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Allgemeinverstandliche
Zusammenfassung

( ) entdeckten mit Hilfe von Raketenexperimenten auf der Suche nach
Rontgenstrahlung vom Mond eine scheinbar diffuse extragalaktische Rontgenhintergrund-
strahlung. Spétere Satellitenmissionen detektierten ein Maximum dieser Strahlung bei
~30keV. Abbildenden Réntgensatelliten wie ROSAT (1990-1999) gelang es, bis zu 80%
des diffusen Hintergrundes unter 2keV in einzelne Punktquellen aufzulosen, von denen die
iiberwiegende Mehrheit aktive Galaxienkerne waren. Der Rontgenhintergrund ist somit
wahrscheinlich als die Emission der Gesamtheit aller akkretierenden superschweren (mehrere
Millionen Sonnenmassen) schwarzen Locher in den Zentren von Galaxien in der kosmischen
Geschichte zu verstehen. Zur Erklarung des Maximums der spektralen Energieverteilung
der Rontgenhintergrundstrahlung bei ~30keV benotigen theoretische Modelle jedoch
zusétzliche Populationen von réntgenabsorbierenden aktiven Galaxienkernen (AGN).
Derzeitige Rontgenmissionen wie XMM-Newton und Chandra erméglichen die Untersuch-
ung dieser Quellklassen.

Die vorliegende Arbeit untersucht die Quellpopulationen, die den Rontgenhimmel
dominieren. Dazu wird die 120ksec XMM-Newton Beobachtung im Marano Feld, Ziel
einer fritheren optischen AGN-Durchmusterung am Siidhimmel, ausgewertet. Die optischen
und Rontgeneigenschaften der unterschiedlichen Quellpopulationen werden untersucht und
Unterschiede erarbeitet. Fiir die rontgenabsorbierende Objektklasse der Typ IT AGN, die
man als moglichen Erzeuger der Rontgenstrahlung um 30keV betrachtet, wird aus den
Rontgenspektren das Ausmafl der Absorption ermittelt. Um die Anzahl dieser selten
gefundenen Objekte zu erhohen, werden in dieser Arbeit zusitzliche Objekte aus der
Rontgendurchmusterung des “XMM-Newton Serendipitous Medium Sample” einbezogen.
Die Abhéngigkeit der Absorption von der Rotverschiebung und der Rontgenleuchtkraft
wird untersucht.

Von 328 Rontgenquellen im Marano Feld konnten 140 spektroskopisch klassifiziert
werden. Es wurden 89 Typ I AGN, 36 Typ II AGN, 6 Galaxien und 9 Sterne gefunden.
Nur basierend auf den optischen und Rontgeneigenschaften kénnen AGN, Galaxien und
Sterne unterschieden werden. Typ I und IT AGN lassen sich nicht klar trennen und zeigen
groffe Gemeinsamkeiten in den untersuchten Eigenschaften. Mit Hilfe von zusétzlichen
Aufnahmen im nahen Infraroten (K-Band) konnten erfolgreich mehrere seltene Typ II
AGN identifiziert werden.

Die Rontgenspektren von Typ II AGN aus dem XMM-Newton Marano Feld und dem
“XMM-Newton Serendipitous Medium Sample” wurden ausgewertet. Die Objekte weisen
nur eine mafige Absorption auf und scheinen somit nicht einen Hauptbestandteil des
Rontgenstrahlungshintergrundes um 30keV zu erzeugen. Obwohl Selektionseffekte nicht
vollstandig verstanden sind, zeigen Typ II AGN keine erkennbare Abhangigkeit der Ab-
sorption von der Rotverschiebung oder der Rontgenleuchtkraft.
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Abstract

( ) discovered a diffuse cosmic X-ray background with rocket exper-
iments when they searched for lunar X-ray emission. Later satellite missions found a
spectral peak in the cosmic X-ray background at ~30keV. Imaging X-ray satellites such
as ROSAT (1990-1999) were able to resolve up to 80% of the background below 2 keV into
single point sources, mainly active galaxies. The cosmic X-ray background is the integra-
tion of all accreting super-massive (several million solar masses) black holes in the centre
of active galaxies over cosmic time. Synthesis models need further populations of X-ray
absorbed active galaxy nuclei (AGN) in order to explain the cosmic X-ray background
peak at ~30keV. Current X-ray missions such as XMM-Newton and Chandra offer the
possibility of studying these additional populations.
This Ph.D. thesis studies the populations that dominate the X-ray sky. For this purpose
the 120 ksec XMM-Newton Marano field survey, named for an earlier optical quasar survey
in the southern hemisphere, is analysed. Based on the optical follow-up observations the
X-ray sources are spectroscopically classified. Optical and X-ray properties of the different
X-ray source populations are studied and differences are derived. The amount of absorp-
tion in the X-ray spectra of type II AGN, which are considered as a main contributor to
the X-ray background at ~30keV, is determined. In order to extend the sample size of the
rare type II AGN, this study also includes objects from another survey, the XMM-Newton
Serendipitous Medium Sample. In addition, the dependence of the absorption in type II
AGN with redshift and X-ray luminosity is analysed.

We detected 328 X-ray sources in the Marano field. 140 sources were spectroscopically
classified. We found 89 type I AGN, 36 type II AGN, 6 galaxies, and 9 stars. AGN,
galaxies, and stars are clearly distinguishable by their optical and X-ray properties. Type
I and IT AGN do not separate clearly. They have a significant overlap in all studied
properties. In a few cases the X-ray properties are in contradiction to the observed optical
properties for type I and type I AGN. For example we find type I AGN that show evidence
for optical absorption but are not absorbed in X-rays. Based on the additional use of near
infra-red imaging (K-band), we were able to identify several of the rare type II AGN.

The X-ray spectra of type II AGN from the XMM-Newton Marano field survey and
the XMM-Newton Serendipitous Medium Sample were analysed. Since most of the sources
have only ~40 X-ray counts in the XMM-Newton PN-detector, I carefully studied the fit
results of simulated X-ray spectra as a function of fit statistic and binning method. The
objects revealed only moderate absorption. In particular, I do not find any Compton-thick
sources (absorbed by column densities of Ny > 1.5 x 10**cm™2). This gives evidence
that type II AGN are not the main contributor of the X-ray background around 30keV.
Although bias effects may occur, type I AGN show no noticeable trend of the amount of
absorption with redshift or X-ray luminosity.
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Chapter 1

Introduction

At the end of the 19th century, the study of electric current in extremely evacuated glass
tubes was one of the most fascinating research fields in physics. These experiments became
possible after the development of an advanced mercury evacuation pump around 1890 by
Heinrich Geifller.

Wilhelm Conrad Rontgen, who was a physics professor at Wiirzburg University,
Germany at this time, investigated the properties of cathode rays (electron beam) by
using a fluorescent screen inside an extremely evacuated glass tube.

On November 8, 1895 he likely used higher voltages than usual and investigated if a
fluorescent screen glows in the immediate vicinity of his specially constructed Hittorf glass
tube. Surprisingly, the fluorescent screen did not only glow in the proximity of the glass
tube, but also in considerable distances and even when opaque black paper was wrapped
around the tube. Since it was known that electron beams can only penetrate up to a
few centimetre in air, Rontgen realised the discovery of a new kind of radiation which he
named by its unknown properties “X-rays”. He kept the discovery of X-rays as a secret
for weeks and conducted further experiments. He found that X-rays expose photographic
plates and thus he took plates of his laboratory door, sporting gun, a set of weights, and
his wife’s hand (December 22, 1895). These experiments showed the unique properties of
X-ray to radiate through different materials with different thicknesses. On December 28,
1895 he released the first publication on X-rays. The possibility to visualise the human
skeleton made him so famous that the German Emperor Wilhelm II invited him for a
private demonstration in Berlin on January 14, 1896.

For his discovery, W. C. Rontgen received the first Nobel Prize in physics in 1901.
He refused to apply for a patent. On May 3, 1897 after his third publication on X-rays
he finished his research on X-rays and returned towards his old passion — the research of
crystals.

After the discovery of X-rays was announced in the United Kingdom, Silvanus Phillips
Thompson repeated Rontgen’s experiments and later complained that Rontgen left “little
for others to do beyond elaboration his work”.



2 1. Introduction

1.1 X-rays — A physical characterisation

From the physical point of view, X-rays are electromagnetic wave radiation, analogous to
optical light. X-rays overlap in their long wavelengths with the ultraviolet radiation and
are also not well defined at short wavelengths. ( ) define X-rays as
radiation of 80 nm up to 10~° nm wavelength which corresponds to 15 eV — 120 MeV. This
wavelength range covers also y-rays which belong to X-rays in the broader sense. These
radiations differ in their physical origins, but exhibit identical properties.

X-rays propagate straight-lined and exhibit wave-particle dualism. The wavelength of
X-rays is comparable to atomic dimensions. Hence, a reflection or refraction of X-rays is in
general not feasible due to the large size of atomic structure ( ). Only
at very small incident angles refraction and reflection are achievable. The incident angle
for reflection further decreases as the energy of the X-rays increases.

Similar to optical radiation, X-rays can be affected by diffraction. Since the corre-
sponding wavelengths are much shorter than in the optical regime, diffraction is again only
possible by diffractive objects comparable in size to atomic dimensions like space lattice of
crystals. Furthermore, partial polarisation of X-rays is observed.

A considerably different property of X-rays compared to optical light is the penetration
of matter. This unique feature of X-rays has been the main reason for practical applica-
tion. When X-rays penetrate matter, the intensity of the radiation decreases by scatter
processes and absorption (psca, faps in Eq. 1.1, ).

I=1I, e Htotal d _ I e~ (Habsthsca) d . aps = C - 74 .)\3 (1.1)

The absorption characteristics is only determined by the properties of the material’s atoms,
while optical light absorption is mostly affected by the properties of the chemical bonds.
The absorption of X-rays of a given wavelength \ increases significantly with the atomic
number Z of the absorbing material. The absorption coefficient increases with ascending
wavelength \.  Therefore, high energy X-ray photons can penetrate much deeper into
matter than low energy X-ray photons. X-rays with long wavelength can only be detected
in vacuum since they are easily absorbed by air.

1.1.1 Interaction of X-rays and matter

The X-rays and matter interact through different physical processes: (1) — classical Rayleigh-
Thomson scattering, (2) — Compton-effect, (3) — photo-electric effect, and (4) — electron-
positron pair production.
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the incident radiation s emitted as coherent radiation with the same
wavelength

The interaction between photons and free electrons (Thomson scattering) or
bound electrons, as well as atoms (Rayleigh scattering) happens without a
transfer of energy. The photon only changes its direction. The conservation
of the photon’s energy (elastic scattering) is accomplished when o ~ 0 where
a is defined as @ = hv/mparicle 2

(1)

emission of incoherent X-ray radiation with increased wavelength
The inelastic scattering of photons on free or weakly bound electrons

(Compton-effect) transfers energy from the photon to the electron. The
increase in the photon’s wavelength is given by
/\scattered - )\incident =AN= (1 — COs 9)7 (12)
mo, C

where 0 corresponds to the photon’s scattering angle, i.e. the angle between
the propagation of the incident and scattered photon. Energy and momentum
conservation apply, since the photon gives part of its energy to the interaction
electron, in the form of kinetic energy. The energy shift depends on the
angle of scattering and is maximal when the photon is scattered backwards
(6 = 180°). In this case the increase in wavelength of 0.0485 A is independent
of the incident wavelength. The Klein-Nishina-Equation, which gives the
differential cross section for the photon scattering on electrons at rest, can

140° 130° 120°  §10® 100° 90° E;O" 70° 60° 50° 40°
Iy orsogt
/ - u~O(ThomJ _7’.“\\‘
160° / m Ty N 20°
40‘ W, 222N\
170" ‘\ 3 4 ‘.‘,“\\\ oo
I .~é: .a \\‘ '
180° 8 3 2 2 T 2 4 3 8 °
Direction of Cross section in units of

incigent photon

10728 emZ/electron-sr

Figure 1.1: Cross section for photon scattering in dependence of incident angle 6 and energy of

the photon (taken from

).

The diagram is based on the Klein-Nishina-Equation.

The parameter o represents the photon’s energy by a = hv/mg, c?, (a = 0.1 — 5lkeV,
a=04 — 205keV,a=1 — 511keV,aa=4 — 2MeV, a =10 — 5,1 MeV). For the case
of a ~ 0 the derived cross section equals the cross section of Thomson scattering.
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be used to derive the Compton-scattering cross section (see Fig. 1.1).
The cross section is only dependent on the energy and the angle of the
incident photon. Higher photon energies results in smaller scattering
angles (for —90° < 6§ < 90°). The cross section scales linearly with the
atomic number of the absorbing material:

Z

E photon

(1.3)

Ucompton X

(3) the energy of the X-ray photon is assigned to an electron which gets ejected
by the interacting atom
A photon transfers its total energy onto a shell electron. The photon
gets absorbed and an electron is ejected from the atom’s shell. If the
photon’s energy is larger than the required characteristic ionisation energy,
the energy difference is transferred into kinetic energy of the ejected electron.
The vacancy is filled by another electron from an upper shell. The released
energy is emitted as characteristic radiation or radiation less as an emission
of an Auger electron®. The cross section of the photo-electric effect is:
5
Ophoto XX 5—2 (14)
photon

Therefore, the photo-electric effect is the dominating interaction of low energy
radiation and between photons and atoms with increasing atomic number.

(4) the photon is converted into an electron-positron pair
When a photon has an energy higher than twice the electron’s rest mass
energy (Ephoton > 1.022MeV), one of the ways that such a photon interacts
with matter is by producing an electron-positron pair in the vicinity of the
coulomb field of an atom or electron. The studied phenomena in this thesis
do not reach such high energies. However, for the sake of completeness this
interaction process is briefly described. The cross section is:

Ephoton ( 1 5)

2
Opair X Z°~ X In >
2 Moe C

Therefore, the pair production increases with higher photon’s energy and
atomic numbers.

!The emission of an electron from an atom causes the emission of a second electron (Auger effect).
The energy of a photon removes an electron from the core level of an atom. An electron from a higher
energy level falls into the vacancy. The released energy is transferred to another electron from an upper
shell which get ejected too. Auger electrons are mainly emitted by light elements. With increasing atomic
number, the atom more frequently emits a recombination photon.
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Figure 1.2: Pb attenuation coefficient vs. photon en-
ergy diagram for the Compton-effect, photo-electric
effect, and pair production (based on a plot shown in

). The resulting superposition of
all effects is shown in the total line. )-

Figure 1.3: Resulting attenuation co-
efficient for Pb with consideration
of electron shell effects (taken from

The different cross sections are summed up to derive the X-ray attenuation coefficient

Mtotal = Mabs T Msca = T X Z X (Ucompton + O photo + Upair)u (16>

where n is the particle density and Z the atomic number of the absorbing material. The
cross section decreases with shorter wavelength of the X-rays for the photo-electric and
Compton-effect. However, the X-ray attenuation coefficient does not decrease indefinitely

(Fig. 1.2), since the cross section for electron-positron pair production increases at shorter
wavelength.

1.1.2 Continuum and characteristic X-ray radiation

As a result of classical electrodynamics an accelerated electric charge radiates perpendicular
to the direction of its motion (in the charge’s rest frame). An electron, which interacts with
the coulomb potential of the atomic core, changes its direction of motion and radiates a
photon. Dependent on the primary kinetic energy of the electron the photon is emitted in
the X-ray wavelength range. This process is called bremsstrahlung radiation and produces a
continuous spectrum. The continuum radiation abruptly stops at Ayin. The corresponding
photon energy is equal to the total kinetic energy of the electron. In the case of electrons
which were accelerated by an electric field, the following equation applies

he  123.4nm

U Tmv (17)

)\min -
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The intensity of the bremsstrahlung radiation is given by

1,1 1 1
I\ =CZ— — )+ BZ*—
W =CZ5G— -3 +B87

with C' >> B, (1.8)

where C' and B are specific constants for the target material. The first derivative of Eq. 1.8
determines the maximum of the bremsstrahlung radiation intensity with
)‘max. Int. =~ 1.5 )\min-

At higher electron energies, bremsstahlung radiation is superposed with a line spectrum,
the so-called characteristic line spectrum. It is caused by the discrete electron shells in an
atom. A fast moving electron ejects an inner shell electron. Electrons from upper shells fill
the vacancies and emit an X-ray photon with a material-specific energy. In 1913 Moseley
discovered the correlation between the wavelength of the emitted X-ray photon and the
atomic number Z ( )

1 9 1 1

)\—ROOX(Z K) X<n% n2). (1.9)
The parameter n; describes the inner shell that is filled by an electron from the ny (outer)
shell. The Rydberg constant R, is 1.097373 x 107m~! and K the shielding constant;
K ~ 1 for the innermost electron shell (K-shell), K ~ 7.4 for the second (L) shell.
Consequently, the characteristic X-ray lines are divided in series (K-series, L-series,
M-series etc., corresponding to the filled electron shell).

The excitation of the characteristic X-ray lines cannot only be accomplished by fast
moving electrons or protons which eject an electron from the inner shell. Apart from
excitation due to different radioactive processes, an X-ray photon can eject an inner shell
electron too. The wavelength of the incident photon has to be greater than the wavelength
given in Eq. 1.9, since the inner shell electron cannot be moved into already occupied
upper shell levels. Hence, the incident photon has to provide at least the ionisation energy
of the corresponding electron to stimulate characteristic X-ray emission of an atom. The
comparatively smooth gradient of the attenuation coefficient with respect to the energy of
the photon (see Sect. 1.1.1) is violated at the absorption edges of the material where the
absorption coefficient increases substantially (Fig. 1.3). Absorption edges occur in a line
series as well, since the energy of the incident photon is most effectively absorbed at the
transition energy from an inner shell to the continuum.

1.2 X-ray astronomy

As discussed in Sect. 1.1 X-rays are not well defined in terms of wavelength range. From
a historical point of view, X-rays were subdivided on the basis of their “hardness”, i.e.
the capability of penetrating matter. Therefore, the term “soft X-rays” is used for long
wavelength (low energy) regime, while “hard X-rays” refer to high energy photons. The
separation in soft and hard X-ray is arbitrary again.
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X-ray astronomy generally implies the study of physical phenomena in an energy range
of approximately 0.1-100 keV. Throughout the history of X-ray astronomy different physical
units have been used, and are still used. Figure 1.4 shows the correlation of the most
common units in the energy range of 0.1-100 keV. Assuming that X-rays are mainly due

L1 1111l | | L1 1111l | | L1 1111l | |
10° 107 108
Black Body Temperature (K)

1017 1018 1019
Frequency (Hz)
| I Y | 1 | I Y | 1 | I Y | 1
100 10 1
Wavelength (A)
| ] 1L 1 11111 | ] 1L 1 11111 | ] 11 1111 ||
0.1 1.0 10.0 100.0

Energy (keV)

Figure 1.4: Correlation of the most common units in X-ray astronomy. The classical energy range
in X-ray astronomy (lower panel), corresponding wavelength range (in Angstrom) and frequency
range, as well as the associated black body temperature (top panel, assuming Wien’s displacement
law and the photon’s energy represents the peak of the emission of a black body) are given in
this plot.

to black body radiation, X-ray observations map the high temperature universe.

