.14: XMM-Newton PN (black) and joint MOS (red) spectrum of
IRAS05078-1626 described by a simple power law model absorbed by Galaet-
tral hydrogen in the line of sight withy = 0.188x 10?2cm 2. The photon index of the
power law isl" = 1.49.

RGS spectrum

We jointly fit the un-binned first-order spectra of the two RG8neras with the same
model’s parameter values except the overall normalisatidhe continuum is well-fitted
by the simple power law model with the photon index= 1.57. We searched further
for narrow emission and absorption lines in the spectrumguseverazGAUSs models
with the intrinsic widtho set to zero. We calculated the 90 % confidence interval for
a blind search, a® = Pg/Nyiai, WhereNyiar = Npins/3 = 34003 andPy = 0.1. For
the RGS dat® = 8.8 x 107°, to whichAC = 224 corresponds assuming the Student
probability distribution. The only line fulfilling this ctérion by improving the fit about
AC = 317 is an emission line at the energy= 0.561+ 0.001 keV (2210+ 0.04 A) and
the equivalent width 4 eV. We identified it with the forbidden line of the O VII trile
(ELAB = 0.561 kEV)

EPIC spectrum

The forbidden line of the OVII triplet is clear signature gblaotoionised plasma. No sig-
nificant features were detected that may be expected attetig O VI (f) line, if it were
produced in a collisionally ionised plasma, such as thenasce line in the OVII triplet
or the OVIII Lya. This led us to try and explain the residuals against a poawenhodel
in the soft X-rays asféect of intervening ionised absorption gas. We usedxtbear
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Figure 4.15: Ratios of the simple power law model (the same as in Figuré)4dlthe
data in diferent energy bandseft: at lower energiegjght: in the iron line band, where
the narrow Kr line at the rest energy = 6.4 keV is prominent (observed Bt= 6.29 keV
due to the cosmological redshift). Black crosses corredpoithe PN data points, while
the red crosses correspond to the MOS data points.

model version 2.1In7c (Kallman & Bautista 2081 calculate a grid of tabular mod-
els with the input parameters constrained from the prelmyimata analysis with simple
models whenever possible (photon indéx 1.7, densityp < 10*cm3, luminosity
L < 10*ergs?, column density 1 cm™2 < ny < 10?°cm2, and ionisation parameter
-5<logé <5).

A single-zone warm absorber component modifying the poaerdontinuum dra-
matically improved the fit fromy?/v = 1850/270 = 6.9 to y?/v = 402/270 = 1.5 for
the PN spectrum. The ionisation parameter converged toydmervalue, and we found
that this almost neutral absorption can be successfullyodewed withzPHABS, which
is a simpler model tharkSTAR, so we preferred this possibility. The addition of another
warm absorber zone improves the fityttyy = 320/266 = 1.2 for the PN spectrum, and
it requires the ionisation parameter Hg 3.9. We checked that adding another warm
absorber zones does not improve the fit significantly. Thieluats from the model (see
Figure 4.16, upper panel) reveal an extra emission thatirsnaalow energies, as well as
around the iron k& line band.

These features can come from reflection of the primary radiain the surface of
the accretion disc, so we added terLION model (Ross & Fabian 2005), which calcu-
lates the ionised reflection for an optically thick atmogeheith constant density. We
examined the significance of the addition of the reflectiomgonent into the complex
model of the PN spectrum by the statistical F-test. The lolwevaf the F-test probabil-
ity (5 x 1071°) strongly favours this additional model component. Thet fiesvas now
¥?/v = 246/264 = 0.95 for the PN spectrum. We hereafter call this model the ‘rzse
model; in the XSPEC notatioITBABS X ZPHABSN X XSTAR X (POWERLAW + REFLION
+ ZGAUSS).

The parameter values of the ‘baseline’ model are presenté¢del Table 4.5. The

3httpy/heasarc.gsfc.nasa.gdecgsoftwargxstayxstar.html



Table 4.5: Parameters of the ‘baseline’ and ‘final’ models.