1.2.1 History of X-ray astronomy

Almost 70 years went by from Wilhelm Conrad Rontgen’s discovery of X-rays to the
first detection of an extrasolar X-ray source. X-rays cannot penetrate the Earth’s at-
mosphere. For example, 10 cm air at sea level pressure will stop 90% of 3keV photons
( ). Thus, X-rays from astronomical sources are not observable from
the ground. However, the higher the energy, the more easily air is penetrated by X-rays; a
30keV photon will penetrate to 35km altitude. To observe X-rays from celestial sources
it is necessary to reach high altitudes.

Balloon experiments by ( ) went up to 5300 m and detected an increase of the
~v-radiation with higher altitudes. Further experiments during night and day time, as well
as during solar eclipses confirmed that the radiation must be of cosmic origin.

After the Second World War the Naval Research laboratory conducted experiments
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onboard captured V2 rockets and detected an unexpected intensity level which was in-
terpreted as due to X-ray emission from the Sun ( ).
The detectors consisted of a photographic plate behind a berylhum filter that only allowed
X-ray radiation to pass through. The discovery actually caused many scientists to lose
interest in the search of X-ray sources other than the Sun. The Sun could only be detected
as a bright X-ray source since it is close to Earth. Assuming a similar X-ray luminosity,
the expected X-ray fluxes from nearby stars required 1960’s instrumentation to be about
100,000 times more sensitive. Therefore, scientists devoted to more detailed studies of the
Sun in the 1950s. The first satellite X-ray observatories were launched in 1959. Both ex-
periments, which were designed to study the solar X-ray and UV emission, were swamped
by the Van Allen Belt radiation and no useful data were obtained ( ). The
restricted payload capacity and the exceptional high G-forces during the rocket launches
prevented the significant improvement of X-ray detector technologies.

Around 1960 a group at American Science and Engineering, led by Riccardo Giacconi,
developed a new detector that was 100 times more sensitive than the detector used by
Friedman. The experiment was intended to study X-ray fluorescence produced on the lu-
nar surface by X-ray from the Sun and to explore the sky for other possible sources. The
first launch in October 1961 was successful, but the doors, designed to protect the X-ray
detectors during the launch, failed to open. In anticipation of a manned Moon landing
the experiment received further support. On June 18, 1962 the second launch took place
and this time two of the three X-ray Geiger counters worked well. Although the exper-
iment failed to detect any X-ray emission from the Moon’s surface, the first extrasolar
X-ray source was discovered. Because of its location and intensity, ( )
excluded a scattering body belonging to our solar system. This source became known as
Sco X-1 (see Figures 1.5, 1.6). In addition, in other regions of the sky explored by the
detectors, the count rate did not go to zero (Fig. 1.5). ( ) concluded
that a diffuse X-ray background, which increases close to the Galactic equator, is present.

After the discovery of Sco X-1 two weaker sources were found by ( ).
One of these was identified as the Crab Nebula by using 1ts lunar occultation in July 1964
( ). All detected sources had fx ~ 10~ ergem 2571,

Astronomers were thus forced to interpret the observations. Some of the known X-ray
sources radiate ten thousand times as much energy as the Sun does. The optical iden-
tification of Sco X-1 ( ) with a 13th magnitude star suggested that
unusual physical processes must occur in these objects. Among the production processes
possible candidates were bremsstrahlung radiation, inverse Compton-effect with photons
of star light, synchrotron radiation, thermal emission, and characteristic X-ray excitation
( , see Sect. 1.2.4).

Rocket and balloon-borne experiments were only able to observe parts of the sky. In
December 1970 the first all-sky satellite survey was prepared by a group led by R. Giacconi.
The satellite Uhuru, which orbited in a low equatorial Earth orbit to minimize the back-
ground due to particles in the Van Allen Belt radiation, had a 1°x 10° field of view with
proportional counters sensitive to 2-20keV ( ). The Uhuru data showed
that variability is a common characteristic of most bright X-ray sources. In total Uhuru
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Figure 1.6: Data from a rocket-borne X-ray
detector flown in October 1967 (taken from

). The count rate of the
detector is shown while it scanned a great cir-
cle containing the X-ray source Sco X-1 and a

cluster of sources in the direction of the Galac-
tic centre.

significant if considering the error in the count
number).

discovered 339 X-ray sources which could be partially classified as binary stellar systems,
supernova remnants, Seyfert galaxies, and clusters of galaxies. The map of sources showed
a significant clustering in the Galactic plane. The high degree of isotropy in the cosmic
X-ray background led to the conclusion that the cosmic X-ray background must be mainly
extragalactic.

Beginning in 1977 NASA launched the first series of very large scientific payloads
called High Energy Astronomy Observatories (HEAQ). Instead of using small satellites
with up to 150 kg such as Uhuru, the launch of payloads 2.5 x 5.8 m in size and ~3000 kg
in mass offered the possibility for experiments to use large and very sensitive detectors.
HEAO-1 yielded a catalogue of 842 X-ray sources (1-20keV) in a systematic all-sky survey
which reached fx ~ 107 ergem™2s7!. The measurements of the spectrum of the cos-
mic X-ray background between 3-50keV could be remarkably well fitted with a thermal
bremsstrahlung radiation model with a temperature of 40 keV ( ). Since
no other spectral features were evident and the spectrum was not typical of previously re-
solved extragalactic sources, a truly diffuse emission from a hot plasma was considered.
Later ( ) showed a corrected spectral energy distribution (E? fpyet.(E))
of the cosmic X-ray background (Fig. 1.7) with a significant peak around 30 keV.

The HEAO-2 spacecraft Einstein, the first imaging X-ray telescope to orbit the Earth
on a satellite, was launched in November 1978. It made use of grazing-incidence focusing
optics for celestial X-ray sources, a technology that had already been used to take the first
X-ray image of the Sun on October 15, 1963.

An index of refraction around unity for all materials in the X-ray regime ( )
prevents the construction of imaging systems as in the optical wavelength range. In 1951
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Hans Wolter analysed mirrors which had concentric figures of revolution, i.e. paraboloids,
hyperboloids and ellipsoids in the context of X-ray microscopes. His primary goal was to
design a system that had higher resolution than was possible in the optical wavelength
regime. He showed that for a true image over an extended field of view X-rays have to un-
dergo two reflections (Fig. 1.8) from either a paraboloid /hyperboloid or paraboloid /ellipsoid
combination mounted in a coaxial and confocal arrangement ( ).

The nested mirror system on Finstein resulted in a true in-focus image of objects
and an enormous gain in sensitivity (fx ~ 3 x 107 ergem™2s™! in the 1-3keV band,

). Finstein’s imaging capability and high sensitivity yielded significant
gain in knowledge and understanding of the X-ray universe. The high-angular resolution
of a few tens of arcseconds enabled a significant improvement in X-ray counterpart deter-
mination.

A European milestone in X-ray astronomy was the first European Space Agency (ESA)
launch of the three-axis pointed satellite EXOSAT in May 1983. With its small field of
view and high sensitivity it was perfectly suited for the study of individual sources.

On June 1, 1990 ROSAT a German-American-British X-ray satellite was launched.
It consisted of a 4-fold nested grazing incidence Wolter telescope and a smaller extreme
ultraviolet telescope. The primary objective of ROSAT, which reached a flux limit of
fx ~ 107 ¥ ergem=2s7! in the 0.5-2keV band, was to obtain a deep all-sky survey. At the
end of its operation in 1999 it detected a total of ~145.000 discrete sources (

).
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1.2.2 The cosmic X-ray background

The cosmic X-ray background (CXRB) was already discovered during the first successful
rocked flight by ( ). As already described in Sect. 1.2.1 the CXRB
with a spectral energy distribution peak at ~30keV in a spectral energy distribution plot
was thought to be diffuse radiation from a hot plasma (thermal bremsstrahlung radiation
). ( ) resolved ~25% of the 1-3keV cosmic X-ray
background observed with Finstein into discrete sources and concluded that a large frac-
tion of the background indeed is due to unresolved discrete sources. The majority of their
identifications were active galactic nuclei (AGN) at cosmological distances. Since the dis-
covery of the CXRB scientists have intensely debated if its origin is really diffuse. They
considered the superposition of previously unresolved X-ray sources, as well as a combina-
tion of a diffuse and discrete component.
Diffuse background radiation is a common phenomenon in all wavelength ranges
(Fig. 1.9, ). The cosmic 7-ray background radiation was already discovered by
( ). By using a 20-foot horn-reflector antenna, ( ) discov-
ered a 3.5 K background radiation, which was isotropic, unpolarised, and free from seasonal
variations within the limits of their observations. Therefore, the X-ray background seemed
to be yet another diffuse cosmic background in the universe.

Uhuru revealed a high degree of isotropy in the hard 3-50 keV CXRB and demonstrated
this component to be mainly extragalactic. Observational constraints and theoretical mod-
els for a discrete origin of the CXRB required a very large number of sources (N > 10° sr—!,

). An isothermal bremsstrahlung radiation model corresponding to an op-
tically thin, hot plasma, and the suggested mechanism of inverse Compton-scattering by

( ) (see Sect. 1.2.4) was ruled out since it predicts a Compton-
distortion in the spectrum of the microwave background, which was not observed in the
spectrum obtained from the COBE satellite ( ).

However, a discrete origin of the CXRB was also difficult to accept, since the resolved
X-ray sources showed X-ray spectra that did not fit the spectrum of the CXRB. In the
3-20keV energy range the CXRB spectrum is well approximated by a flat power law with
a spectral index a ~ 0.4 (photon index I ~ 1.4). Among the extragalactic sources found
by FEinstein, AGN were known to be the strongest X-ray emitters ( )
and were considered to be the prime candidates able to satisfy the energy requirements
of the CXRB. However, the fact that their X-ray spectra in the 2-10keV energy range
were characterised by slopes of ov ~ 0.7 ( ) was the main problem for
models in which most of the CXRB is due to AGN.

The breakthrough for the discrete nature of the CXRB was accomplished by deep
0.5-2keV surveys with ROSAT. For the first time the vast majority (up to 80%) of the soft
CXRB was resolved into discrete sources ( ). In order to understand
the populations contributing to the X-ray background complete optical identifications of
sources detected in the X-ray surveys were performed. The bulk of these sources were
classified as AGN (e.g ). It became evident
that the dominating Celestlal emission of the O 5-2keV CXRB is the integrated emission
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Figure 1.9: Background radiation spectrum of the universe over a wide wavelength range (from
the radio to the y-ray regime). At an energy of ~30keV the spectral peak of the cosmic X-ray
background is visible. The figure is based on a plot shown in ( ). Ray path through
focusing X-ray telescopes for both single reflection and double reflection systems (taken from

). For off axis radiation the single reflection system produces a circle in
the focal plane, while the double reflection system still produces a point focus.

of discrete sources, summed over all cosmic epochs. The deep ROSAT observations with
limiting fluxes of fx = 10" P ergem 257! detected an AGN sky density of ~780-870 deg~2
( ) larger than at any other wavelength range.

( ) reported a new population, galaxies with narrow emission lines (NELGs), which
dominate at the faintest ROSAT X-ray fluxes and eventually could contribute to the CXRB.
The pioneer satellite missions ASCA and BeppoSAX performed imaging X-ray surveys up
to 10keV but were both heavily source-confused due to their limited angular resolution.
They resolved ~30% of the 2-10keV CXRB (limiting flux fx ~ 5x 107 ergem=2s71) and
reached AGN sky densities of ~100 deg™2. The observations suggested the presence of a
large fraction of absorbed and luminous AGN ( ). The absolute level
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Figure 1.11: AGN contribution to the spectral
energy density of the CXRB, as measured by
different instruments as labelled (taken from
). The contributions of un-
absorbed (dashed line), Compton-thin (long-
dashed line), Compton-thick (dot-dashed line),
and the summed emission of the different AGN
populations (solid line) are shown.

absorbing hydrogen column density Ny.

of the CXRB was still a matter of debate, because different X-ray missions determined
different normalisations (see ).

The newly obtained results also improved the theoretical understanding of the CXRB.
Synthesis models based on the unification model of AGN ( and see
Sect. 1.3.2) tried to explain the CXRB by a mixture of unabsorbed and absorbed AGN
(Fig. 1.10), modelling with the corresponding luminosity function and its cosmological
evolution ( ). The models predicted that about 85% of the radi-
ation produced by the accretion onto super-massive black holes have to be absorbed
( ) and a substantial contribution to the CXRB comes from high-
luminosity, absorbed X-ray sources, such as type II QSOs (quasi-stellar objects). However,
these models encountered a number of challenges. Type IT QSOs had only scarcely been
detected. The evolution of absorption over cosmic time, as well as the dependence of ab-
sorption on the intrinsic luminosity were free parameters.

The current X-ray satellite missions XMM-Newton and Chandra improved the sensi-
tivity and angular resolution in the 0.2-12keV energy range. They enabled the study of
absorbed X-ray source populations that were predicted by the CXRB synthesis models.
Instead of finding a large number of absorbed, high-luminosity QSO, a large population of
absorbed, low-luminosity X-ray sources at low redshifts were found ( ).
The missing CXRB radiation turned out to be foreground radiation from narrow emission
line galaxies which harbour obscured AGN. Further deep X-ray surveys, e.g.
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the sharp feature at 4keV.

( ), increased the sample size of this X-ray population and confirmed the result. The
absorption ranges from 10?' < N/ cm~2 < 10** (Compton-thin absorption). However, to
explain the spectral peak of the CXRB synthesis models require a large number of even
more heavily absorbed sources, so-called Compton-thick objects which are absorbed by
column densities of Ny > 1.5 x 10**em™2 (Fig. 1.11). XMM-Newton and Chandra de-
tected these sources in the local universe ( ). Although there is evidence of a
large fraction of Compton-thick AGN at high redshift ( ), no
securely confirmed Compton-thick object has been found so far at high redshifts.

The current understanding of the CXRB is the following. The CXRB is the summed
emission from point sources, principally AGN, over cosmic time. Source populations with
different amounts of absorption are needed to explain the peak of the CXRB at ~30keV
(Fig. 1.11). Recent observations constrain the parameter space of the different X-ray source
populations in the synthesis models. Evolution effects, such as the luminosity-dependent
evolution of soft X-ray selected AGN (Fig. 1.12, ), are reliably derived
and help to improve the theoretical understanding of the CXRB.

While the CXRB is resolved to ~85% and ~80% in the 0.5-2keV and the 2-10keV
energy bands respectively, it is only resolved by ~50% above 6keV ( ).
The decrease in resolved fraction at energies 2>4keV is present in Chandra and XMM-
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Newton data (Fig. 1.13). The missing fraction has a spectral shape that is consistent with
a population of faint, heavily absorbed AGN. Deep Chandra and XMM-Newton data, as
well as stacking analysis have failed so far to detect this source population. Future X-ray
missions will be able to map the energy range of the CXRB’s peak and hopefully reveal
the origin of the radiation.

1.2.3 Current and future X-ray missions

The most important current X-ray missions are the European X-ray satellite XMM-Newton
and the American X-ray satellite Chandra.

Chandra was launched with the Space Shuttle Columbia on July 23, 1999. It consists
of four pairs of nested iridium-coated mirrors with an aperture diameter of 1.2 m and is
equipped with four science instruments, an advanced CCD imaging spectrometer (ACIS),
a high resolution camera (HRC), high resolution grating spectrometers (HETGS) and low
energy transmission grating spectrometer (LETGS). Chandra operates in an energy range
of 0.1-10keV and has an effective area of ~800cm? at 1.5keV. It’s huge advantage is a
spatial resolution of less than 1 arcsec.

XMDM-Newton was launched on December 10, 1999 with an Ariane 5. It consists of
three X-ray mirror modules. Each has 58 nested gold-coated mirrors with an outer di-
ameter of 0.7m. Two telescope modules have reflection grating arrays as well as a CCD
camera (EPIC MOS camera). The third telescope module is only equipped with a CCD
detector (EPIC PN detector). In addition, XMM-Newton has an 0.3 m optical-ultraviolet
telescope aligned with the X-ray telescopes onboard. The operational energy range of
the X-ray instruments is 0.1-12keV. XMM-Newton has a spatial resolution of ~5 arcsec,
but a much larger effective area compared to Chandra (~4300 cm? at 1.5keV). Therefore,
XMM-Newton is perfectly suited for X-ray spectroscopy and time-resolved observations.
Chandra and XMM-Newton utilize different designs and complement one another well.

In the near future Spectrum-X-Gamma will be launched. It consists of various instru-
ments, and is an international collaboration. One instrument will be eRosita, a telescope
array of seven Wolter-1 systems each with 54 nested mirror modules. The instrumental
sensitivity is similar to XMM-Newton. eRosita will perform an all-sky survey up to 10 keV.
It is expected to discover ~10% new AGN and ~10° galaxy clusters. Further instruments
planned on Spectrum-X-Gamma will be the all-sky-monitor LOBSTER and the high en-
ergy X-ray telescope ART.

With respect to the remaining issues of the CXRB, the most interesting energy range
in the X-ray regime is ~30 keV where the spectral energy distribution peak of the CXRB
occurs. As technologies improve, future missions will be able to observe this energy regime.

NASA is currently considering to launch a single X-ray observatory with four identical
coaligned X-ray telescopes named Constellation X. Each telescope will have a focal length
of 10m and a diameter of 1.3 m. It will be able to operate in an energy range of 0.3-40 keV.
ESA plans to launch the X-ray evolving universe spectrometer (XEUS) which will consist
of two separate spacecraft, a mirror spacecraft and a detector spacecraft, that will orbit at



16 1. Introduction

Earth’s 2nd Lagrange point. XEUS will be 100 times more sensitive than XMM-Newton.
It is expected to have an energy range of 0.1-40 and an effective area of 3m? at 7keV and
0.1m? at 40 keV. The spatial resolution will be comparable to XMM-Newton or better.

1.2.4 The origin of X-rays in astrophysics

In this section I briefly summarise the five dominant physical processes that produce X-ray
radiation in astrophysical objects. Since the spectral signature of each is unique, a mea-
surement with sufficiently high spectral resolution over a broad energy range allows one
to deduce the X-ray emission process (see the spectra of three processes in Fig. 1.14).
However, more than one production mechanism is usually involved for the same source.

black body radiation A body which lacks both transmission and reflection will absorb
all electromagnetic radiation incident upon it. At thermal equilibrium, the emissivity of a
surface equals its absorptivity (Kirchhoff’s law). The spectrum radiated is a well-defined
continuum with a spectral peak emission dependent only on the temperature of the body.
The form of the spectrum is given by

2 1
B,(T) = hy _ (1.10)

@ err —1
2hc? 1
B, (T) = e — (1.11)

where h is Planck’s constant, ¢ the speed of light, and k& Boltzmann’s constant. The
relationship between the temperature 71" of the black body, and the wavelength A.. at
which the maximum of the intensity of the radiation occurs is given by Wien’s displacement
law

Amaz T = const. = 2.898 x 10" AK . (1.12)

If an astrophysical object has a surface temperature of one million degrees or higher, it
will emit black body radiation with photons in the X-ray range (see Fig. 1.4). Isolated
neutron stars for example, are expected to have a surface temperature of the order of
107K ( ). Therefore, ( ) proposed thermal emission as the
source of X-ray emission from neutron stars.

bremsstrahlung radiation A hot, optically thin gas will emit bremsstrahlung radi-
ation. The atoms of the gas are ionised. Due to collisions, positive ions and negative
electrons have the same averaged energy (thermal equilibrium) which is only determined
by the temperature. Bremsstrahlung radiation occurs as a result of the deflection of mov-
ing electrons by the positive ion. The strong electric force causes a change in the electron’s
trajectory. Every acceleration of a charged particle such as electrons causes the emission
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Figure 1.14: Three basic spectral forms expected from astrophysical processes (taken from

). At the left is the blackbody spectrum expected from a dense object at
a temperature of 2 x 108 K. At the centre is a power law spectrum expected from synchrotron
radiation produced in a region containing a magnetic field and high energy electrons. At the
right a thermal bremsstrahlung radiation spectrum from a thin, very hot gas is shown (without
characteristic X-ray emission).

of electromagnetic radiation. In the case of thermal equilibrium the electrons have a well-
determined distribution which is characterised by the Maxwell-Boltzmann distribution.

The spectral energy distribution of the thermal bremsstrahlung radiation’ is deter-
mined by the temperature of the plasma. The higher the temperature, the faster the
motion of the electron and the higher the energy of the photon that is radiated. The form
of the spectrum is given by

hv
e kT
Bl, (T) =aG 22 Nelec Nion W (113)

where a is a constant, G the Gaunt factor (to correct the classical treatment for quantum-
mechanical effect), Z the charge of the positive ions, and ngjec Nion the product of the
electron and positive ion density. Above a plasma temperature of 10°K the majority
of the radiation is emitted as an X-ray continuum due to the process of bremsstrahlung
radiation.

The intracluster medium of clusters of galaxies reaches temperatures of 107 — 10® K
caused by gravitational heating. Therefore, it becomes fully ionised and emits via thermal
bremsstrahlung radiation in the X-ray band.

inverse Compton-scattering In Sect. 1.1.1 the Compton-effect as a physical interac-
tion process between X-rays and matter was described. Instead of transferring energy from
the photon to the electron ('normal’” Compton-effect), the inverse Compton-effect describes
the transfer of energy from an electron to the photon. The fast electron (a few MeV) col-
lides with a photon of a few eV and gives part of its energy to the photon which is scattered
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to a shorter wavelength.

The process of inverse Compton-scattering can produce the high energy X-ray and
v-ray radiation from AGN ( ). The accretion disk surrounding the super-
massive black hole is believed to produce a thermal spectrum peaking in the UV and is
enclosed by a corona of relativistic electrons. The inverse Compton-scattering of these
electrons with photons in the optical and UV-range causes the X-ray emission (for details
see Sect. 1.3.3).

The same effect is observed when photons from the cosmic microwave background inter-
act with the high-energy electrons of the hot gas of a galaxy cluster. The cosmic microwave
background photons are scattered to higher energies, resulting in the Sunyaev-Zeldovich
effect.

synchrotron radiation Synchrotron radiation is produced by relativistic electrons that
move in a magnetic field. The magnetic field exerts a force perpendicular to the direction
of motion. Hence the electron is accelerated and emits radiation. The frequency of the
emitted photon depends on the energy of the electron, the magnetic field strength, and the
direction of motion to the magnetic field B.

For non-relativistic velocities the radiation is called cyclotron radiation and the fre-
quency of emission is simply the frequency of gyration in the magnetic field
( ). The spectrum consists of a single line. When the electron
speed v/c increases, higher harmonics of the fundamental frequency are observable. More
and more harmonics with increasing contributions to the total spectrum occur. For a
relativistic particle (v ~ ¢) the superposition of all these harmonics gives a continuous
frequency spectrum which is called synchrotron radiation.

In astrophysical objects the particle velocities are expected to be isotropic and the
magnetic field somewhat aligned. The usual spectral form assumed for electrons is a power
law, and so the spectrum of the resulting synchrotron radiation is a power law as well
( ). Synchrotron radiation is always polarised. The observation
of a power law spectrum with polarisation is usually a proof of synchrotron emission.

( ) showed that the Crab Nebula is one example of X-ray
emission due to synchrotron radiation. Synchrotron X-rays indicate the existence of very
energetic electrons.

There are two special cases that can occur with the process of synchrotron radia-
tion: synchrotron self-Compton-scattering and synchrotron self-absorption. In the case of
synchrotron self-Compton-scattering the low energy photons, produced by a relativistic
electrons moving in a magnetic field, interacting again with relativistic electron plasma,
are inverse Compton-scattered toward shorter wavelength. The effect of synchrotron self-
absorption is observed at a certain frequency where the absorption coefficient is significantly
increasing. The electron plasma absorbs the synchrotron radiation that was produced by
it below a critical frequency (turnover frequency). For synchrotron photons with frequen-
cies higher than the critical frequency the plasma stays optically thin and synchrotron
self-absorption does not occur.
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characteristic X-ray excitation Monochromatic X-ray radiation is produced by the
K-series transition following a K-shell ionisation (see Sect. 1.1.2). This process occurs in
collisions of a substantial flux of high energy with elements heavier than hydrogen (except
at very high temperatures when the atoms are completely ionised). Since the conditions
for this process are similar to bremsstrahlung radiation, the characteristic X-ray radiation
is superimposed on the continuous X-ray spectrum of bremsstrahlung radiation from a hot
gas.

( ) mentioned already in the beginning of X-ray astronomy that characteristic
X-ray excitation may make an important contribution to the X-ray emission of solar flares.
Another process causing line emission is X-ray fluorescence (see Sect. 1.3.3).

1.3 Active Galactic Nuclei

After World War II scientists and engineers engaged in wartime radar projects used their
knowledge and followed up the pioneering works of Karl Jansky in the 1930s. Thus, radio
dishes and interferometers appeared in many astrophysical institutes and revealed the
existence of cosmic radio sources. The optical identification of the radio source Cygnus A
was the key observation to support the extragalactic origin of radio sources. One of the
early catalogues of radio sources is the Third Cambridge Catalogue which was published
in 1959 by members of the Radio Astronomy Group of the University of Cambridge. The
sources were listed in increasing order of right ascension and with the prefix 3C.

During the study of the angular sizes of radio galaxies, astronomers found most sources
in a range of several tens arcseconds to a few arcminutes. However, a few sources had a
diameter of only a few arcseconds. The optical identification of 3C 48, which was one of
the sources with less than one arcsecond angular size, led ( ) to the
assumption that this object may be, apart from the Sun, the first known radio star. They
interpreted the non-thermal radio emission, optical variability, and the optical spectrum
of these star-like objects as remnants of a nova, as well as supernova explosions. Lunar
occultations helped to fix the positions of the radio sources very accurately in the sky.

More star-like objects were found. ( ) discovered that the spectrum of the
13th magnitude bright optical counterpart of 3C 273 was redshifted by about 16%. At
the same time, ( ) derived from a newly obtained spectrum

of 3C 48 a redshift of z = 0.367 which was the highest redshift at the time. These
observations clearly revealed the extragalactic origin of these quasi-stellar radio sources,
so-called quasars.

( ) specified the following quasar criteria: star-like object
identified with a radio source, variable light, large ultraviolet flux, broad emission lines
in the spectra, and high redshift. Later surveys of objects, that had a UV excess, found
a large number of objects which had no radio couterparts, so-called quasi-stellar objects
(QSOs). Only 15%-20% ( ) of the sources were found to be radio-
loud. In these objects powerful jets and the induced lobes are contributing to the AGN’s
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luminosity. Radio-quiet objects do not show jet-related emissions.

The most mysterious aspect of all these sources is the very high luminosity which must
be produced in a very small volume. Quasars and QSOs are the most luminous systems
known in the universe which exist for a significant period of time. Gamma-ray bursts might
be more luminous but they are rapidly fading. Besides other considered physical processes,

( ) and ( ) suggested accreting super-massive (several million
solar masses) black holes as central engine of quasars and QSOs. Accretion of matter into
a relativistically deep gravitational potential is one of the few processes in nature efficient
enough to produce such luminosities without having to process unreasonably large amounts
of mass.

1.3.1 The Zoo of Active Galactic Nuclei

The term active galactic nuclei (AGN) is a genus for the huge diversity of objects that are
considered to be powered by accretion onto super-massive black holes - hence their compact
region at the centre of a galaxy has usually a much higher luminosity than the host galaxy:.
From a historical point of view, the objects were discovered in different frequency ranges.
Studies and initial classification schemes in the optical, radio, and X-ray regime led to a
large number of different, very confusing terminologies for AGN. In the beginning of AGN
research, scientists did not realise the possible connections between differently classified
subgroups of AGN. A short overview of the properties of the most important types of AGN
will be given here. For more details see ( ) and

( ). I will follow the convention to divide AGN into two classes, radio-quiet and radio-
loud objects. ( ) found that AGN from the Palomar Bright Quasar
Survey, spanning a range over nearly 10* in optical luminosity, separate into radio-quiet
and radio-loud objects. He suggested radio-quiet objects to have a radio-to-optical flux

ratio of Rr/opt < 1, where

_ f,(5GHz) (1.14)
f,(4000A) '

The different object classes are given in order of increasing optical luminosity.

RR/opt

radio-quiet AGN

Low-ionisation nuclear emission line regions (LINERs) These objects appear
in their optical spectra as normal galaxies with strong and narrow emission lines of elements

with low ionisation state (O 1, N 11). They were first identified by ( ). LINERs
are commonly found in almost half of all spiral galaxies ( ). The driving
mechanisms are disputed ( ) and include stellar effects and very

low accretion of super-massive black holes.

Seyfert galaxies This group of AGN was discovered by Carl ( ). A
Seyfert galaxy in the optical is usually a normal spiral galaxy with respect to its morphol-
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ogy, but with an additional point source in its core ( ,
), which corresponds to the active core region.

Based on accurate observations of the emission lines ( )
divide this object class in two sub-classes - Seyfert I and Seyfert II. The optical spectrum of
a Seyfert I galaxy shows strong broad permitted emission lines (10°km/s < v < 101km/s)
and narrow (a few 10%km/s) forbidden lines. In the case of a Seyfert IT galaxy no broad
emission lines are found in the spectrum. Only narrow emission lines (a few 10%km/s)
for permitted and forbidden transitions are present. The division in line width between
Seyfert I and II is not well determined in the literature. Different line width criteria have
been applied to distinguish between the two classes. The specific FWHM criteria range
from 1000 (e.g., ) up to 2000 km/s (e.g., ).

( ) provided a formal separation criterion by showing the width distribution of the Ha
line is strongly bimodal among AGN, with a significant dip at FWHM(Ha)=1200 km/s.

( ) state that the number of known Seyfert II galaxies is larger
than the known population of Seyfert I galaxies. ( ) found objects with
spectral properties intermediate between Seyfert I and Seyfert II and established a new
group of Seyfert 1.5, 1.8, and 1.9 based on the line widths of Ha and Hf.

Quasi-stellar objects (QSOs) These are essentially more luminous versions of
Seyfert I and Seyfert I galaxies. They are also divided in type I and type II QSOs based
on the emission line properties in their optical spectra (see Seyfert galaxies). Despite their
high intrinsic luminosities type II QSOs are difficult to identify. A significant fraction of
the emitted power gets absorbed. Furthermore, their lack of emission lines in a wide opti-

cal wavelength range hampers their identification. ( ) discovered the
first type II QSOs. About 150 optically selected type II QSOs from the Sloan Digital Sky
Survey were studied in ( ).

To separate Seyferts from QSOs, ( ) somewhat arbitrarily define

a QSO as an object with an absolute B-band magnitude of Mp < —23. QSOs are found
most frequently in elliptical host galaxies, but spirals as well can host QSOs (

, ).

radio-loud AGN

radio galaxies These object show nuclear (jet) and extended radio emission (lobes).
With respect to their optical spectra radio galaxies exist in two types, broad line radio
galaxies (BLRGs) and narrow line radio galaxies (NLRGs). They are the radio-loud coun-
terparts to Seyfert I and Seyfert II galaxies. Their luminosities are comparable to Seyfert
galaxies as well. However, radio galaxies differ in some aspects from radio-quiet Seyfert
galaxies. For example the hosts of radio galaxies are primarily elliptical galaxies.

BL Lac objects This object class is distinguished by rapidly variable, polarised
optical, radio and X-ray emission. The first object in the class of BL Lac objects was the
“variable star” BL Lacertae which was identified as a radio source. ( )
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Figure 1.15: Optical spectra for different AGN types. The x-axes are in units of A. For illustration
purposes an optical spectrum of a normal galaxy, which harbours usually no AGN, is shown. How-
ever, the X-ray source population class of X-ray bright optically normal galaxies (XBONGs, see
Sect. 3.5.3) may be an exception, where the AGN does not reveal itself in the spectrum of the host
galaxy. The figure is based on a plot from http://nrumiano.free.fr/Images_gx/spectra_agn E.gif.

determined it to be of extragalactic origin. The optical spectrum of a BL Lac object has
no or only weak emission or absorption lines. BL Lacs show variability on timescales of
only a few days, and a high degree of polarised light that can also vary.

Quasars This are the radio-loud counterparts to quasi-stellar objects (QSOs) with
the addition of emission from a jet. Thus they show strong optical continuum emission, as
well as broad and narrow emission lines (see QSOs).

1.3.2 Unification Model of Active Galactic Nuclei

The current understanding of the collective properties of AGN is summarised by the
so-called unification models. ( ) and ( ) explain the
variety in observed properties of AGN primarily by orientation and intrinsic luminosity.
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Figure 1.16: Schematic diagram of the unification model for AGN. The central super-massive
(~105 — 10° M) black hole is surrounded by a luminous accretion disk. Depending on the
viewing angle a thick dusty torus may obscure the clouds in the broad emission lines, which are
orbiting in the immediate vicinity of the black hole, as well as the accretion disk itself. Narrow
emission lines are produced in clouds much farther from the central source. A jet may originate
in the immediate vicinity of the super-massive black hole (upper left side) and the AGN will be
observable as a radio-loud AGN (BL Lac or OVV - optically violent variable AGN). The absence
of a jet will result in a radio-quiet AGN (lower right side). The figure is taken from the BeppoSAX
calendar and is based on a plot by Urry & Padovani (1995) and modified by M. Polletta.

In the unification scheme every AGN type is intrinsically the same object. It is powered
by a super-massive (~10°-10° M) black hole in the centre and a surrounding accretion
disk which extends up to a few parsec. Due to different Kepler velocities and viscosity
the accretion disk is heated. The disk emits most of its energy in the UV and soft X-ray
regime.

Broad emission lines are produced in clouds orbiting the accretion disk and likely
by the disk itself (Urry & Padovani 1995, see Fig. 1.16). The clouds in the so-called
broad line region (BLR) are photo-ionised by the UV /soft X-ray radiation of the accre-
tion disk and move with velocities of a few 10*km/s. Through reverberation mapping
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( : ) it is possible to determine the dimen-
sion of the BLR, which varies between few light-days (R ~ 103 m) and several light-weeks
(R~ 10"m ).

A thick dusty torus extending to >100pc ( ) with temperatures of

T ~ 1000 K encloses the central engine. It obscures the broad line region from transverse
lines of sight and re-emits in the infrared wavelength range. At distances of ~10-1000 pc
slow-moving (v < 1000km/s) clouds are orbiting the central source. This region is called
narrow line region (NLR).

In the case of a radio-loud AGN a jet emanates from the region near the black hole
and extends out to several 10°pc as an additional component (see upper-left corner of
Fig. 1.16). A jet consists of an outflow of high energy particles. The particles form a colli-
mated plasma, which moves with relativistic speed and emits synchrotron radiation. If the
jet is almost parallel to the line of sight, the jet becomes a significant contribution in the
observed spectrum and an the object will be classified as BL. Lac object or flat spectrum
radio quasar.

If the viewing angle on this axis-symmetric geometry is such that the innermost region
is directly observable, the optical spectrum is characterised by a strong blue continuum
and broad emission lines (Seyfert I type). These high ionisation emission lines are pro-
duced in the BLR. The motion of a large number of clouds with a few 10%km/s causes
Doppler-broadening of the emission lines.

If the line of sight to the nucleus and the BLR passes through a sufficient amount of
obscuring material in the torus, the observed spectrum is dominated only by narrow emis-
sion lines. The slow-moving, low density clouds in the NLR produce the narrow forbidden
emission lines.

The luminosity of the AGN is dependent on its mass accretion rate M. This implies
that AGN of both Seyfert types exist in a wide range of observable luminosities. The
unification model therefore predicts the existence of a large number of high-luminosity
obscured AGN (type II QSOs). Based on available SDSS spectra, ( )
proved their common existence.

In the present work, I will refer to type I and type II AGN. These terms correspond to
the Seyfert type which is based on the optical spectrum. An object with broad permitted
and narrow forbidden emission lines is classified as type I AGN, while a type IT AGN is an
objects that shows only narrow forbidden emission lines in its optical spectrum.