Model Model ‘baseline’ model ‘final’ ("double reflection’) model
component parameter PN MOS PN MOS PN+MOS+RGS
ZPHABS ny[10%2 cm2] 0.10429%° 0.129°2997 0.102:3.552 0.12073.598 0.10629%2
XSTAR nu[10%% cm™?] 13029 17075 12073 150779 1305
log & 2.3f8& 2.4f8& Z.Zfé:g Z.Sfé:g Z.Sfég
He/Hesolar - CaCasolar 1(f) 1(f) 1(f) 1(H) 1(H)
Fe/Fesolar- Ni/Nisolar 0.291 0.1+91 1.2+93 0.9+92 1.1+92
POWERLAW r 1.817303 1.807902 1.75'939 1.74+957 1.76'994
normalisation (7+1)x10% | (7+1)x10% | (6+1)x10% | (7T+2)x10% | ..
REFLION r 181 (b) 1.80 (b) 1.75 (b) 1.74 (b) 1.76 (b)
log & 3.0i8:% 3.2i8:% 3.0i8:% 3:% 3.0i8:%
Fe/Fesolar- Ni/Nisolar 0.2 (b) 0.1 (b) 1.2 (b) 0.9 (b) 1.1 (b)
normalisation (B3+2)x107° | (3+2)x107° | 2+1)x10° | 1+1)x10°| ...
REFLION 2 normalisation - - 3+1x107 | 4x1x107 | ...
ZGAUSS E [keV] 6.40%051 6.44+092 - - -
o [keV] 0.06+903 0.02+0% : : :
z 0.018 (f) 0.018 (f) - - -
normalisation (3+1)x107° | (3+1)x10° - - -
Y2/v 246264 405243 256266 404244 C/v =15511347

Note: The sign (f) after a value means that it was fixed dutivefitting procedure. The sign (b) means that the parametebaand to the value
of the corresponding parameter of the previous model coenoiT he sign “-” means that the model component was notdieclwhile dots only
mean that there are more values related to the individuakispevhich are not necessary to be all shown in the table.
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Figure 4.16: Residuals of the PN data from the ‘baseline’ model includioth ionised
reflection and absorptiomofver), only reflection (niddle, and only absorptiorupper).

quoted errors of the parameters represent a 90 % confidevalefde a single interest-
ing parameter. The measurement is obvioufilgaed by a much larger systematic error,
which, however, could be properly quantified only if we knédwe tright” model. The
value of the power law photon index increased'te 1.8 compared to the simple model
applied to the data in Sect. 4.4.1, because we included th&athl local absorption in
the model. The data residuals from the model are shown irotherlpanel of Figure 4.16.
In the same figure, we also show residuals from the best fiopegd with the ‘baseline’
model, excluding the ionised absorption (middle panel)thedonised reflection compo-
nent (upper panel).

The narrow iron k line with the rest energfe = 6.40 + 0.01keV, the widtho =
0.06 + 0.03keV, and the equivalent widtBW = 82 + 15eV evidently represents cold
reflection. This suggests an origin of this spectral compobire the outer part of the
disc, or from the torus. The cold reflection is also supposedontribute to the soft
part of the spectrum with the individual emission lines. Eas reason, we replaced
the Gaussian profile in the ‘baseline’ model with anotRerLION component (called as
REFLION 2 in the Table 4.5) with the same values for the photon indekadoundances
as therRerLION 1 model component. The ionisation parameter was kept fraaglthe
fitting procedure, but it very quickly converged to its loweslueé = 30 (logé = 1.477).
The advantage of theerFLION model compared to the other available reflection models



98 CHAPTER 4. DATA REDUCTION AND SPECTRAL ANALYSIS

total model
power law

2| —— cold reflection
—— ionized reflection

[EEY
o

model flux [cts cm™ s'l]

il ‘

1 10
Energy [keV]

Figure 4.17: The ‘final’ model. The total model is shown in black (soliddipthe primary
radiation is red (dashed), tlReFLION components are blue (dotted) for cold reflection
and magenta (dot-dashed) for ionised reflection.

is that it also includes the soft X-ray lines, with the disadtage in this case that the
ionisation parameter cannot be set to zero.