The terminology QSO will be used in the present thesis for an AGN with a high
intrinsic luminosity. In the optical the conventional dividing line between Seyfert galaxies
and QSOs is Mg = —23. However type II QSOS are more efficiently found in follow-
up observations of X-ray surveys (

: : ). The deﬁnition of type II QSOS is therefore
somewhat arbitrary. ( ) define a type II QSO only based on its optical
properties, while ( ) use the term “type II QSO” for an object with an
intrinsic X-ray luminosity of Lx,., > 10*erg/s (0.5-10keV) and an absorbing hydrogen
column density of Ny > 10%2 cm ™2,
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Throughout this thesis I use the definition of a type II QSO to be an object with
narrow forbidden and narrow permitted emission lines in the optical spectrum, as well as
a de-absorbed intrinsic X-ray luminosity Lx,, > 10* erg/s (0.5-10keV band). Hence, the
type II classification is strictly based on the optical spectrum.

Recent Observations and Outlook on the Unification Model

Part of the great diversity of AGN classes is explained by the unification model. As de-
scribed in Section 1.3.2, the central source is an accreting super-massive black hole that is
surrounded by a dusty torus.

However, puzzling results have emerged from recent IR observations. The obscuring
dust in AGN must re-radiate the absorbed radiation at longer wavelengths. The 10 um
torus emission in NGC 1068 was observed with VLTT interferometry by ( ).
Their analysis reveal a central hot component (dust temperature 7' > 800 K) and a cooler
dust component (7" = 320 K) which extends up to r ~ 1.7pc. The presence of a dust
temperature of only ~300 K so close to the AGN is a fundamental problem. NGC 1068’s

intrinsic luminosity of Lagn ~ 2 - 10% erg/s ( ) leads to a dust tempera-
ture of 960 K at » = 2pc. A temperature of 320 K is expected only at r = 26 pc and not
at r ~ 1.7pc as ( ) report.

Another puzzle is the observed similarity between the IR emission from type I and type

IT AGN. The main conclusion of the unification model assumes that the torus obscuration
is highly anisotropic. However, ( ) surprisingly showed that the IR emis-
sion seems to be nearly isotropic. On the basis of the 6 um emission normalized to the
intrinsic 2-10keV X-ray emission, type I and type II AGN are identical within the errors.

( ) reached the same conclusions when they used 12 ym emission.

Furthermore, as widely reported in literature, 5-20% of all AGN have different obscu-
ration indicators in the X-rays and in the optical, such as X-ray absorbed type I AGN (e.g.
: : ) or X-ray unabsorbed type I
AGN (e.g. ; ;
). The spectroscopic analysis of 117 serendipitous sources in the HELLAS2XMM 1dF
survey by ( ) found about 10% of the identified broad line AGN have an
X-ray absorption of Ny > 10?2cm~2. X-ray and optical transitions between type I and
type II AGN are observed as well. ( ) and ( ) report on
extreme spectral variations in Seyfert galaxies Markarian 1018 and Markarian 993 and even
the transition of a classical type II AGN toward a type I AGN is observed in NGC 7582

( ). Variability of the X-ray absorbing gas was also found to be common
in AGN on timescales from months to years ( ). Recent observations by
( ) (NGC 3227) and ( ) (NGC 1365) derive Ny variabil-

ity on the timescale of days.
These discrepancies must be resolved by adapting the unification model, which suc-
cessfully explains the majority of the observations. A promising approach substitutes the
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”doughnut”-like torus by dusty clouds, which are individually optically thick. The idea
was already raised by ( ). In recent years the model has been
improved. The temperature of an optically thick dusty cloud is much higher on the side
illuminated by the AGN than on the opposite, dark side (Fig. 1.17). As the result of the
low temperatures on the dark side of the clouds, clumpiness provides a natural explanation
for the compactness of the IR emission from AGN tori since the cloud’s dust temperature
at a distance of r ~ 2 pc will range from 950 K (illuminated side) to 250 K for the dark side
in the case of NGC 1068 (Fig. 1.18). Not only can clumpiness explain the VLTI data, it
can be expanded to account for the other observed discrepancies in the unification model.
The physical properties by replacing the sharp torus by a simple smooth Gaussian distri-
bution of clumpy, optically thick clouds was studied in ( ). The cloud
distribution starts at the dust sublimation radius, and the number of clouds encountered
on average along a radial equatorial line is Ny. Their simple cloud distribution is

Nevoup ~ Ny el =) p= (1.15)

and depends only on the angular width parameter o, the radial power law distribution
with index ¢, the radial distance from the centre r, and the viewing angle § (with respect
to the equatorial plane, see Fig. 1.19¢). At the same viewing angle, the AGN obscuration
is identical for all sides. The obscuration depends only on the total number of clouds along
the line of sight. Because of the Gaussian angular distribution for a smooth-density torus,
the obscuration is highly anisotropic and decreases significantly with increasing viewing
angle (. ( ) show that the variation of SED with viewing angle is mod-
erate and becomes isotropic for g ~ 2. A clumpy torus can produce extremely anisotropic
obscuration of an AGN, while the IR emission is nearly isotropic. In this new picture the
difference between type I and IT AGN is not an issue of orientation but of probability for
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Figure 1.19: Different torus models for the unification scheme. left: a) sharp edge torus with
smooth distribution of matter — classical picture of an AGN torus, middle: b) sharp edge torus
with clumpy matter distribution — torus model that can explain the recent IR observations, right:
c) soft edge torus with clumpy matter distribution — torus model that can explain the recent IR
observation and transient/discrepant objects. In a and b type I AGN is recognized if the central
region is observed from the top or the bottom, while a type II AGN is seen if viewed from the
side. An AGN with the clumpy cloud distribution as shown in ¢ can be seen from any direction as
a type I or type II depending if the central engine can be seen directly or a cloud is blocking the
path of light. The plots are based on Fig. 3 in ( ) and Fig. 2 in ( ).

a direct view on the AGN’s central engine. Transient objects can be easily explained by a
moving cloud which obscures or uncovers the central region of the AGN.

The advanced unification model also addresses the question of the nature of the torus
and BLR. ( ) show via IR reverberation mapping that the dust sub-
limation radius and the size of the BLR scales with luminosity as L'/ over a range of 10°
in luminosity. ( ) proposed already that the BLR size is bound by the
dust sublimation. X-ray observations confirm the existence of dust free clouds in proximity
to the AGN and dusty clouds at a few pc ( ). Therefore, ( )
suggests that the torus is a smooth continuation of the broad line region. The different
radiative signatures represent the change in cloud composition across the dust sublimation
radius Rq. The inner clouds are dust-free since they are directly exposed to the AGN
ionising continuum radiation. The outer clouds are dusty because they are shielded from
the radiation. Thus, the BLR (occupying r < Rq4) and the torus (r > R4) are the inner
and outer segments of the same clumpy structure.

Further developments of the unification model are continuously debated. These model
are essential to expand our knowledge in AGN research since they make prediction which
can be tested by observations. For example, ( ) mentioned that the
torus disappears at bolometric luminosities of Lpor, < 10%2erg/s because mass accretion
can no longer sustain the required cold outflow rate. The verification of such hypotheses
will improve our understanding of AGN from the observational and theoretical point of
view.



28 1. Introduction

Table 1.1: X-ray luminosities of different types of AGN. The table is based on
( ). The values of Seyfert galaxies and QSOs/quasars have been adopted to be consistent
with the present Ph.D. thesis. The X-ray luminosity for X-ray bright optically normal galaxies

(XBONGS) is taken from ( ), the example from ( ).
Type Lxons lere/s) Example
Normal galaxies 1037 — 10%° M31
Narrow emission line galaxies 1040 — 1043 Mkn 176
X-ray bright optically normal galaxies 10! —10%  CXOU J031238.9-765134
Seyfert galaxies 1043 — 104 NGC 4151
BL Lac objects 1044 — 106 0J 287
QSOs/quasars 104 — 107 30273

1.3.3 The X-ray View of Active Galactic Nuclei

Besides a number of important features that were revealed in the X-ray spectra of AGN,
the most surprising is the uniformity of the observed slopes over decades in X-ray lumi-
nosity (Table 1.1). The X-ray spectra of AGN have photon indices of I' ~ 1.6 (radio-loud
AGN) and I' ~ 1.9 (radio-quiet AGN, ).

( ) suggested that the X-ray spectra of all AGN consist of two basic
universal components. The first is an IR to X-ray power law with the energy index of
order of 1. The second component represents the Big Blue Bump which is expected to
be the blackbody radiation of the accretion disk itself (UV - soft X-ray energy range).

( ) argued that all AGN X-ray spectra can be explained by different
normalisations of the two components. This simple picture of AGN X-ray spectra is not
expected from accretion disk models, but is nevertheless observed. The bolometric lumi-
nosity, including X-ray emission, should scale with the accretion rate M (

). Furthermore, the optical flux, coming from the outer parts of the disk, should be
related to the black hole mass ( ).

The observed X-ray power law up to several tens of keV cannot be explained by the
thermal emission of the accretion disk that only produces a blackbody spectrum with
most of the photons in an energy range of a few eV. A promising mechanism for the
production is inverse Compton-scattering ( ). For relativistic and
non-relativistic electrons, a power law photon distribution can be produced from repeated
inverse Compton-scatterings of a non-power law electron distribution (

). The mechanism is not well understood because of many unknown parameters. The
first question is the origin of the photons that are scattered to higher energies. The accre-
tion disk is expected to harbour a strong magnetic field. Therefore, synchrotron emission
of the hot plasma itself which is surrounding the accretion disk could be inverse Compton-
scattered. ( ) analysed this scenario and found the process to
be only marginally important in luminous X-ray sources containing accreting black holes.
In addition, bremsstrahlung radiation would contribute significantly in the case that the
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Figure 1.20: Different geometries for an accre- : R i
tion disk and the comptonising corona (taken
from ). In the centre : i !
is the super-massive black hole (black) which ol T T
is surrounded by an accretion disk (brown). Energy (keV)
The comptonising corona (hot plasma, yellow)
is up-scattering the photons from the accre-
tion disk to higher energies. The top figure
refers to a sphere geometry which cools too ef-
fectively in order to explain the observed power
law in hard X-rays. The bottom geometry is
a patchy corona. This set-up is not very effec-
tively Compton-cooled since it is attached to
the accretion disk through small regions.

0.1

Figure 1.21: Schematic representation of the
vF, X-ray spectrum of a Seyfert 1 galaxy
(taken from ). The dashed line rep-
resents the universally observed power law in
the X-ray spectrum. The main spectral com-
ponents that frequently occur in X-ray spectra
of AGN are illustrated and modify the simple
power law X-ray spectra.

hot plasma extends to regions far away from the accretion disk. Thus, the corona (hot
plasma) is easily cooled and it is difficult to obtain the required high temperature. The
dominant radiative process in these sources appears to be Comptonization of blackbody
radiation emitted by cold matter in the vicinity of the hot plasma.

The second issue is the unknown geometry of the coronal system. In order to achieve
higher coronal temperatures and thus to explain the extent of the observed power law up
to several tens of keV, various small coronal regions attached to the accretion disk - a
so-called patchy corona or pill box geometry (Fig. 1.20) - are required ( ).

Besides the universal property of a power law, X-ray spectra contain additional fre-
quently observed features (Fig. 1.21) such as:

e soft excess
The soft excess in AGN X-ray spectra below 1keV is suggested as primary emis-

sion from the accretion disk ( ). This causes the observation of
much steeper (I' = 2) AGN X-ray spectra above 1keV. A self-consistent ionised re-
flection model by ( ) explains the soft excess by proper treatment

of fluorescence lines, absorption edge, and atomic features.
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e photo-electric absorption
At soft X-ray energies absorbers can modify the shape of the X-ray spectrum signifi-
cantly. The absorption is strongest at low energies for cold materials and only in the
hard X-rays is the incident power law observable. For a warm absorber the lighter
elements are fully ionised, therefore, they become transparent for soft X-rays. This
produces absorption features which can mimic a soft excess.

— cold absorber
A neutral gas will reduce the observed flux in soft X-rays via photo-electric
absorption. Eq. 1.4 illustrates that the effect decreases with higher photon
energy. Consequently, the soft X-ray photons get absorbed first. An increasing
column density of absorbing material in the line of sight towards the central
engine of the AGN will also effect higher photon energies. The amount of
absorption can therefore be derived from the X-ray spectra (see Fig. 1.10).

— warm absorber

A warm absorber is a significantly ionised medium present in the line of sight
towards the black hole. Observationally it is seen through the presence of narrow
absorption lines and edges. The grating spectrometers on XMM-Newton and
Chandra are able to resolve most of the lines which originate from highly ionised
atoms such as C 1v, O viI, and O vIiI. The presence of these ionisation states
suggests a temperature of the medium of the order 10° — 10° K. Warm absorbers
show column densities of the order Ny ~ 10?3 cm~2 and are likely to be clumpy
( ). Although the presence of a warm absorber is observed due
to absorption features superimposed onto the transmitted spectrum from the
central region, this medium predominantly scatters the incoming photons.

e iron Ka fluorescence line

The most prominent emission line found in AGN X-ray spectra is the iron Ka line
at 6.4keV (see Figures 1.21, 1.22). This is due to the combination of high fluores-
cent yield (the probability that an excited ion will de-excite via fluorescence rather
than Auger effect) and the large cosmic abundance of iron. The fluorescent line is
excited when the surface layer of the accretion disk responses to the external inci-
dent hard X-ray illumination from the corona. The incident photons can be either
Compton-scattered by free electrons or outer electrons of elements in the disk, or
photo-electrically absorbed by atom. To do so, the photon must possess an energy
higher than the required photo-ionisation energy. The K-shell photo-ionisation will
be followed by a transition of an L-shell electron to fill the K-shell by the emission
of a photon (K« fluorescence). The same process that produces the Ka fluorescence
causes an iron K-absorption edge. The cross section for the photo-ionisation of the
incident photon energy is the highest, if the energy fits exactly the photo-ionisation
energy of 7.1keV. The effectiveness of reprocessing incident X-rays into iron Ka pho-
tons drops rapidly with increasing energy causing an iron edge at 7.1keV.

A weak ’shoulder’ on the low-energy side of the iron Ko line is observable, because



1.3 Active Galactic Nuclei 31

some photons get Compton-scattered before they escape from the disk and thus lose
energy. The relative strengths of astrophysical emission lines are measured via the
use of equivalent widths (EW). The equivalent width of an emission line is the energy
range over which the continuum radiation contains a flux equal to that contained in
the emission line ( ).

The iron Ka line, which has an intrinsically small energy width, will be dramatically
broadened if the radiation originates from the immediate vicinity of the black hole
where strong relativistic effects occur (see for the characteristic double
hump structure with a very prominent blue wing and a red tail).

e Compton-reflection hump

X-rays reprocessed in cold matter produce not only fluorescent emission lines, they
also cause the so-called Compton-reflection hump (see Fig. 1.22) in the 20-100 keV
band ( ). The main argument is the following. At higher photon
energy (E > 30keV) the cross section for the photo-electric effect is significantly
decreasing. Thus, an incident photon reaches a larger penetration depth into the
cold material. The photon suffers several Compton-scattering events before it escapes
from the disk. For very high energies (£ > 100keV) the probability of photo-electric
absorption is negligible, the photons penetrate deep into the material and undergo
many scattering in order to escape. Therefore, high energy photons lose more energy
in order to escape from the disk than low energy photons. The deposited energy is
dominated by absorption processes in the uppermost layers of the material for low-
energy photons, while electron scattering increases in deeper layers for high energy
photons. Therefore, low-energy photons (£ < 20keV) have in comparison with high-
energy photons a higher probability to escape from the disk, since they are interacting
on its surface. Both processes result in a Compton-reflection hump at intermediate
energies.

e exponential cut-off
A high energy cut-off at 100-300keV is observed in the AGN X-ray spectra. This
finding is explained by the process that generates the power-law in AGN - inverse
Compton-scattering. The scattering electrons of the corona have a certain energy
distribution. Therefore, the scattered photons can only be shifted up to certain
energies. The cut-off is determined by the high energy tail of the corona’s electron
distribution.

Iron lines play a key role in studying the environment near accreting black holes and test
our basic understanding of physics under extreme conditions. X-ray observations showed
that the equivalent width of the iron Ka emission line is anti-correlated with X-ray lumi-

nosity of the AGN (X-ray Baldwin effect, ).
Recently, self-consistent models of reﬂectlon by an ionised disk became available
( ) and include a range of relevant fluorescence lines, absorption edges,

Compton-reflections, and Compton-broadening of atomic features. These models gave a
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Figure 1.22: Reflected spectra for three dif-
ferent values of the ionisation parameter &
from ( ). The spectra are
shown without relativistic blurring. The inci-
dent spectrum has I' = 2, and iron has solar
abundance.
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Figure 1.23: XMM-Newton PN (black) and
MOS (green, red) spectra of RBS 1423 (ob-
server frame). A single power law has been fit-
ted to the 0.2-12keV data. The relativistically
broadened hydrogen-like iron line is seen as
positive residuals between ~4-7keV. In the soft
energies (0.2-0.5keV) a discrepancy between
the XMM-Newton camera types and a possi-

ble soft excess is noticed. The plot is taken
from ( )

theoretical explanation for the X-ray Baldwin effect. As the X-ray luminosity increases, the
upper layers of the disk become progressively more ionised until any reprocessing feature
is suppressed. The ionisation parameter £ determines the equivalent width of the observed

iron Ko line (Fig. 1.22).

The prediction of ionised reflection in luminous objects was recently confirmed in an

XMM-Newton observation of RBS 1423 (Fig. 1.23,

). This object is

one of the first QSOs with a significantly broadened ionised iron Ko line. The disk models
require hydrogen-like iron and an inner radius of only a few Schwarzschild radii.



Chapter 2

Aims & Approach

Motivation
X-ray surveys are essential to characterise the source population of the X-ray sky and
are the only means to understand the nature of the cosmic X-ray background radiation.
Deep X-ray surveys have been carried out during the last decades ( ;
; ) and showed that up to 80% of the soft X-ray
background is due to active galactic nuclei (AGN). X-ray emission has been found to be a
universal characteristic of all AGN. The X-ray luminosity of these objects is in the range of
~10%2 — 108 erg/s and accounts for a considerable fraction of their bolometric luminosity.
Moreover, the emission we observe in the X-ray is only a fraction of the total energy
produced in X-rays, since the bulk of the energy (up to 90% for absorbed sources) has
been absorbed and re-emitted at longer wavelengths.
XMM-Newton and Chandra, thanks to their high sensitivity in the hard X-ray regime,
opened the absorbed X-ray universe for further studies and revealed a large population of

obscured, low-luminosity, low-redshift X-ray sources ( ). To characterise
the X-ray sky properly and understand the peak of the spectral energy distribution of
the X-ray background at ~30keV ( ), numerous surveys with varying

limiting flux and survey area are needed. These surveys will reveal the different X-ray
source populations, their contribution to the cosmic X-ray background, the abundance of
source population over cosmic time, and can attempt to answer if there is any evolution.
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Aim
The thesis will focus on the following questions:

e What are the X-ray source populations in medium deep X-ray surveys?
e What are the X-ray and optical properties of these populations?

e What distinguishes type II AGN from other X-ray source populations such as type I
AGN?

e Are the physical processes different for type I and II AGN, or are the same physical
processes acting as predicted by the unification model?

e Does the absorption in type II AGN evolve with redshift or X-ray luminosity?

Approach
This thesis will study and analyse the medium deep XMM-Newton Marano field survey.
The X-ray and optical follow up observations will be analysed to determine the fraction
of different X-ray source populations among the X-ray counterpart in the XMM-Newton
Marano field survey.

Based on the X-ray data a well-defined sample will be selected. The different X-ray
source populations in this sample will be studied with respect to their X-ray and optical
properties.

The analysis will focus on AGN. The results will be compared to the findings of other
surveys. The success of the additional use of K-band data which should increase the coun-
terpart identification of obscured objects, will be evaluated.

The integration of other X-ray surveys, in which the Astrophysical Institute of Potsdam
is involved in, will be used to study the evolution of an absorbed X-ray source population
(type II AGN) which is expected to be a main contributor of the still insufficiently resolved
hard cosmic X-ray background.



Chapter 3

The XMM-Newton X-ray survey in
the Marano field

In this chapter, I present new XMM-Newton data and spectroscopic classifications of X-ray
sources in the Marano field. Different X-ray source classes are identified and their proper-
ties are studied.

During the first two years of operation, XMM-Newton performed various “guaranteed
time program” observations. These observations were given to different groups, which con-
tributed significantly to the development, construction, and operation of XMM-Newton.
The Institute of Astronomy and Astrophysics in Tuebingen, which is a partner in the
XMM-Newton-EPIC-PN consortium, as well as the Astrophysical Institute of Potsdam,
which participates in the XMM-Newton Survey Science Center (SSC), joined parts of their
guaranteed time programs. In 1997 both institutes (Tuebingen-PI: G. Lamer, Potsdam-PI:
G. Hasinger) proposed a deep XMM-Newton observation of the Marano field.

The Marano field was named by an early optical quasar survey up to a limiting magni-
tude of By = 22.0 by ( ). Based on different optical selection techniques
(colour-colour diagrams, optical spectra, variability analysis) they discovered 23 broad
emission line quasars and defined an extensive list of quasar candidates.

( ) completed this work by presenting a spectroscopically complete sample of quasars
with By < 22.0 using this list of quasar candidates. They confirmed 54 quasars including
the already known 23 quasars.

The Marano field has been extensively studied in various wavelength ranges (see overview
in Table 3). Between December 1992 and July 1993, ROSAT observed the central Marano
field (~0.2deg?) for 56 ksec ( ). The data revealed 50 X-ray sources
with a limiting flux of fx >4 x 107 ergem™2s7! in the ROSAT band (0.5-2.0keV). Multi-
colour CCD and spectroscopic data were used to classify 42 X-ray sources (33 quasars,
2 galaxies, 3 clusters, and 4 stars). 66% of the optically selected quasars within the ROSAT
field of view were detected as ROSAT X-ray sources. ( ) carried out
a deep radio survey at 1.4 and 2.4 GHz and detected 68 radio sources (fg > 0.2 mJy).
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Table 3.1: Observational data obtained in the Marano field. Explanation of the abbreviations:
ESO - European Southern Observatory, AAT - Anglo Australian Telescope, NTT - New Tech-
nology Telescope, ATCA - Australian Telescope Compact Array, IR - Infrared, VLT - Very Large

Telescope.

Data Facility Date Reduced/Analysed Reference
by
optical imaging, ESO 3.6m 1981-84 Marano (
spectroscopy
optical ESO 3.6m 1984-89 Zitelli (
spectroscopy AAT Jan. 1988
56 ksec X-ray survey ROSAT 1992-93 Zamorani
optical imaging ESO 3.5m 1992-94 Zamorani
NTT
1.4GHz & 2.4 GHz ATCA Jan. 1994 Gruppioni
radio survey
optical imaging ESO 3.5m 1992-95 Mignoli
NTT
120 ksec X-ray survey XMM-Newton 2000 Lamer /Krumpe (
optical imaging ESO 2.2m Nov. 2000  Mignoli/Krumpe (
near-IR imaging ESO 3.5m Nov. 2001 Lamer/Krumpe (
NTT
optical ESO VLT 2000-02 Krumpe (
spectroscopy

Follow-up observation provided redshifts for 30 objects.

The new XMDM-Newton data comprise an area three times larger, compared to the
ROSAT survey, and are thus almost comparable in size to the optical quasar survey. We
reach a survey sensitivity of fx ~ 1.5 x 107 ergem 257! (turnover flux in the 0.5-2keV
band) over a contiguous area of 0.6deg?. In terms of sensitivity the XMM-Newton sur-
vey of the Marano field is thus comparable with deep ROSAT surveys (e.g., the UDS,

, see Fig. 3.1) or with medium deep Chandra surveys (e.g., ChaMP,
).

An Ttalian group (G. Zamorani, M. Mignoli) contributed with their deep ESO Wide-
Field-Imager observation of the Marano field to the optical follow-up program. At the ESO
Very Large Telescopes, FORS1 guaranteed time was used by S. Wagner (Heidelberg) to
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Figure 3.1: Distribution of some well-known extragalactic X-ray surveys by Chandra (blue),
XMM-Newton (green), and earlier missions (purple) in the 0.5-2keV flux limit versus solid angle
Q. Circled dots denote surveys that are contiguous (by 2005). The most sensitive flux limit is
shown. The vertical dotted line shows the solid angle of the whole sky. The red circle represents
the XMM-Newton Marano field survey, the black circle the XMM-Newton Serendipitous Medium
Sample which are studied in this thesis. The figure is based on a plot shown in

(2005).

provide the first set of optical follow-up spectra in the Marano field.

In 2002, I became involved in the preparation and the reduction of the FORS2 follow-
up run during my master thesis. The analysis of the XMM-Newton Marano field survey is
published in ( ).

The chapter is organised as follows. In Sect. 3.1 I list the X-ray and optical data and
the reduction of the data. Section 3.2 describes and summarises the spectroscopic classifi-
cation of the X-ray sources. In Sect. 3.3 I make use of the spectroscopic classification and
redshift determination to analyse the properties of different object classes. I concentrate
on a ’core sample’ of objects in the central part of the field, where I reached the highest
degree of completeness in the spectroscopic classification. Section 3.4 addresses additional
objects in the Marano field that are not X-ray detected. These objects were obtained as a
control sample. Section 3.5 discusses the results of the different object classes.
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3.1 Observations and data reduction

3.1.1 XMM-Newton X-ray observations

Since the area of the optical quasar survey in the Marano field is larger than the XMM-
Newton field of view, the X-ray observations have been performed as a grid of 4 x 4
overlapping pointings with a spacing of ~5 arcmin in right ascension and declination. The
pointing in the north-western corner of the grid was shifted to cover the position of a deep
far-infrared survey with the ISO satellite (Table 3.2 and Fig. 3.2). The ISO data are not
addressed in this Ph.D. thesis.

Due to the overlapping pointings some deviations from the standard XMM-Newton data
analysis procedures were necessary, and are described here. The photon event tables from
the 16 grid pointings were merged into a single event table with a common sky coordinate
frame using the XMM-Newton SAS ( ) task merge. In this coordinate
frame we created 240 images (one for each pointing, energy range, and instrument). The
5 bands used are 0.2-0.5keV, 0.5-2.0keV, 2.0-4.5keV, 4.5-7.5keV, and 7.5-12.0keV. Each
image has 963 x 963 pixels with four arcseconds binning. For each of these images sepa-
rate exposure maps and background maps were created using the SAS tasks eexpmap and
esplinemap. One of the pointings (ObsID 0129320801) had accidentally been scheduled
with 'medium’ thickness filters, while all other pointings had been observed with ’thin’ fil-
ters. To correct for the somewhat lower throughput of the medium filters at soft energies,
we multiplied all exposure maps of this pointing with a correction factor derived from the
energy conversion factors for the thin’ and 'medium’ filters. These ECFs were taken from
the SSC document SSC-LUX-TN-0059 v.3 ( ). The correction is largest in the
softest band (0.2-0.5keV), where the effective exposure in the affected pointing is reduced
by 11%.

We then added the images, exposure maps, and background maps of the individual
pointings, resulting in 15 images for 5 energy bands and 3 detectors. These images were
used simultaneously as input for a detection run with eboxdetect and emldetect. The
task emldetect applies a PSF-fit to each source found by eboxdetect to determine the
source parameters. Since we use merged mosaic images of the field, each source image re-
sults from the superposition of several pointings. In each pointing the source is detected at
a different position on the detector. Therefore, the standard configuration of emldetect,
which uses the off-axis angle and position-angle of each source to extract the appropriate
PSF from calibration files, could not be used here. Instead emldetect was modified to use
the calibration PSF corresponding to an off-axis angle § = 5 arcmin throughout the entire
field. This PSF is circularly symmetric and is a good representation of the point sources
in the merged images.

For this work no extent models were fitted to the sources, therefore the source list
produced by emldetect does not contain any information about whether a source is ex-
tended or point-like. Generally, the X-ray data reduction and analysis was performed with
XMM-Newton SAS version 5.1 (from 18/06,/2001) with the abovementioned exception of an
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Table 3.2: XMM-Newton observations of the Marano field. Filter: T.-thin, M.-medium

XMM-orbit/ Date RA DEC Time Filter
ObsID (2000) (3h:min:ss) (-55:min:ss) (kS)

106/0112940201  7/7  15:27 06:13 103  T.
107/0112940201  10/7  16:03 21:41 104 T
107/0112940301  10/7  15:27 11:22 106 T.
107/0112940401  10/7  15:27 16:32 105  T.
107/0112940501  10/7  15:27 21:41 78 T
129/0129321001 22/8  16:03 11:22 61 T
129/0129320801 22/8  16:03 16:32  10.6 M.
129/0129320901 22/8  16:03 06:13 106 T.
130/0110970101  24/8  13:09 03:54 109 T.
130/0110970201 24/8  14:15 11:22 91 T.
130/0110970301 24/8  14:15 16:32 91 T.
130/0110970401  24/8  14:15 21:41 91 T.
131/0110970501 26/8  14:51 06:13 91 T.
131/0110970601 26/8  14:51 11:22 99 T.
133/0110970701  30/8  14:51 16:32 99 T.
133/0110970801 30/8  14:51 21:41 88 T

adapted version of emldetect. The version of emldetect used here suffered from an error,
which resulted in the overestimation of detection likelihood values (XMM-Newton-NEWS
#29, 11-Mar-2003). All likelihood values quoted here have been corrected to adhere to the
relation M L = —In(P), where M L is the detection likelihood and P is the probability that
the detection is caused by a random fluctuation of the background.

All count rates and derived quantities are taken from the PSF fitting of emldetect. Us-
ing the combined exposure maps, emldetect corrects the source count rates for all spatial
variations of telescope and detector efficiency, i.e., the count rates relate to the optical axis
of each EPIC camera. Following ( ), the 68% confidence intervals for the source
positions and source fluxes were calculated using emldetect as follows: Each parameter is
varied until the statistic

N
C = 22(67; —n;lne;) (3.1)
i=1

exceeds the best-fit value of C by 1, where ¢; is the source model at the position of pixel
i and n; is the number of counts in pixel i. We used energy conversion factors (ECFs) to
calculate source fluxes in the band 0.2-10keV (from the total EPIC count rate in the band
0.2-12keV) and in the band 0.5-2.0keV (from the EPIC count rate in the band 0.5-2.0
keV). The ECFs were derived by using XSPEC and the XMM-Newton SAS calibration files
to simulate power law spectra with photon index I' = 1.8 and the Galactic column density
of the field Ng = 2.7 x 10*° cm 2.
For all sources 3 hardness ratios of the form

CRy, - CRy

R CRi + CRy (32)
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Figure 3.2: Averaged MOS1 and MOS2 expo-
sure map (0.5-2.0keV) of the 4x 4 pointing pat-
tern (small white crosses). The exposure time
in the central region reaches 78 ksec. The black
rectangle shows the area covered by the WFI
R-band images. The white polygon marks the
area covered by the SOFI K-band images (see
Sect. 3.1.2).
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Figure 3.3: PN exposure map (0.5-2.0keV) of
the 4 x 4 pointing pattern. The exposure time
in the central region reaches 35.5ksec. The
area inside the black contour marks the ’core
sample’ region where the PN-detector exposure
time exceeds six ksec. White rectangles show
the position of the spectroscopic masks for the
optical follow-up observations (see Sect. 3.1.4).

were calculated between the adjacent PN-detector energy bands 0.2-0.5keV, 0.5-2.0keV,
2.0-4.5keV, and 4.5-7.5keV. For example, HR2 was calculated between the bands
0.5-2.0keV and 2.0-4.5keV. The different energy responses of the MOS- and PN-detectors
result in different hardness ratios for the same source. If not noted otherwise the PN-values
are used throughout the paper. Unless mentioned otherwise, all errors refer to a 68% con-
fidence interval.

In total we detected 328 X-ray sources with detection likelihoods M L > 5.0. The X-ray
fluxes are in the range fx = (0.16 — 54) x 107" ergem™2s7! (0.2-10keV). The X-ray flux
histogram (Fig. 3.4) shows the X-ray detection limit of our survey. Below
fx ~5x 10" B ergem 257! we are unable to detect the majority of the X-ray sources.
In the central region (Fig. 3.3) we found 252 X-ray sources. The complete X-ray source
list can be found in the Appendix A.

Since the PSF-modelling task emldetect was only used with point-source models here,
the detection procedure was not very sensitive to diffuse emission from clusters of galaxies.
However, visual inspection of the X-ray images revealed no obviously extended sources. We
estimate that extended cluster emission down to 0.5-2.0 keV fluxes of 2x 10~ ergem 2571
should be detectable in this survey. The cluster log N(log S) of ( ) gives
a surface density of ~6 clusters per square degree at this flux. We would therefore expect
about four clusters in the total area of the XMM-Newton observations and about two clus-
ters in the 0.28 deg? core region of the survey. Given the considerable cosmic variance of
the cluster surface density the non-detection of clusters in the survey is consistent with
the log N(log.S). In any case the small number of expected clusters does not suggest a

significant contribution of clusters of galaxies to our source sample.
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Figure 3.5: Comparison between the 0.5-2keV
X-ray fluxes measured by ROSAT and XMM-
Newton of all 50 ROSAT X-ray sources in the
Marano field. XMM-Newton fluxes are av-
erages of the three individual EPIC camera
fluxes. The black solid line represents equal
ROSAT and XMM-Newton fluxes.

Figure 3.4: 0.2-10keV X-ray flux histogram of
the 328 XMM-Newton detected X-ray sources
in the Marano field. Up to an X-ray flux of
fx ~5x10" B ergem2s7! (turnover flux) we
detected more and more sources. Below that
X-ray flux the detection rate decreases dramat-
ically.

XMM-Newton redetected all 50 ROSAT X-ray sources ( ). How-
ever, two ROSAT X-ray sources have low detection likelihoods and were thus not included
in the final XMM-Newton X-ray source list (Appendix A). Figure 3.5 compares ROSAT
and XMM-Newton EPIC X-ray fluxes in the 0.5-2.0keV band.

The X-ray fluxes of both missions are comparable down to ROSAT fluxes of
fx ~ 6 x 107 ergem™s™'. Among the 13 objects (broad emission line objects) with
fx > 107 Mergem™2s7! (ROSAT), five show variability of about a factor of two in both
directions. Throughout this chapter, I refer to the X-ray sources by mentioning the X-ray
source number without any letter as suffix (e.g. 452). These numbers refer to the sequence
numbers in the original emldetect source list and are non-contiguous due to the removal

of sources below ML = 5.0 after correction of the detection likelihoods.

3.1.2 The optical data
WPFI R-band observations

The central region of the Marano field has been observed in the UBV RI bands with the
ESO Wide-field-Imager (WFI). Here I make use of the deep (4000 sec) R-band image
with a limiting magnitude R ~ 22.5 (defined as turnover magnitude minus 0.5 mag, see
Fig. 3.6). The WFI-image covers an area of 35 x 32 arcmin well aligned with the region
of the deepest XMM-Newton coverage (Fig. 3.2).
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Figure 3.6: Magnitude histogram of the  Figure 3.7: Histogram of the K-band magni-
sources detected in the WFI R-band image.  tudes in the NTT-SOFI images. Completeness
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R > 23.

SOFI K-band observations

The K-band data (2.0 — 2.3 um) were obtained at the ESO New Technology Telescope
(NTT) with the SOFT instrument. With an area of 754 arcmin? the K-band mosaic covers
a slightly smaller area than the WFI R-band observation and is well aligned with the
deepest XMM-Newton exposure (Fig. 3.2). The SOFT observations consist of a mosaic of
33 jittered pointings, each covering 5 x 5 arcmin with an exposure time of 29 minutes each.
The limiting magnitude is K ~ 20 (turnover magnitude minus 0.5 mag, see Fig. 3.7).

VLT R-band pre-images

R-band pre-images for the spectroscopic follow-up observation were obtained with the
Focal Reducer and Spectrograph FORS1 and FORS2 at the ESO Very Large Telescope
(VLT). The first run (FORS1) contained six and the second run (FORS2) 12 optical images.
The summed pre-imaging area is ~530 arcmin? in the central region of the Marano field
(Fig. 3.3). Since the field was not contiguously covered by FORS spectroscopy, the pre-
images also cover only ~50% of the central area of the X-ray survey.

3.1.3 Target selection for optical spectroscopy

Our target selection for the optical spectroscopy was primarily based on FORS1/FORS2
R-band pre-images. WFI R-band and SOFI K-band data were used in addition to support
the target selection on the pre-images in case of faint counterparts. The chosen fields
represent a compromise in terms of maximum survey area and source density because of
limited telescope time. First priority for spectroscopic follow up was given to candidates
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Table 3.3: Details of FORS2 spectroscopic mask mode observation (see Fig. 3.3)

Mask  Observation  Filter Seeing

(each 1800s) (in arcsec)
mask1 3 none 0.63
mask2 4 none 1.36
mask3 3 none 1.05
mask4 3 none 0.78
maskb 3 none 0.93
mask6 3 GC375 0.75
mask7 3 none 0.80
mask8 3 none 0.81
mask9 2 none 0.66
mask10 3 none 0.76
mask11 1 none 0.96
mask12 2 none 0.64

with a likelihood of existence ML > 10 within a 20x error radius. The total position
error is ox = 4 /0%, + 02 The statistical errors oy, of the positions were calculated as

described in Sect. 3.1.1. The systematic errors are caused by uncertainties in the spacecraft
attitude, errors in the linearisation of the detector coordinates, and undersampling of the
PSF (in particular for the PN camera). At this stage, we allowed a systematic position
error of 2.0 arcsec, see Sect. 3.2.1 for a more accurate estimation of the systematic position
eITors.