This ‘double reflection’ model, in the XSPEC notatipBABS X ZPHABSy X XSTAR
X (POWERLAW + REFLION + REFLION), does not significantly improve the fit goodness
over the ‘baseline’ model (with?/v = 256/265 = 0.96 for the PN spectrum), but it
represents a more self-consistent astrophysical pictliherefore, we call the ‘double
reflection’ model as ‘final’ model. In contrast to the ‘baselimodel, it does not require
sub-solar iron abundances, see the Table 4.5, where thegi@avalues for this model
are presented. The ‘final’ model with each component seggrdrawn is shown in
Figure 4.17. All the plotted components are absorbed by anwvedrsorber surrounding
the central accretion disc and two kinds of cold absorbere-foym Galactic interstellar
matter and one from local absorber in the host galaxy.

Some model parameters were not allowed to vary during thedifrocedure. The
redshift of the ionised absorber was fixed to the source clgyival value, because leav-
ing it free yields a negligible improvement in the qualitytbé fit. Second, we used the
same iron abundances across all the components in the model.

In the ‘final’ model, the warm absorber ionisation paraméteronsistent with the
ionised reflection component. This result is also preseitdéigure 4.18, where the
contour lines related to therl 207, and 3r levels ofy? between the ionisation parameters
of the two model components are presented.

Table 4.6 summarises flux values of the individual companehthe ‘final’ model
for both PN and MOS spectra for two energy bands,-02 keV and 2—- 10keV, and
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Figure 4.18: The contour plot of the ionisation parameters of HEFLION model, rep-
resenting the ionised accretion disc, and of ¥8s¥AR model, representing the warm
absorber in the ‘final’ model. The individual curves corrasg to the 1r, 20, and 3
levels. The position of the minimal value ¢f found by the fitting procedure is marked
by a cross. The correspondigdvalues are given in the plot.

also shows fractions of the reflection radiation to the tetalssion (sum of the primary
and reprocessed radiation). The flux ratio is almost eqsiéred between the cold and
ionised reflection components, and its value is in tBtal 0.2. The absorption—corrected
luminosity values of the source in the same energy bands @e v = (1.21+ 0.02) x
10%ergst andL »_1gkev = (1.87 + 0.02) x 10 erg s, respectively.

We also used the ‘final’ model for a joint fitting of all the XMMewton instruments
(PN, MOS and both RGS spectra) together. The parametersvaleie bound among all
the spectra, only normalisation factors were allowed tg.vdihe goodness of the joint
fit is given in C-statistics because the RGS data are un-Hifaed each individual bin
contains only a few counts). The resulGs= 1551 for a number of degrees of freedom
v = 1347. All the spectra, together with the residuals, are shiowigure 4.19, and the
corresponding parameters in the last column of Table 4.5.

4.4.2 Discussion of the results
Constraints on the location of the absorbers

In this section, we discuss a possible location of the alestsrbystem in the “final’ model.
Photoelectric absorption is almost invariably observedyipe 2 Seyferts (Awaket al.
1991; Turneret al. 1997; Risaliti, Elvis & Nicastro 2002) and generally attribd to an
optically thick matter responsible for orientation-degent classification in AGN unifi-
cation scenarios (Antonucci & Miller 1985; Antonucci 1993)
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Table 4.6: Flux values of the ‘final’ model and its individual compongnt

Model Flux at 05— 2keV | Flux at 2— 10 keV
component [10~*%ergcnm?s7!] | [10712%erg cnT?s™]
PN MOS PN MOS
total model | 7.057353 7.00%593 | 250705 25451

—-0.03 —-0.03
unabsorbed model 16.6'32  16.7:92 | 25722 26503
POWERLAW 136%5 143791 | 22693 238%1
REFLIONion 1.9%02 1151 | 16707 0971
REFLIONgoig 11701 1391 ) 1591 1802
Ron * 0127507 0.07:55; | 0.0655; 0.0370;
Reold * 0.07:50; 0.08707 | 0.06%5; 0.07:55;

* the ratios of the reflection component flux values to the fluxeaf the total unabsorbed
model (sum of the primary and reflected radiation).

Because the IRAS 05048626 galaxy is probably viewed under an intermediate in-
clination between unobscured Seyfert 1s and obscured iB8gfehe torus rim may also
intercept the line of sight to the AGN and absorb the radmtioming from the centre.
The cold absorption can, however, also be associated watintkrstellar matter of the
galaxy (Lamastra, Perola & Matt 2006).

Both reflection components are inside the ionised absorbitrei ‘final’ model. The
geometrical interpretation is that the cold reflection asan the outer parts of the disc
or the inner wall of the torus. Reflection on the nearer patthetorus is heavily absorbed
by the torus itself, so only radiation reflected on the fariheripheral part of the torus
can reach the observer after passing through the warm adysotbwever, an alternative
scenario, in which the cold reflection is dfected by the warm absorber, i.€8BABS x
ZPHABS X [REFLIONgq + XSTAR X (POWERLAW + REFLIONisc )], IS also acceptable
with y?/v = 265/265.

The lack of constraints on the variability in the warm absatlieatures (Krongold
et al. 2007), caused by the moderate dynamical range of the prictarynuum, as well
as statistical limitations in our spectra, prevents us fpoetisely constraining the location
of the warm absorber.

Constraints on the location of the ionised reflector

The ionised reflection might occur either at the inner wakh@farm absorber cone or on
the accretion disc. Even in the latter case, the reflectionaoccur arbitrarily close to
the black hole. In this section we investigate the consisaihthe accretion disc location
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Figure 4.19: The joint fit of all spectra of the XMM-Newton instruments — Pack),
MOS (red), RGS 1 (magenta), and RGS 2 (blue), together witimtbdel residuals.

and structure, which can be drawn from the lack of the sigamficelativistic blurring of
the disc reflection component.

We convolved the ionised reflection component with the fudliativistic KyCoNv
model (DovcCiak, Karas & Yaqoob 2004). Two assumptions altbe disc emissivity
were considered. First, the radial part of the intensityrel@ses with the power of the
disc radiusq (I o« r=9), where the value off was allowed to vary between 2 ancb3
Second, the angular dependence was assumed to be isotropitsgems to be appropri-
ate approximation for our situation of an X-ray irradiategr@tion disc (Svobodat al.
2009).

We examined the expected confidence levels of the best-fiesalf the disc’s inner
radius by stepping this parameter in the whole range of issipte values — from the
horizon to the outer disc radius, which we set to 400 graveital radii R; = GM/c?).
The results are shown in Figure 4.20. At the 90 % confidenad,léve accretion disc is
not allowed to extend closer to the black hole thaR£0

The “relativistic blurring method” would be less appropeian looking for the im-
prints of the innermost parts of the accretion disc if thecdigere too highly ionised
(log ¢ ~ 4) and the narrow reflection features were not present (RoBaldian 2005).
However, the ionisation parameter value of the reflectiommanent is not so high in
the ‘final’ model and the dominant feature is the intermeadjatonised iron line E =~
6.7 keV). If we assumed a stratified disc with the ionisatiotestiecreasing with the ra-
dius from the centre, the hydrogen-like iron line would beoatxpected to appear in the
spectrum (as an intermediate stage between the over-tbangkmildly ionised contribu-
tion). Because it is not detected in the data, the accreigmtrincation provides a more
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Figure 4.20: The best-fit values gf? statistics for the inner disc radius parameter, which
we obtained by gradually stepping it from the horizon radmshe outer radius of the
disc (400R;). The dashed line is the 90% confidence level for one inteiggparameter.

reasonable explanation of missing signatures of the vestit blurring.

Mass accretion rate

Disc truncation is expected in low—luminosity AGN where thaer accretion flow is
advection-dominated (Narayan & Yi 1994; Esin, McClintockN&arayan 1997; Narayan
& McClintock 2008, and references therein). The transifre@m the outer standard ac-
cretion disc may occur, e.g., via the disc evaporation n@sha(Meyer, Liu & Meyer-
Hofmeister 2000; Liu & Taam 2009). The observational evigeof a truncated accretion
disc in low—luminosity AGN was reported e.g. by Lasetaal. (1996); Quataerét al.
(1999). However, its presence is also suggested in somevaltisas of Seyfert galaxies
(Lu & Wang 2000; Done, Madejski &ycki 2000; Chiang & Blaes 2003; Markowitz &
Reeves 2009) and even a quasar (Ma#l.2005) where the luminosity value is estimated
as a half of the Eddington value. Generally, it is expected tihe lower the luminosity,
L/Leqq, the larger transition radius (see Yuan & Narayan 2004, afefences therein).
Furthermore, we investigate whether the disc truncatigrothesis is consistent with the
IRAS 050781626 luminosity. To have these quantities in Eddingtonsmie first esti-
mated the mass of the black hole.