The multi-object spectroscopy masks were designed with the software fims 2 provided
by ESO. For all spectroscopic targets we used straight slitlets with a nominal length of ten
arcseconds and a width of one arcsecond. For extended sources or closely spaced candidate
counterparts, a different slit length of 6 - 14 arcseconds was used. Remaining available
mask positions were filled with candidate objects not fulfilling the main selection criteria
and with additional random non-X-ray emitting galaxies.

3.1.4 Spectroscopic observations

The FORS1 multi-object spectroscopy (MOS) run with six masks was obtained on Novem-
ber 20th, 2000 by using grism GRIS_1501+17. No order separation filter was used. The
exposure time for every mask was 2400 seconds. The seeing was 0.7£0.1 arcsec.

The second run was performed with FORS2 in spectroscopic mask mode (MXU) from
November 27th-30th, 2002. We aimed for an exposure time of 3 x 1800 seconds per mask,
but weather and time constraints required some deviations from this general scheme (Ta-
ble 3.3). Grism GRIS-1501+27 was used for all masks.

To prevent second order contamination, the first mask (mask6) in the observing
sequence was observed through filter GC375, which limited the wavelength range from
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Table 3.4: Setups for the optical spectroscopy

FORS1 FORS2
Grism GRIS_150I+17 GRIS_1501+27
Dispersion [A /mm] 230 225
Pixel size [pm] 24 x 24 15 x 15
Step width [A /Pixel| 5 3

3850 to 7500 A. A comparison with the second mask without an order separating filter
showed that the contamination effect is negligible. Hence, for all following masks the filter
was removed from the light path resulting in a wavelength range for central targets of the
final spectra from 3500 to 10000 A.

3.1.5 Spectroscopic data reduction

The reduction of the data was accomplished by a semiautomatic pipeline coded in MIDAS. It
was specially designed to reduce FORS2-MXU data with as little interaction with the user
as possible. After modifications this code was also used to reduce the FORS1-MOS data.
The bias correction was done in the standard manner with careful attention to possible
time dependence on the bias level and dark current. An ordinary flat field correction was
used to rectify the pixel-to-pixel variation.

Wavelength calibration

We established a 2-d wavelength calibration in the pipeline. This allowed us to correct the
distortion perpendicular to the dispersion direction and significantly improved the signal-
to-noise ratio of the extracted spectra. The calibrated wavelength range is 3500-10000 A.
However, many spectra were located close to the edge of the CCD. Hence, there are sub-
stantial variations in the wavelength range of the spectra. The average uncertainty of the
wavelength calibration is 0.2 A but reaches a maximum of AX + 1.5A at long and short
wavelength ends. Further details on the optical setups can be found in Table 3.4. We esti-
mate the spectral resolution by measuring the width of the arc lines in the lamp spectra,
and find A\ ~ 21 A (FWHM).

Object and sky definition

The acquisition slit-through images were used to roughly define the position and width of
every single slit in an image. For an optimal definition of the object and sky region in the
spectrum, the pipeline then displays intensity profiles in graphic windows and an image
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of the corresponding spectrum. After a careful inspection of these pipeline outputs, the
object and the sky region were defined manually for every single spectrum. Consequently,
bad pixel/lines/columns in the raw data can be excluded for the extraction and scientific
misinterpretation of artefacts in the final spectra can be avoided. Whenever possible, two
sky regions, on both sides of the target spectrum, were defined.

Extraction of spectra

The extraction is based on an optimal extraction algorithm ( ) including cosmic
ray rejection. Extensive tests determined the optimal extraction parameters. Standard
flux calibration was applied. Since FORS2-mask6 was observed with an additional filter,
a different standard star was used. All spectra were corrected for atmospheric absorption
using the standard ESO extinction correction function scaled to the given air mass.

The n individual spectra of a given counterpart object were combined to form one single
final spectrum. The individual spectra were firstly normalised to the same mean intensity.
The normalisation factor was determined from an analysis of all spectra in a given mask.
The final spectrum is the uncertainty-weighted mean spectrum.

3.2 Spectroscopic classification of the X-ray counter-
parts

The spectroscopic classification of the individual X-ray sources was primarily based on the
FORS1 and FORS2 spectra. In addition, we used optical and X-ray images for a reliable
identification (see Appendix E). Broad emission line objects were immediately accepted
as X-ray counterparts. Narrow emission line galaxies and normal galaxies were accepted
as X-ray counterparts if no other optical candidate was found within the position error
range. Stars were regarded as likely counterparts if the X-ray colours indicated a soft
X-ray spectrum compatible with coronal emission of < 1 keV. Every X-ray identification
was confirmed by at least two individuals.

For the large majority of our spectra the signal-to-noise ratio (SNR) is sufficient to give
reliable classifications and redshifts. Like other X-ray identification surveys, we encounter
the problem that classification of the optical spectra below a certain SNR is difficult. For
spectra with a SNR=3-5, the identification of narrow emission lines was still possible. How-
ever, at this SNR faint broad emission lines and normal galaxy spectra are very difficult
to identify. For example, the optical spectrum of 480A (in Appendix E) shows a narrow
emission line galaxy with a SNR=2.4 (continuum near the O 11 emission line), which is
close to the classification limit. Only one significant narrow emission line at ~7100 A
is found. The spectral shape makes it reasonable to identify this line as O II emission
line. Even though this classification is likely, an unambiguous redshift determination and
classification of the type cannot be given. Spectra with a SNR less then ~2.5 are not
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identifiable. The reliability of the redshift determination and classification of the optical
spectra is given by flags in Col. (9) Flags of Table B.1.

The complete list of X-ray classifications is given in Table B.1. The description of the
columns follows the table in the Appendix B.

3.2.1 Discussion of spurious matches

Since type I AGN are a well-established class of X-ray emitters with relatively low surface
density, false matches should not play any role for this object class. However, when inves-
tigating the classes of optically normal and narrow emission line galaxies, this problem has
to be taken into account due to the high surface densities of these objects. To check the
quality of our optical X-ray counterpart identification, we applied various tests.

First, the derived false match rate will depend on the assumed position errors, which
take into account the statistical and the systematic position error (see Sect. 3.1.3). The
difference in X-ray and optical position scaled to a lox position error is shown in Fig. 3.8
a. When we assume systematic errors of 2 arcsec, the theoretical Gaussian distribution
(Eq. 3.3)

f(r) = Nogprae 378y = X210 (3.3)
ox
peaks significantly later than the observed distribution of the X-ray counterparts. This
is not due to the fact that we systematically accepted spurious counterparts as sources,
since the type I AGN distribution (shown with dotted lines in Fig. 3.8) is consistent with
the total X-ray identification distribution. The fact that we have a large number of type I
AGN allows us to estimate the actual systematic position error for our X-ray observation.
The observed distribution of the type I AGN position errors can be well reproduced with a
systematic error of oy = 0.7 arcsec (Fig. 3.8 b). Moreover, the distribution of normalised
position differences for the total sample agrees well with the theoretical distribution and
with the type I AGN distribution when we apply ogys. = 0.7 arcsec.
Considering ogys. = 0.7 arcsec, we calculate the false match rate by following
( ) and ( ). For every spectroscopically clas-
sified counterpart we determine the likelihood ratio L by

- Q exp(—distdy/2)
~ 2m0%N(< mg)

, (3.4)

where L is the probability of finding the true optical counterpart in this position with this
magnitude, relative to that of finding a similar chance background object. Hence, the reli-
ability of a counterpart is given by Pwe = L/(1+ L). The parameter () is the probability
that the counterpart of the X-ray source is brighter than the limit of the optical survey
and has been set here to @ = 0.5. N(< mg) is the number density of catalogue objects
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Figure 3.8: a) Number of objects identified as X-ray counterparts vs. difference in X-ray and
optical position scaled to a lox position error with a systematic X-ray position error of 2 arcsec.
The smooth line represents the theoretical distribution. The distribution of type I AGN, which
are a class of well-accepted X-ray emitters, is plotted as a dotted line. The solid line characterises
the complete sample including type I AGN, type II AGN, galaxies, and stars. b) The lox position
error was adjusted to the observed distribution by reducing the systematic X-ray position error
from 2 arcsec to 0.7 arcsec. The complete sample agrees well with the type I AGN distribution,
which gives evidence for a marginally false match rate.

of the relevant class brighter than the counterpart. For narrow emission line counterparts
we assumed that about one-third of the field galaxies show line emission detectable in our
spectra ( ). We therefore derive the density of background objects N (< mg)
by multiplying the total number of objects < mpg in the optical catalogue by a factor 0.33.
For normal galaxies a factor of 0.67 was applied accordingly.

The total number of false matches can then be calculated by adding up all probabili-
ties Py, = 1/(1 + L) that the counterpart is spurious. Statistically, ~25% of our narrow
emission line galaxies are spurious counterparts. However, after visually examining objects
with low probabilities P, we find that in at least two cases (422A, 485A) the X-ray po-
sition given by the source detection software is influenced by blending with another X-ray
source and the counterparts are consistent with the peak of the brighter X-ray source (see
Appendix E, finding chart). Taking this into account, we estimate that the false match
rate is ~20% for the sample of type II AGN. For the optically normal galaxies the false
match rate calculated with the likelihood method is ~2%.

As a further quality check we plot the position error vs. WFI R-band magnitude. False
matches would be recognisable due to different distributions of the type I and type II coun-
terparts in this diagram. However, Fig. 3.9 shows that all object classes occupy the same
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Figure 3.9: WFI R-band magnitude vs. difference in X-ray and optical position scaled to a lox

position error with a systematic X-ray position error of 0.7 arcsec. Crosses mark type I AGN,
asterisks type II AGN, triangle galaxies, and rectangles stars.

Table 3.5: Origin of optical counterparts to XMM-Newton sources in the Marano field

Obtained optical spectra for X-ray sources 207
Positive literature classifications by ( )
and ( ) (partly reobserved) 30
New optical counterparts of ROSAT sources

( ) (partly reobserved) 14
New positive spectroscopic classifications of XMM sources 96

Total positive spectroscopic classifications of XMM sources 140

regions in the diagram. Hence, the diagram does not indicate any serious contamination
by false matches even for faint counterparts.

3.2.2 Classification summary

In total, we spectroscopically classified 140 of the optically identified X-ray sources. Details
are shown in Table 3.5. Like in other deep surveys, e.g., ( ), the majority
of the X-ray counterparts (~90%) are related to the accretion on super-massive black holes
(type I and type II AGN). Furthermore, we classified a few galaxies and stars as optical
counterparts (see Table 3.6).
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Table 3.6: X-ray counterpart distribution in the Marano field

Object class Total number Percentage
Broad emission line objects (B) 89 63%
Narrow emission line objects (N) 36 26%
Galaxies (G) 6 4%
Stars (S) 9 7%

Table 3.7: Properties of the core sample in the Marano field.

X-ray sources (tpn > 6ksec, ML > 10) 170
Optically identified X-ray counterparts 158
Spectroscopically classified optical counterparts 110

3.3 Properties of a core sample of the XMM-Newton
Marano survey

Our survey suffers somewhat from incomplete optical coverage of the X-ray survey area
and, hence, a low classification rate over the whole area. To reach conclusions for the sur-
vey of a certain statistical significance we constrain our survey area and sample size to the
central 0.28 deg? with a PN-exposure >6 ksec and significance of detection of individual
sources with M L > 10. We refer to this as the 'core sample’. See Fig. 3.3 for the definition
of the core region. Note that the maximum exposure is 35.5 ksec for the PN camera and
78 ksec for each of the MOS cameras.

The core sample contains 170 X-ray sources (ML > 10). No optical data are avail-
able for six out of the 170 X-ray sources which fall outside the WFI R-band image and
are also not covered by VLT pre-images. A further six X-ray sources from the core sam-
ple have no optical detection in the WFI R-band image in a 3ox position error circle
(0yst. = 0.7 arcsec). 122 X-ray sources are new detections, while 35 are spectroscopically
classified ROSAT X-ray sources, and 13 are optically unidentified ROSAT sources. Out
of the 140 spectroscopically classified objects in the Marano field, 110 are associated with
X-ray sources of the core sample. A summary of the properties of the core sample is given
in Table 3.7.

Figure 3.10 shows R-band magnitude histograms of the core sample X-ray sources that
were spectroscopically classified and only optically identified, respectively. The
(fx,ML)- distribution of X-ray sources in the core region is given in Fig. 3.11. The clas-
sification ratio of the core sample is 65%. In the following subsections we refer to this
sample.
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Figure 3.10: WFI R-band magnitude his-  Figure 3.11: Likelihood vs. 0.2-10keV X-ray

togram for the core sample in the XMM-
Newton Marano field survey. The solid line
represents the R-magnitude distribution of the
spectroscopically classified X-ray counterparts.
The dashed line shows the distribution of

flux of the 252 central X-ray sources (core
sample, PN-detector exposure time >6 ksec).
Crosses mark type I AGN, asterisks type II
AGN, triangle galaxies, and rectangles stars.
Dots indicate X-ray sources with no spectro-

scopic classification. The vertical line indicates
ML =10.

the optically identified but not spectroscopi-
cally classified X-ray counterparts. Six X-ray
sources, which have no counterpart within a
3ox error circle, are assigned to the bin at
R=25.

3.3.1 X-ray properties

By characterising X-ray sources using only their X-ray properties, we can reveal and
study the existence of different X-ray populations and their features. Hardness ratios
(see Sect. 3.1.1) are one of the simplest tools we can use to determine the spectral energy
distribution in the X-ray regime.

In Fig. 3.12 (HR2 vs. HR3) we only plot those X-ray sources in an X-ray colour-
colour diagram that have the HR2 error oggrs < 0.3. Different spectroscopic classes oc-
cupy different regions in this X-ray colour-colour diagram. A notable separation in type
I and type II AGN can be recognised. This result is in agreement with
( ) and ( ). Type II AGN are spread over a much broader H R2
(0.9 > HR2 > —0.6). The lowest H R2 values for type II AGN overlap with the highest
HR2 values for type I AGN. However, we do not see a large fraction of type II AGN
occupying the H R2 range typical for type I AGN, as was reported by
( ) for the XMM-Newton bright serendipitous survey. Figure 3.12 shows that H R2 is a
good indicator for intrinsic absorption. The X-ray sources with H R3 = —1.0 correspond to
non-detections in the 4.5-7.5 keV band. The objects with HR3 > 0.4 and soft H R2 values
have HR3 errors > 0.3 (small plot symbols). Therefore, it is likely that their deviation
from the typical location of sources in the HR2 — H R3 diagram is caused by statistical
fluctuations.
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Figure 3.12: X-ray diagnostic diagram based on hardness ratios. HR2 is calculated by using
the 0.5-2.0keV & 2.0-4.5keV band, HR3 2.0-4.5keV & 4.5-7.5keV. Only core sample X-ray
sources that have opre < 0.3 are plotted. Labels: crosses - 63 type I AGN, asterisks -
24 type II AGN, triangles - 4 galaxies, and open circles - 24 unidentified X-ray sources with
ML > 10. Large symbols represent objects with ogrs < 0.3, small symbols ogrs > 0.3. The
solid line with box symbols (at HR2 ~ HR3 ~ —0.5) represents an unabsorbed power-law X-ray
spectrum (corrected for Galactic absorption) with different photon index I' = 2.4 — 1.2 in steps
of 0.2 (squares). Different hydrogen column densities (Np/cm™2 = 10%°,10%2,3 x 10%2,1023,
3 x 1023,10%4; see Sect. 3.3.4) are plotted as a solid line with diamonds for I' = 2 and z = 1.

The small number of optically normal galaxies spans a large range in H R2. Two have
H R2 values that belong to the softest in the whole core sample. The other two have X-ray
spectra similar to those of soft type II AGN or very hard type I AGN.

In addition to the spectroscopically classified objects, we also plot unidentified objects
from the core region. Out of the 60 total unidentified X-ray sources, only 24 meet the
selection criterion of ogrs < 0.3. Based on the rather clear separation between type I and
IT AGN, one may assign a likely classification to the yet unidentified sources. Among the
24 unidentified sources with reliable X-ray colours, the numbers of type I and type II AGN
candidates appear to be similar.

3.3.2 Redshift distribution

Previous extensive studies of AGN in the Marano field enable us to compare these sam-
ples with our XMM-Newton detections. The optical survey by ( ) covers
~0.7 deg®. The selected quasars, which are all of type I, show an almost flat distribu-
tion in redshift (Fig. 3.13 a) up to z = 2.8. The ROSAT 0.2 deg® survey in the field
( ) recovered most of the optically selected quasars at redshifts up to
z ~ 1.4 (Fig. 3.13 b). The newly detected ROSAT AGN, with few exceptions, are type
I AGN, which is expected due to the limited capability of ROSAT to detect absorbed
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Figure 3.13: Redshift distribution of AGN in the Marano field. a) complete sample of 64 optically
selected quasars (By < 22.0) by ( ); b) ROSAT X-ray sources (29 type I AGN
by ( )); ¢) 35 type I AGN newly detected by XMM-Newton (core region); d)
redshift distribution of the core sample: dotted line: all 70 XMM-Newton detected type I AGN,
solid line: 31 XMM-Newton detected type IT AGN, and dashed line: 5 XMM-Newton detected
optically normal galaxies.

sources.
In the 0.28 deg? core region of the XMM-Newton survey we have detected 23 of the 29
broad emission line quasars of the optically selected sample of ( ). The

detection rate of optically selected quasars remains constantly high over all redshifts. How-
ever, looking at the type I AGN newly discovered with XMM-Newton (Fig. 3.13 c), it is
apparent that the X-ray selection tends to detect quasars at lower redshifts than the op-
tical surveys. This is particularly obvious from the redshift distribution of the ROSAT
detected quasars, representing the brightest X-ray sources in the field. But the mean red-
shift z ~ 1.3 of the XMM-Newton detected type I AGN is also lower than that of the
optically selected sample z ~ 1.5, despite the fact that the XMM-Newton observations are
deeper in terms of the surface density of quasars than the optical survey. Possible reasons
for these differences are discussed in Sect. 3.5.