IRAS 05078-1626 belongs to the sample of the infrared-selected Selyfedalaxies
observed by a 2.16 m optical telescope (Wang, Wei & He 200@yr&/lamong others, the
velocity dispersion in the O Ill emission line was measurHake correlation between the
O Ill line width and the mass of active galactic nucleus wasdssed in Nelson (2000)
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and Boroson (2003). The value from the optical measuremenfs ~ 130kms?,
corresponds to the mass ~ 4 x 10’M,, using a correlation plot in Boroson (2003). The
scatter of the correlation is somewhat large with the regablimit of a factor of 5 for an
uncertainty in the black hole mass determination, so theevahly provides an order of
magnitude estimation.

The value of the Eddington luminosity isegqq = 1.3 x 10¥M/Myergs! ~ 5 x
10 erg s for the given value of the mass. We used luminosity-depermerections by
Marconiet al. (2004) to estimate the bolometric luminosity of IRAS 0567826 from
the X-ray luminosity. Its value is ~ 5x 10*ergs® ~ 10 'Lgqe. Correspondingly, the
mass accretion rat®) = L/c?, is sub- Eddington Wit ~ 0.1Mgq4q. This value is typical
of less luminous Seyfert galaxies (see for example Biaathl.2009a), and is consistent
with the disc truncation hypothesis.
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Conclusions

We employed the relativistic models of iron line to probe itteermost regions of black
hole accretion discs with the current X-ray data by XMM-Newtand with the simulated
data for next generation X-ray missions. We found the maugtf broad iron lines to be

a suitable method to measure the angular momentum of bldek hball scales — from
stellar-mass microquasars to giant black holes of billewiar masses of distant quasars.
In this section, we summarise the main conclusions of owrstigation presented in the
previous chapters.

5.1 Relativistic line models

In Section 2, we described how the observed profile of annisitally narrow emission
line is distorted due to theflects of rapid orbital motion and strong gravity. We inves-
tigated the iron line band of the X-ray spectrum for two reprgative sources — MCG -
6-30-15 (active galaxy) and GX 339-4 (X-ray binary). Thenitme is statistically better
constrained in the active galaxy MCG -6-30-15 due to a sicgmifily longer exposure
time of the available observations. The spectra of bothcgsuare well described by a
continuum model plus a broad iron line model. We determihedspin values using the
KYRLINE model as:

¢ MCG-6-30-15:a=09-1.0,
e GX339-4:a=0.56-0.85.

The value for MCG -6-30-15 is consistent with previouslyasbéd results (Fabian
et al. 2002; Brenneman & Reynolds 2006). However, in the case of X4 our best-
fit value is lower than the one by Millest al. (2004) and Rei®t al. (2008). The model
with their derived values does not provide an acceptableHfémapplied to the data re-
binned with respect to the instrumental energy resolutiéa.found that the iron line is
not as extremely broad as previous analyses suggestedhesgin value has rather an
intermediate valua ~ 0.7.

We compared two relativistic models of the broad iron linegpR and KYRLINE.
In contrast toLAOR, the KYRLINE model has the spin value as a variable parameter.
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However, the.AOR model can still be used for evaluation of the spin if one id&s the
inner edge of the disc with the marginally stable orbit. Waised that the discrepancies
in the results between therRLINE andLAOR models are within general uncertainties of
the spin determination using the skewed line profile wherieghpo the current data (for
MCG -6-30-15:a5or = 0.94-0.9982, and for GX 339-4a,,,; = 0.63—0.87). This means
that the spin is currently determined entirely from the posiof the marginally stable
orbit, as it is done with theAoRrR model.

However, the results are apparently distinguishable fghéi quality data, as those
simulated for the next generation X-ray missions, whicH b suficiently sensitive to
resolve the slight variations in the overall line shape duthé spin. We found that the
LAOR model tends to over-estimate the spin value and furthermbheas instficient
energy resolution whichfects the correct determination of the high-energy edgeef th
broad line. The discrepancies in the overall shape of tledintheLAOR model are more
visible especially for lower values of the spin.