The redshift distribution according to the object class of the XMM-Newton detected
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Figure 3.14: Observed rest-frame X-ray lumi-
nosity (0.2-10 keV) vs. redshift diagram of the
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Figure 3.15: Observed rest-frame X-ray lumi-
nosity (0.2-1keV) vs. hardness ratio. HR2 is
calculated by using 0.5-2.0keV & 2.0-4.5keV
bands. Only X-ray sources that have
oure < 0.3 are plotted. Labels: crosses - 63

type I AGN, asterisks - 24 type II AGN (grey
marked have z > 2.0), and triangles - 4 galax-
ies. The diagram separation into different re-
gions is based on ( ) with an
adjusted threshold in the H R2-value.

core sample is given in Fig. 3.13 d. We find that almost half of the new XMM-Newton
sources are classified as type II AGN with redshifts mostly below 1.0. Type I AGN ex-
tend over a wide range of redshifts with a maximum at z ~ 0.8 — 1.4. Type II AGN
are comparable to type I AGN in number density at low redshifts, but are mostly found
below z = 1. Five type II QSOs at z > 2.2 have been classified. Optically normal galaxies
without emission lines are found at z < 0.9.

3.3.3 Observed rest-frame X-ray luminosity

For the X-ray sources with measured redshifts the observed rest-frame X-ray luminosities
can be computed. The coverage of the survey in redshift — observed X-ray luminosity
space is plotted in Fig. 3.14. ( ) showed that the different object classes
identified in X-ray surveys occupy different regions in a diagram of hardness ratios versus
observed X-ray luminosities. In Fig. 3.15 we follow a scheme similar to that adopted by
( ) and consider objects with an X-ray luminosity log(Lx [erg/s]) > 44.0
as QSOs. The majority of type I AGN (~70%) are actually type I QSOs. Most of type II
AGN (~71%) are low X-ray luminosity objects. Only type II objects with redshifts z > 2.0
(marked in grey in Fig. 3.15) have X-ray luminosities of type II QSOs.
High-redshift type II QSOs with intrinsic absorption are found to be indistinguishable
from non-absorbed type I AGN on the basis of their X-ray spectral hardness ratios, since
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the absorbed part of the spectrum is shifted out of the observable spectral window towards
lower energies. This explains the emptiness of the upper right corner of Fig. 3.15 labelled
"Type IT QSO’, a classification that applies to low redshift objects only.

Optically normal galaxies show differences in their X-ray luminosity. The H R2-soft
objects have very low X-ray luminosities. The two H R2-hard normal galaxies are found
in the same region as the softest type II AGN, but are harder than type I AGN.

( ) use HR2 = —0.2 as a threshold for the separation of type I and
type II objects. Assuming a I' = 2, this value corresponds to a hydrogen column density
Ny/em™2 = 10%2,10% for z = 0.25 and 2.1, respectively. For their Chandra observation
they computed Lx in the 0.5-10keV band and their hardness ratio was based on the
0.5-2keV & 2-10keV bands. Because their definition of the X-ray bands differs from our
study, the majority of their objects have higher hardness ratios (compared to our HR2).
Furthermore, the XMM-Newton PN-detector, which was used for calculating the hardness
ratios, has a higher efficiency in the 0.5-2keV band compared to the Chandra detector.
Therefore, we lowered the H R2 threshold from HR2 = —0.2 in ( ) to
HR2 = —0.45. Our threshold corresponds to Ng/cm™2 = 0.54 x 10*2,1.7 x 10?2, and
5.4 x 10*2 for I' = 2 and z = 0.25,1, and 2.1. This is about two times lower than the Ny
cut-off ( ) were using.

3.3.4 Ny column densities and de-absorbed intrinsic X-ray lumi-
nosities

The hardness ratio diagram (Fig. 3.12) supports the view that the majority of type II
AGN and a small fraction of type I AGN are obscured sources. Hence, the observed X-ray
luminosity does not represent the intrinsic object X-ray luminosity. The significant deficit
of soft photons as compared to a power-law spectrum reflects the existence of an absorbing
component that is expressed by the hydrogen column density Ny. For most of the sources
the number of detected counts is not sufficient to extract a spectrum and fit a power-law
model with Ny and the photon index I' as free parameters. We therefore applied a tech-
nique that uses the measured hardness ratios to calculate the Ny value for each source
with a set of fixed power-law indices.

( ) found a mean value of < I' >~ 2 for 61 type I and type II AGN
in the Lockman Hole. The majority of type I and II AGN are found in the range of
[' ~ 1.7 — 2.3. The finding is confirmed by ( ). They find < T' >= 1.92
with a 0 = 0.28. Therefore, we used the observed PN-, MOS1-, and MOS2-hardness-ratios
(0.2-0.5keV, 0.5-2.0keV, 2.0-4.5keV, and 4.5-7.5keV) and performed three runs to deter-
mine Ny with the values I' = 1.7, 2.0, and 2.3 for all objects.

First of all, we computed a grid of model hardness ratios for all EPIC instruments with
Xspec ( ; using the models wabs, zwabs, and powerlaw). As input we use the
Galactic absorption along the line of sight in the field with Ny = 2.7 x 10?° cm ™2, the red-
shift of the object and a grid of hydrogen column densities (Ng = 0,
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Ny = 1020100e e;y=2" g € Ny, a = 0..100). We then computed the y? values for
the deviations of the measured hardness ratios and their model values, summed over the
three instruments and the three hardness ratios HR1, HR2, and HR3. The procedure
was applied only to those sources that had at least five out of nine hardness ratios with
oHRopsi < 0.7.

The Ny of a source is determined by finding the minimum of

9 (HRObS,i — HRmodel,i(NH>>2
C(Ny) = ] (3.5)
; O-HRgbs,i

The models are based on the photon index I' = 2. The statistical 1o errors were derived
from the range in Ny, where x? < x2,,+1 ( ). For the error calculation
we also took into account an intrinsic scatter in the photon indices. Its contribution to the
Ny error was measured by finding the minimum x? for each source in the grids calculated
using [' = 1.7 and I' = 2.3. The resulting systematic errors were quadratically added to
the statistical errors. The Ny values and the total errors are given in Table B.1. Due to
the uncertainties in the Ny determination we regard all values with Ny < 10?! ecm =2 as
consistent with unabsorbed spectra.

We tested our procedure by performing an individual Xspec Ny-fit for the brightest type
IT AGN, which have sufficient X-ray data quality. The hardness ratios of 32A (z=2.727)
indicate the highest absorption among the brightest type I AGN. A spectral fit with wabs,
zwabs, powerlaw, and I as a free parameter determined Ny,,, = (10.0 £ 3.5) x 10?? cm ™2
and I'spp = (1.740.3). The best fit Ny, for a fixed value of I' = 1.7, with the hardness-ratio
x2-minimum fit is Ny,,, = (7.5 753) x 10%2 em™2. A spectral fit with a fixed I'spp = 2.0
results in Np,,, = (13.4 & 2.5) x 10*2 ecm~2. The given Ny in Table B.1 was performed
with the hardness-ratio x?-minimum fit and finds Ny,,, = (14.5 T29) x 10*2 ecm™2. Hence,
both fit methods give comparable results, at least for high SNR sources.

Figure 3.16 shows the computed hydrogen column densities for type I and type II AGN,
as well as optically normal galaxies. As expected, the majority of type II AGN show ab-
sorption. However, 13% of the type IT objects (51A, 132A, 133A, and 607A) have absorbing
column densities Ny < 10?! cm~2. All of the type II AGN discovered by
( ) in the Lockman Hole have absorbed X-ray spectra. The values for optically normal
galaxies range from unabsorbed to moderately absorbed. Two of the unabsorbed galaxies
have low X-ray luminosities (Lx < 10*?ergs™).

The computed hydrogen column density of type II AGN object 145A is the highest in
our sample (Ng = 10%* cm™2). Since this corresponds to the highest value in the model
grid, no reliable error estimate can be given for this object. However, the extremely high
column density for this object is confirmed by the fact that it is one of the few sources
detected in the 4.5 — 7.5keV EPIC images, but it is not visible in the softer bands.

Based on the hydrogen column densities, we calculated the de-absorbed (intrinsic)
X-ray luminosities by computing a correction factor for the observed X-ray flux. Fig-
ure 3.17 shows the comparison of the absorbed (a) and de-absorbed (b) X-ray luminosity
distributions. Even after correcting the rest-frame X-ray luminosity, type II AGN have
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Figure 3.16: Calculated intrinsic hydrogen column density histogram for the Marano field core
sample. The solid line shows the distribution of type II AGN that have reasonable fits in hydrogen
column density. Objects with Ng = 0 are set to Ng = 5 x 10 cm™2. The dotted line represents
only type II AGN that show intrinsic absorption with a significance higher than 2¢ in hydrogen
column density. Optically normal galaxies are plotted as a dashed line. Dotted line - 14 type 1
AGN; solid line - 30 type II AGN; dashed line - 5 galaxies.

Table 3.8: Fractions of absorbed sources in different X-ray luminosity bins based on Fig. 3.17 c.
Only objects with Ny > 2 x ANy are selected.

43 <log(Lx |erg/s|) < 44 44 <log(Lx lerg/s]) < 45 log(Lx [erg/s|) > 45
Type [ 0% (0/19) 10% (4/42) 0% (0/8)
Type I 43% (6/14) 58% (7/12) 33% (1/3)

lower median X-ray luminosities than type I AGN, although type I and II AGN cover the
same X-ray luminosity range. Contrary to the almost flat distribution of type II AGN with
a median of Lx ~ 10* erg s7!, type I AGN show a significant peak at Lx ~ 10*4 erg s7!
in observed (absorbed) and de-absorbed intrinsic X-ray luminosity. Type I AGN 5A ex-
hibits the highest X-ray luminosity in our sample.

The hydrogen column density as a function of the intrinsic X-ray luminosity is shown in
Fig. 3.17 c. ( ) suggest labelling the region defined by Ny > 10*? ¢cm ™2
and Lx > 10*erg s~! as the “type II QSO region”. They proposed this classification based
on 61 AGN identified from XMM-Newton sources in the Lockman Hole. Following this
classification our sample includes 10 type II QSOs.

In our case this region of the plot is also populated by nine type I QSOs, which formally
have intrinsic hydrogen column densities Ny > 10?2 cm~2. However, most of these detec-
tions of intrinsic Ny have low significance; only four of all type I QSOs show absorption
at the 20 level (see Table 3.8). For about half of the type II AGN, significant intrinsic
absorption (Ny > 2 x ANy) was measured, and no dependence of the absorbed fraction
on luminosity is evident (Table 3.8).
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Figure 3.17: a) Histogram of the absorbed (observed) rest-frame X-ray luminosity (0.2-10keV)
for the core sample. Dotted line - 70 type I AGN, solid line - 30 type II AGN, and dashed
line - 5 galaxies. b) Histogram of the rest-frame X-ray luminosity (0.2-10keV) corrected for
intrinsic absorption (core sample). Same notation as in a). ¢) De-absorbed intrinsic rest-frame
X-ray luminosity (0.2-10keV) vs. hydrogen column density (core sample). Crosses - type I AGN,
asterisks - type II AGN, and triangles - galaxies. The upper right corner is suggested as being
defined as the “Type II QSO region” by ( ). Objects with Nyg = 0 are set to
Ny =5x 10" em™2.

3.3.5 X-ray-to-optical flux ratios

The ratio between X-ray flux and optical flux (fx/fopt) has been used in previous deep X-
ray surveys to characterise the various X-ray emitting classes ( ;
). To calculate fx/fo,pt values we derived optical fluxes in a band cen-
tred at 7000 A and with a width of 1000 A using the equation f,y, = 1070475759 (
). For the X-ray fluxes we used the 0.2-10keV values (see Sect. 3.1.1).
The distribution of our core sample in the (R — fx/ fopt)-plane is illustrated in Fig. 3.18.
In general, type I AGN show higher X-ray fluxes and are brighter in the R-band. Type
IT AGN are found at lower X-ray fluxes and have fainter R-band counterparts. Two of
the optically normal galaxies have X-ray-to-optical flux ratios similar to type I and type II
AGN. Another two are among the objects with lowest X-ray-to-optical flux ratios in the
sample.
Our type I and IT AGN show a large variety in X-ray flux and R-band magnitude.
They are detected at X-ray fluxes from fx ~ 2 x 1071 to 5 x 1073 ergem™2s™! and in
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Figure 3.18: Observed rest-frame X-ray flux

(0.2-10keV) vs. R-band magnitude. Dashed Figure 3.19: Colour magnitude diagram of
lines indicate the fx/fop values 0.1, 1.0, and spectroscopically classified X-ray sources. La-

10. Labels: crosses - 63 type I AGN, aster- 12)815: Cr(ﬁsef/i(}:N% tgpe .I AIGN’ zsterlisk? )
isks - 25 type II AGN, triangles - 5 galaxies, type ) o atl trl'ang e.s T % galaxies.

. Only objects with detections in both R and
rectangles - 3 stars, and circles - 21 spectro-

. . . K are included. The absence of blue, faint ob-
scopically unidentified sources (R-band lower . o . ’
limits are plotted as circles at R=24). Note jects (below the solid line) is due only to the

that for a few objects of the core sample no K-magnitude limit.

WEFI R-magnitudes were available and there-
fore these are not plotted here.

R-band magnitudes from R ~ 18 down to the detection limit of R ~ 24. There is one type
I AGN (191A) at an unusually low value fx/fopt = 0.04, a factor of 100 below the mean
value of type I AGN. The highest ratio in X-ray-to-optical flux is found for the type II
AGN object 39A with fx/fopt = 42.5.

Most of the stars are found at star-typical fx/fopt < 0.05 with R < 17. Nevertheless,
we also detected two M stars with fx/fopt ~ 1 and R ~ 21.5. Unidentified sources with
WFI R-band data are added to Fig. 3.18. We plotted unidentified objects that have no
detection in the R-band catalogue at R = 24.

3.3.6 Optical-to-near-IR colours

Figure 3.19 shows that type II AGN tend to be fainter and redder in the optical window
than type I AGN. This figure shows a general trend for both type I and type II AGN to
become redder for fainter R-magnitudes. The lack of faint blue objects can be explained
by the K-band detection limit of K=20, beyond which our sample is not complete (see
Fig. 3.7). However, the lack of bright red objects cannot be caused by any detection bias.
The type I AGN have redder R— K colours, although there is some overlap with the reddest
type I AGN in the sample. These trends can be explained by an increasing contribution
of the host galaxies for fainter type I AGN and type II AGN. The faint R-magnitudes
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Figure 3.20: Redshift distribution of the additional objects. Labels: solid line - 37 NELGs, and
dotted line - 8 optically normal galaxies.

and high R — K values indicate higher optical obscurations in type II AGN. This is in
agreement with previous X-ray studies of these objects that revealed a significantly higher
ratio of absorbed to unabsorbed objects compared to type I AGN.

In our survey type I and type II objects do not separate as clearly as seen in a similar
plot in ( ). Therefore, we checked whether the reddest and faintest type
I objects are reliably classified. The most extreme type I objects are 69A, 84A, and 585A.
Their optical spectra clearly show broad emission lines, but their continua are redder than
typical type I spectra. In addition, object 585A shows only weak emission lines.

The optically normal galaxies are brighter in R-magnitudes than the typical type II
AGN, but show similar R — K. All classified galaxies have R < 21.5. The majority of
type II AGN and galaxies have R — K > 3mag, consistent with the spectrum of the host
galaxy being the dominating component. A considerable fraction of type I AGN also have
red R — K colours. These are mostly low luminosity objects, where the host galaxy may
also dominate the optical continuum.

3.4 Additional objects

In Table F.1 (Appendix F) we list objects in the Marano field that are not related to X-ray
sources. These objects were spectroscopically investigated since slit positions on the multi-
object spectroscopy masks were still available. The random selection of these additional
objects, which follow a similar R-magnitude distribution as the sample of X-ray selected
type II objects, is useful to investigate the redshift distribution of the field galaxies in the
Marano field.

Figure 3.20 illustrates the redshift distribution of the additional non-X-ray emitting
objects in the Marano field. Narrow emission line galaxies (NELGs) outnumber normal
galaxies substantially. This is due to the fact that a large fraction of the spectra without
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emission lines did not have sufficient SNR to determine a redshift. There is a non-X-ray
emitting NELG peak at z = 0.5 — 0.9. At z > 1.0 the detection of NELGs and normal
galaxies drops dramatically.

Despite the low number of objects, from Fig. 3.20 and Fig. 3.13 d we can compare
the redshift distributions between X-ray emitting type II AGN and non-X-ray emitting
NELGs. Both populations show more or less the same distribution up to z = 1.2. The two
groups peak at z = 0.5 —0.9.

The similar redshift distributions could mean that the X-ray emitting NELGs are drawn
from the same population of galaxies as the control sample. On the other hand, the similar
redshift distribution could also be due to a large fraction of false matches of NELGs to our
X-ray sources. A detailed discussion of the number of false matches is given in Sect. 3.2.1

and shows that false matches make only a minor contribution to our sample of narrow line
AGN.

3.5 Discussion

3.5.1 Typel AGN

In Sect. 3.3.2 we showed that the X-ray selected type I AGN peak at lower redshifts than
the optically selected sample. It is interesting to see whether this difference in the red-
shift distributions is due to a redshift dependence of the QSO spectral energy distributions
(SED). As a parameter which characterises the SED, we calculated the optical to X-ray
broad band spectral index aox between the UV luminosity density at 2500 A and the X-ray
luminosity density at 1keV (see Appendix B, description of the Table B.1).

No significant correlation of apx with redshift (Fig. 3.21) or X-ray luminosity can be
found. However, there is a very significant (Pyyry < 1079) correlation of the optical lumi-
nosity and aox (Fig. 3.22). This correlation has been found in various samples observed
with Einstein ( ), ROSAT (e.g., ;

), and Chandra (e.g., ). For a large sample of optically selected
AGN, ( ) computed the bivariate linear regression coefficients of apx as
a function of log(Lep) and z. They find that aox is correlated with log(Lept), but find
no significant correlation with z (see also for similar results on
earlier Finstein data).

If apx and optical luminosity are correlated, a non-linear relation between X-ray lu-
minosity and optical luminosity is expected. Therefore, we plotted the X-ray luminosities
versus the optical luminosity densities (Fig. 3.23) and computed the linear regression coefhi-
cients between log(Lx) and 10g(l25001§)' Both variables log(Lx) and 10g(l2500/§) are measured
quantities and neither of them can be regarded as the independent or dependent variable.
We used the ordinary least-squares (OLS) bisector algorithm as described by

, which is symmetric regarding the choice of independent and dependent variable.