Another advantage of theyRLINE model over theLAOR model is that thexYR-
LINE model gives better pronounced minimaffor the best-fit values. The confidence
contour plots fora/M versus other model parameters are more regularly shaped. Th
indicates that th&YRLINE model has a smoother adjustment between thierént points
in the parameter space allowing for more reliable condsain spin.

5.2 Emission directionality

In Section 3, we investigated how the black hole spin measeinés using X-ray spec-
troscopy of relativistically broadened lines depend ondaimployed definition of the an-
gular distribution of the disc emission. We considereddhdiferent approximations of
the angular profiles, representing limb-brightening,rgoic and limb-darkening emis-
sion profiles. We studied the role of the emission directiona the spin determination
with the current data - we used the XMM-Newton observatioM&G -6-30-15, and
with the artificial data simulated with energy resolutiordaensitivity of future X-ray
missions, such as IXO (International X-ray Observatory).

We realised that the use of an improper directionality peafibuld dfect the other
parameters inferred from the relativistic broad line mode&specially for the frequently
used case of limb darkening, the radial steepness candrgexith the line parameters of
the best-fit model by enhancing the red wing of the line. Thibldarkening law favours
higher values of spin aror steeper radial dependence of the line emissivity; vieesa
for the limb brightening profile.

Steeper radial emissivity in the innermost region of an etgan disc has been de-
tected in several other sources, both in AGN and black haolarkds (Miller 2007). The
improperly used limb darkening in the reflection model reprds one of the possible ex-
planations. For this reason, constraining the “correagctionality in more sophisticated
models of reflection spectra of accretion discs is desirable

We applied the NOAR radiation transfer code to achieve acmibistent simulation
of the outgoing spectrum reflected from a cold disc withoytasing any ad hoc formula
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for the emission angular distribution. We found that thérigic directionality reproduces
the simulated data to the best precision. On the other h&edmbdel with the limb-

darkening profile was not able to reproduce the simulatea especially for the higher
values of black hole spin.

We consider this to be an important result since much of tberework on the iron
lines has revealed a significant relativistic broadenirgy mapidly rotating central black
holes. In some of these works, the limb darkening law was eyeol without testing
different options. The modelled broad lines are typically ottaresed by a steep power
law in the radial part of the intensity across the inner regibthe accretion disc, as in the
mentioned MCG -6-30-15 observation. We conclude that tipeifitant steepness of the
radial part of the intensity also persists in our analysisyéver, the exact values depend
partly on the assumed angular distribution of the emigsfithe reflected radiation.

5.3 Data reduction

We re-analysed XMM-Newton observations of MCG -6-30-15 @xtd339-4. According
to the previous X-ray spectroscopy analyses, these soewdebited extremely broad
iron lines. The results of our spectral analysis are dissigsthe context of the aspects
of iron line modelling in Sections 2-3. We stressed that theect re-binning of the
data, which reflects the energy resolution of the used imstni, is necessary to obtain
statistically relevant results. The un-grouped EPIL or MOS data are characterised by
large error bars which implies that any applied model preduowery? values when
fitting such data (see Section 4.2.2). As a consequenceger Iset of diferent models
may be accepted, including the incorrect models which wdédexcluded if the data
were properly grouped.

Photon pile-up is another problem which mdkeat the spectral analysis significantly.
It occurs during exposures of too bright sources, such a® $patactic black hole bina-
ries. We encountered a serious problem with the pile-up endidta re-analysis of the
low/hard state observations of GX339-4 (see Section 4.2.1). dtvedf that the elimi-
nation of the pile-up by excising the core of the point spraatttion of the source is
possible only at the cost of a drastic loss of counts whichesaky interpretation of the
spectra rather disputable.

5.4 X-ray spectrum of IRAS 0507& 1626

In Section 4.4, we presented a spectral analysis of the XMMANN observation of a
Seyfert galaxy IRAS 050781626 being the first X-ray spectroscopy study of this source.

The X-ray continuum spectrum of IRAS 050#85626 is dominated by a power law
with a standard value of the photon indéx#£ 1.75 in the ‘final model’). The residuals
from the power-law continuum can be interpreted in termswham absorber surround-
ing an accretion disc, and a reflection of the primary radretiom an ionised matter and
on a cold torus. The outgoing radiation is absorbed by coldené, ~ 1 x 10?*cm2),
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which can be either located in the inner side of the torus ased by gas in the host
galaxy. The type of the galaxy determined from the previoidsared and optical re-
search is Seyfert 1.5, suggesting that the active nuclaud be seen at large inclination,
consistent with either interpretation or even allowing enbnation of both.

The ionised warm absorber occurs in the central part of thBl AG column density
was found to bay; > 1 x 10?*cm2, which is a rather high value compared to the warm
absorbers detected in other Seyfert galaxies (Blwdtial. 2005). This may be because
we are looking through a longer optical path of a conical nalativistic outflow due to
the high inclination of the system. Such a conical outflomuggested in the model by
Elvis (2000) (see Figure 1.7). The ionisation parameteheftarm absorber is |agy, =
2.5+ 1.0, which is comparable to the value related to the ionisedatfin 100 efiection =
3.0+ 0.2, suggesting a link between them.

If the ionised reflection is associated to the warm absorbgy. (the inner walls of
a conical outflow), the lack of spectral features associatga the accretion disc is a
natural consequence thereof. If, instead, the ionisedttifteoccurs at the accretion disc,
it cannot extend up to the marginally stable orbit. The latkhe significant relativistic
blurring of this model component requires the disc to bedated (inner disc radius
Rn > 60Ry). This idea is also supported by the low ratio of the reflectadiation to the
primary one,R < 0.2, and also by the relatively low mass-accretion féter 0.1Mgyq
determined from the source luminosity.
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Future perspectives

X-ray spectroscopy is a feasible method to probe the innstrmegions of black hole
accretion discs in active galactic nuclei and stellar-nidask hole binaries. Especially,
it provides a unique way to measure black hole spin whichphky important role in
black hole energetic balance and evolution. The existefigmwerful relativistic jets
is frequently attributed to rapidly rotating black holesest the energy extracted from
the black hole rotation generates and maintains the fahneg collimated ejections of
plasma. Butis itreally so? Is there any correlation betwiberspin and radio-loudness of
galaxies and black hole binaries? What is the statistisadidution of the black hole spin?
Is the black hole spin natal or are black holes spun up vigetioor? Such questions could
be answered if we reliably knew the values of the spin forfa@antly large number of
black holes. Hence, precise measurements of the black pimléssamong the important
future tasks of X-ray astronomy.

Black hole angular momentum has been measured since la@s IB&8bianet al.
1989). At the beginning with a large uncertainty, but foliog/ the fast development
of X-ray detectors, these measurements have become iimgglasrecise. The original
method dealt with a relativistically broadened iron linehifmethod is still one of the
most suitable methods of the spin measurements. Its adyaigats applicability to
black holes at all mass-scales. However, it depends on tretamn regime whether a
broad relativistic line may occur in the spectrum or not. ibeessary conditions are that
the accretion flow is in the “thin-disc” regime (the disc ioogeetrically thin and optically
thick) and not over-ionised'(< 5000).

The advantage of stellar-mass black hole binaries is tleat fpectral states evolve
on relatively short time-scales so that it is possible tedethem in diferent states. A
relativistically broadened iron line should be common fallar-mass black hole bi-
naries when observed in the appropriate accretion statbe(Mit al. 2009). On the
other hand, X-ray spectra of the brightest Galactic blade hinaries, such as Cyg X-
1, GRS 1915105, GX 339-4, etc., dter significantly from the pile-up when observed
with current X-ray satellites. Instruments with a more freqt and faster read-out cycle
or with a diferent detection technology would be more suitable for otagiems of such
bright sources.

For stellar-mass black hole binaries, the spin measurenmeitih a relativistic iron
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line may be compared to the results obtained by modellingp@fdisc thermal radiation
(Remillard & McClintock 2006). An agreement of the resullganed by both methods
will enhance the credibility of the spin measurements. diglesolution X-ray detectors
will allow other methods, such as X-ray reverberation orag-polarimetry, to indepen-
dently measure the spin. These will also be applied for agjalaxies.

Many similarities between super-massive black holes iivagfalaxies and Galactic
black holes were reported (see Section 1.4.3). Do they ase h similar distribution
in the spin? A statistical study of the presence of reldisédly broadened iron lines in
spectra of active galactic nuclei (AGN) was performed by iGazzi, Bianchi & DovcCiak
(2006) on the sample of a hundred AGNs observed by the XMMNewatellite. They
estimated a fraction of 42 12 % of well exposedx 10*cts) AGNs that exhibit a rela-
tivistically broadened iron line. A continuation of thifert is represented by Longinotti
et al. (2008) and de la Callet al. (2009, submitted t?A& A). Some other works have
been done on tlierent samples of galaxies (Streblyanskal. 2005; Nandraet al. 2007,
Brenneman & Reynolds 2009).

All of these researches have been done on well exposed aliseivof active galaxies
in the local Universe. However, with more sensitive instemts, such as those planned
for IXO, the relativistic iron lines will be detectable alsoobservations of more distant
galaxies. Constraints on cosmic density of relativisties and its distribution on cosmo-
logical length-scales will be available in near future. Ameering work with the current
data appeared recently (Ballantyne 2010).

It is worth-mentioning that, like any other spectroscomsuilts, the spin measure-
ments with a relativistic iron line are model-dependent.dgls employing partial cover-
ing absorption represent an alternative explanation ottiaeacteristic spectral curvature
around the iron line energy (Miller, Turner & Reeves 2008apservations with future
X-ray satellites may be helpful to distinguish between the tnodels thanks to an in-
creased sensitivity in combination with a broader energygeaincluding the Compton
hump as well. Self-consistent reflection models are themat#e to model all the reflec-
tion components together. If the source is considerablialbe then the timing studies
may be determinative between the two scenarios. The firstlvevation measurement of
1HO0707-495 strongly favours the scenario with the relatigiline models (Fabiaat al.
2009).

Beyond the current sensitivity of X-ray detectors, furttetails of accretion physics
can be studied. Not only spin will be measured by relatiwibtie models but also the
intrinsic assumptions inside the models will be tested. ©@hthe uncertainties in the
relativistic line models is due to the unknown emission dimnality. We discussed its
effect on the spin value determination for the case of an ismadlp illuminated cold
accretion disc (see Section 3). This analysis can be entianeefuture work by adopt-
ing different assumptions, e.g. ionised disc, or an illuminating® localised above
the black hole. More comprehensive simulations of the iat&d accretion discs taking
the general relativisticfiects on the radiation transfer into account would be delgirab
Detailed knowledge of the model assumptions will be neecgdsgproperly measure the
spin.

Currently, the uncertainties in the precise position ofitireer edge represent an un-
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known error of the spin determination. However, it appehas the expected magnitude
of these errors does not prevent us from setting interestimigrealistic constraints on
the spin parameter. Our present treatment of the problemc@mplete by neglecting
the magnetohydrodynamicafects and their influence on the ISCO location. Future im-
provements in our theoretical understanding of the inngeddcation are desirable and
will help to improve the confidence in the determination @ thodel parameters.

Higher resolution X-ray detectors will possibly reveal ma@omplex profiles of iron
lines modified by a contribution of flerent non-axial patterns, for instance orbiting hot
spots (Dové&ialet al.2004b) or spiralling waves (Karas, Martocchig&br 2001). Some
of the current observations of AGNs already revealed parigeray variability (see e.g.
Iwasawaet al. 1998; Turneret al. 2002) or narrow emission lines in the iron line band
which may be due to orbiting hot spots (see e.g. Dovéialil. 2004b; Piconcellet al.
2006). The study of non-axial patterns in the iron line pesfils possible using the KY
package (DovcCiak, Karas & Yagoob 2004), and will be prongsiith sensitive future
X-ray missions.

We would like to conclude by expressing our optimism regagdhe future of X-ray
research of black holes and accretion discs. New techregdfat are currently being
developed will enhance energy and time resolution of themagions and they will even
open new channels of information (such as X-ray polarimethy addition, theoretical
models and numerical codes are getting more advanced, itbusng us to make inter-
pretation of the observed data closer to their real meaning.
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