We find a best-fit regression log(Lx) = (0.84 + 0.08) x log(l%oog) + (19.37 £ 2.23).
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Figure 3.21: UV-to-X-ray spectral index aox
vs. redshift for type I AGN in the core sample.
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Figure 3.22: UV-to-X-ray spectral index apx
vs. optical luminosity density at 2500 A for
type I AGN in the core sample.

This slope is marginally (20 significance) flatter than the § = 1.0 expected for a linear

Lx — lopt relation. With the same method

£ =0.721 £ 0.011.

find a slightly flatter slope

A correlation flatter than § = 1 implies that the optical luminosities in the sample
are spread over a wider range of values than the X-ray luminosities. This might explain
the above-mentioned discrepancies of the redshift distributions of X-ray and optically se-
lected QSOs. The low luminosity objects are more likely to be detectable in X-rays, while
the highest luminosity objects are relatively more luminous in the optical, and therefore
detectable at higher redshifts in optical surveys.
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Figure 3.23: Observed 0.2-10keV rest-frame X-ray luminosity vs. optical luminosity density at
2500 A for type I AGN in the core sample (crosses). The solid line indicates the best-fit linear
regression with a slope 3 = 0.84. The dotted line with slope 8 = 1 marks a linear Lx — lopt

relation.
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3.5.2 Type Il AGN

Figure 3.13 d shows that most type I AGN are found at redshifts z ~ 0.5 —0.9, with a few
objects at z > 2.2. No type II objects were identified in the redshift range z ~ 1.5 — 2.2.
The interesting question is whether this redshift gap reflects the intrinsic distribution or is
due to an observational bias.

Type II AGN show only narrow emission lines and the optical continuum radiation is
dominated by the host galaxy. The spectroscopic classification of X-ray sources relies on
emission lines like Lya, C 1v, C 111, Mg 11, O 11, and others. Analysis of the optical spectra
of type IT AGN with z > 0.6 in our sample, in ( ), and in
( ) indicates that almost all objects show no Mg 11 emission lines. Only in a few cases
marginal Mg 11 emission is identified. Effectively, no strong spectral features are present
in the wavelength range between 1909 A (C 111]) and 3727 A ([O 11]).

Since the UV host galaxy continuum is usually very faint, the detection of type II
AGN in optical imaging is already hampered by the lack of a strong UV continuum and
emission lines, if the imaging band-pass falls into this rest frame range. For R-band imaging
(5800-7300 A) this is the case for the redshift range z ~ 1.0 — 2.0. Our multi-object
spectroscopy covers a useful range of ~4000 - 9000 A. This range is reduced if an object
is not centred on the mask, but offset from the centre in the dispersion direction. Hence,
in many cases only one emission line would be detectable for type II AGN in the redshift
range ~ 1.0—2.0. With a low SNR spectrum this would usually not be sufficient for a clear
spectroscopic classification. For a few sources, which were undetected or very faint in the
R-band images, we were able to position a MXU slit using the K-band counterparts (e.g.,
20A, 63A, and 463A). In all of these cases a high redshift type II AGN could be identified.

Figure 3.12 supports the assumption that a large fraction of the unidentified sources
are type II AGN. Above HR2 = —0.1 only type II AGN are found as counterparts for
classified X-ray sources. In this region 50% of the X-ray sources are not classified and
are expected to be type II AGN. Furthermore, Fig. 3.18 gives more evidence that the
unidentified sources overlap with the type II AGN region. A ratio fx/fopt > 0.5 is clearly
a sign of AGN activity, since normal galaxies and stars usually have fx/fopt < 0.05. Both
type II AGN and unidentified objects are found at AGN-typical fx/fopt, with low X-ray
fluxes and faint optical counterparts.

We conclude that the majority of the unidentified X-ray sources are likely to be type
IT AGN, most of them presumably with redshifts z > 1. Therefore, the intrinsic redshift
distribution of type II AGN is uncertain. The number of unidentified sources is sufficient
to fill the observed gap between z ~ 1.0 — 2.0.

3.5.3 X-ray bright optically normal galaxies

Five objects in the core sample have been spectroscopically classified as galaxies without
any emission lines. The soft X-ray radiation of the low X-ray luminosity galaxies (objects
120A, 241A) can be explained by a halo of X-ray emitting hot gas around elliptical galaxies
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( ; ). Three optically normal galaxies have X-ray-to-optical
flux ratios and X-ray luminosities typical of AGN. Objects of this type have been named
X-ray bright optically normal galaxies (XBONGs; ). The objects 8A,
49A, and 204A have intermediate redshifts (0.3 < z < 0.9) and fairly high X-ray lumi-
nosities (log(Lx [erg/s]) > 43), rather hard X-ray spectra, and faint optical counterparts
(R > 19). The high X-ray luminosities and fx/fopt ~ 1 indicate active nuclei. The com-
puted hydrogen column densities show moderate absorption.

The properties of our XBONGs are in agreement with other studies (

). Even though different scenarios are discussed, the nature
of XBONGS still remains unclear ( ). ( ) as-
sume that the non-detection of optical emission lines and the hard X-ray colours are due
to a heavily absorbed AGN embedded in a galaxy whose X-ray emission is due to a scat-
tered /reprocessed nuclear component. The three XBONGs do not show harder H R2 values
than type II AGN and also do not have the highest column densities of the AGN sample.
Hence, a heavily absorbed AGN without scattered/reprocessed X-ray radiation is ruled
out. Scattered or reprocessed radiation is necessary to explain the X-ray and optical ob-
servations. Following ( ), the observed X-ray luminosity of a scattered
emission by a warm reflector is only a hundredth or thousandth of the intrinsic X-ray
luminosity. For our objects with observed log(Lx [erg/s]) ~ 43 — 44, this would require
intrinsic X-ray luminosities of log(Lx [erg/s]) ~ 45 — 47, which would make them by far
the most luminous X-ray emitters in the sample.

Another possible explanation for these objects is given by ( ). They
studied three low redshift XBONGs with log(Lx [erg/s]) ~ 42 — 43 and find Ny values
similar to our sample. In their interpretation the faint emission lines of an obscured or un-
obscured AGN up to an intrinsic log(Lx [erg/s|) ~ 43 can be overwhelmed by a host galaxy
with an absolute magnitude Mg > —22. However, XBONGs 8A and 49A are not consistent
with the scenario mentioned. The AGN of 49A with an intrinsic log(Lx [erg/s]) = 43.7
should be optically too bright to be hidden by a galaxy of Mg = —21.8. Moreover,
source 8A, which is also detected as a radio source ( ), has an in-
trinsic log(Lx [erg/s]) = 43.9. Therefore, it is more X-ray luminous by almost one order
of magnitude than the examples in ( ). The absolute magnitude of
the host galaxy is Mr = —22.6, but an optically much brighter galaxy is needed to hide
the emission lines of such a powerful AGN. By adding a template type I spectrum to the
measured spectra of objects 8A and 49A, we estimated that any hidden type I AGN in
these objects would have apx values of ~0.8 or less.

Regarding the X-ray and optical colours, our XBONGs are very similar to type II
AGN. Therefore, it is likely that these sources have a narrow line type II spectrum, which
is intrinsically weak or dust absorbed and not detected above the continuum of the host
galaxy. This result is consistent with ( ), who state that more accu-
rate re-observation (high resolution data and/or better spectral coverage) of hard X-ray
emitting galaxies will reveal narrow emission lines and, therefore, their real AGN nature.

( ) also claim possible misclassification of type II AGN as XBONGs.
However, some of these objects are still classified as XBONGs after a high resolution ob-
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servation with better spectral coverage.

As for type II AGN, the observed redshift distribution of XBONGs could be due to
an observational bias. XBONGs are found with brighter R-magnitudes than typical type
IT AGN up to z = 1. But missing emission line features make them optically even more
difficult to identify than type II AGN. For a reliable classification they have to be optically
brighter, thus limiting their maximum redshift.

3.5.4 Stars

In the Marano field survey 7% of the X-ray sources are identified with Galactic stars.
As in other deep surveys, these are typically G, K, and M stars, whose X-ray emission is
caused by magnetic activity ( ). T'wo sources classified as stars have
fx/ fopt ~ 1 (Fig. 3.18), which is more typical for AGN. However, we carefully reanalysed
the X-ray colours, optical properties, and the optical image. Apart from the unusually
high fx/ fopt all existing evidence suggests M stars as reliable counterparts for both X-ray
sources.



Chapter 4

X-ray absorption in distant type 11
QSOs

In Sect. 3.5.2 we demonstrated that we successfully classified a significant number of very
rare high redshift type II QSOs by the additional use of the K-band data. This is a notable
result for an X-ray survey with only 120 ksec good observation time (exclusion of observa-
tion time with high background) and a large fraction (50%) of incomplete optical coverage.
In terms of detected high redshift type II QSOs (five objects with redshift z > 2.2),
the XMM-Newton Marano field survey is comparable to the deepest X-ray surveys per-
formed with XMM-Newton and Chandra. For example, ( ) detected in
their 1 Msec observation of the Chandra Deep Field South 13 type II QSOs with z > 2.
Their counterpart selection is based on a limiting magnitude R ~ 24.5 (turnover magnitude
minus 0.5 mag). In addition, they have a complete coverage of their ~0.05 deg? survey.
Type IT QSOs play an important role in understanding the X-ray universe. Since they
show significant absorption, type II QSOs/AGN are considered to be a main contributor
to the hard X-ray background and their existence in considerable numbers is needed for
the synthesis of the X-ray background ( ). The possible evolution of the
absorption with intrinsic luminosity and/or redshift is a matter of intensive debate and
would essentially influence the X-ray background synthesis models.
Many papers discuss the fraction of absorbed AGN as a function of luminosity and/or
redshift, and this is a highly controversial subject ( ; ;
). However, there are only a few studies (e.g. )
which investigate the evolution of column densities in type II AGN up to high red-
shift. The majority of these studies focus on the local universe, where the existence
of so-called Compton-thick objects is well known ( ;
; ). A Compton-thick object is absorbed by column densities of
Nu > 1.5x10%* cm ™2, so that at this Ny the photo-electric absorption equals the Compton-
scattering. Under these conditions only the reflected X-ray component is still observable.
There is evidence for a large fraction of Compton-thick AGN at high redshifts
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( ), but only one candidate has been claimed so far at high
redshift ( ), and even in this case the column density is quite uncertain.
Most of the X-ray sources from deep Chandra and XMM-Newton surveys are absorbed by
column densities 10* < Ny < 10%, with hard X-ray luminosities of 10** < Ly, < 10*
( : : : ). These val-
ues are typical for Compton-thin (102! < Ny < 10%*) Seyfert II galaxies at low redshifts.

The XMM-Newton Marano field survey in combination with other XMM-Newton sur-
veys offers the unique possibility to study the evolution of absorption in distant type II
QSOs with redshift, and the dependence with X-ray luminosity. Possible trends are lively
debated. The problem can only be addressed with a large number of optically secure clas-
sified type II QSOs.

The strategy followed here is to determine the counterparts to X-ray sources and anal-
yse their X-ray spectra in the case of positive classification of type I QSOs.

( ) followed an inverse approach. They selected type II QSOs from the Sloan Digi-
tal Sky Survey and checked the existence of X-ray observations in the public archives of
XMM-Newton and Chandra.

This chapter focuses on properties of type II QSOs found in medium deep surveys per-
formed by us. The study was submitted to A&A ( ). It is organised
as follows. In Sect. 4.1 I describe how I became involved in the different surveys. The
selection of the type II QSO candidate sample is given in Sect. 4.2. The study of their
X-ray and optical properties is summarised in Sect. 4.3. The X-ray data and the extraction
of the X-ray spectra are described in Sect. 4.4. Since X-ray spectra with small numbers of
counts have to be fitted, I studied different fitting and binning methods in Sect. 4.5 and
then describe the analysis of the X-ray spectra. The results are discussed in Sect. 4.6.

Unless mentioned otherwise, all errors refer to a 68% confidence interval. I assume

Hy = 70km/s/Mpc, Qy=0.3, and 2,=0.7.

4.1 The SSC XID programme

A significant part of the data studied in this chapter originates from the involvement of
the Astrophysical Institute of Potsdam (AIP) in the XID programme of the XMM-Newton
Survey Science Center (SSC). Therefore, I will briefly explain AIP’s role in the SSC and
the XID programme.

The SSC was established to take the responsibility within the XMM-Newton project in
four main areas:

e development of science analysis software for XMM-Newton

e pipeline processing of all XMM-Newton observations
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Table 4.1: Extragalactic XID programme sample parameters. The table is taken from

(2001).

Sample  Flux/ergecm=2s~!  Sky density # EPIC expected R-mag
0.5-4.5keV deg ™2 fields of counterparts

Faint >10"1° 2200 5-10 23-25

Medium > 10714 340 30-50 21-23

Bright > 10713 10 1000 17-21

e compilation of the XMM-Newton Serendipitous Source Catalogues

e follow-up/identification programme for the XMM-Newton serendipitous X-ray sky
survey: the XID programme

The SSC consortium was selected by ESA in early 1996 ( ). It is an
international collaboration involving a consortium of ten institutions in the UK, France
and Germany. The AIP is one of the institutions. Major contributions of the science
analysis software for XMM-Newton were coded at the AIP. For example, Dr. Georg Lamer
maintains the source detection software. In addition, the AIP is involved in the XID pro-
gramme.

The high throughput, large field of view, and good imaging capabilities of XMM-Newton
means that in addition to the primary target of the observation, significant numbers of
serendipitous X-ray sources are detected in each pointing. The XID programme aims to
ensure that the full potential of the XMM-Newton serendipitous source survey is achieved
for benefit of the scientific community. The programme is exclusively based on public
XMM-Newton data. The main components of the XID programme are the optical imaging
as well as the spectroscopy of well-defined samples from selected XMM-Newton fields, in
order to characterise their X-ray source population (e.g. AGN luminosity functions, ab-
sorption distribution and evolution, and the relationship between optical emission line and
X-ray spectral properties, discovery of new, rare classes of sources). The XID programme
aims to provide large enough samples to get 10 objects per sample even for minority ob-
jects which present 1% of the XMM-Newton source population. Therefore, a sample of 1000
spectroscopically classified objects is aimed for three flux ranges at high Galactic latitudes
(Table 4.1). In addition to the extragalactic survey, the SSC is also carrying out a Galactic
identification programme down to fx s 45y = 5 X 107 ¥ ergem™2s7'. The results of
the XMM-Newton Serendipitous Survey Bright Sample were published in
(2004).

The XMM-Newton Serendipitous Medium Sample is studying the flux range of the bulk
of the objects that contribute to the cosmic X-ray background. The spectroscopic classifi-
cation is provided by 'An XMM-Newton International Survey’ (AXIS,

; ) for the northern hemisphere and the *XMM-Newton-2dF W1de
angle survey’ (XWAS, ) for the southern hemisphere.
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The AXIS programme includes 1433 serendipitous sources over 4.8 deg?. The follow-up
observation were carried out at the Observatorio del Roque de los Muchachos, Canary
I[slands, Spain.

XWAS made use of the 2dF multi-fibre spectroscopic facility at the Anglo-Australian
Telescope. More than 3000 X-ray sources from 27 XMM-Newton pointings with fluxes
above fxos5-4s5kev ~ 107 ergem™2s7! and optical counterparts brighter than V' ~ 21
(identified using SuperCosmos, ) were observed. The resulting sky area
of the XMM-Newton observation was ~11deg?. I became involved in the XWAS pro-
gramme by analysing a significant fraction of the ~3000 optical follow-up spectra. 978
serendipitous X-ray sources could be spectroscopically classified. We found 641 (65.5%)
broad emission line AGN, 157 (16.1%) narrow emission line galaxies, 57 (5.8%) optically
normal galaxies, and 123 (12.6%) stars.

Compared to the XMM-Newton Marano field survey the XMM-Newton Serendipitous
Medium Sample detected a similar fraction of broad emission line AGN and optically
normal galaxies. However, it classified many more stars and fewer narrow emission line
galaxies. This result can be explained by the fact that the XMM-Newton Marano field sur-
vey is (compared to XMM-Newton Serendipitous Medium Sample) a pencil-beam survey,
with much deeper X-ray and optical observations (see Fig. 3.1). Therefore, the wide-angle
Medium sample contains more low surface density but optically bright X-ray active stars
and fewer faint narrow emission line galaxies. The redshift distributions of the latter peaks
at z = 0.3 in the XMM-Newton Serendipitous Medium Sample data and decreases signifi-
cantly towards higher redshifts. Nevertheless due to its large area, it is able to detect very
rare high redshift type II QSOs that are optically bright. The XMM-Newton Marano field
survey and the XMM-Newton Serendipitous Medium Sample are complementary X-ray
surveys, which are both able to detect type II QSOs.

4.2 Definition of the type II QSO sample

The type II QSO candidates discussed here were taken from three different X-ray sur-

veys, the XMM-Newton Marano field survey ( ), the XMM-2dF wide
angle survey (XWAS, ), and from *’An XMM-Newton International Survey’
(AXIS, , ; ). To obtain a well-defined sample

with secure optical type II classifications and X-ray counterparts I applied a two stage
process. I began with a list of 51 spectroscopically classified type II QSO candidates which
are associated with X-ray sources. All optical counterparts have z > 0.5 and observed rest-
frame X-ray luminosities (not corrected for intrinsic absorption) of log(Lx s [erg/s])> 42.5.

First, I visually inspected the optical spectra of all type II QSO candidates from all
X-ray surveys and determined the FWHM of the emission lines. The type II QSO can-
didate classification was only based on the optical spectra. ( ) provided a

formal separation criterion between type I and II objects by finding a bimodal distribution
in the Ho-FWHM with a significant dip at FWHM(Ha)=1200km/s in the SDSS spec-
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tra. The spectral resolution of the optical setup was ~1050 km/s for the Marano field
survey, ~700 km/s for XWAS, and ~300-600 km/s for AXIS. Therefore, an intrinsic line of
1200 km /s was observed with ~1250-1600 km/s. We defined emission lines with an instru-
mental resolution of FWHM < 1500km/s as narrow. Objects with broad emission lines
were rejected.

Common AGN high excitation lines such as [O 111] or [Ne V] were used to distinguish
between type II QSO candidates and normal/starburst galaxies. Objects with no high
excitation lines were also rejected.

I introduced two different categories of type II QSO candidates based on the reliability
of the type II classification. Objects that have spectra with high excitation lines and at
least one permitted AGN emission line that is detected but narrow (e.g. Lya, C1v, H3) are
marked with the optical flag 'S’ (see Table 4.2) - signifying a secure optical classification.
Their optical classification is very robust.

Objects with less secure type II classification belong to the tentative sample (optical
flag "T"). The classification as tentative object can be due to the following reasons:

e The optical spectra show narrow emission lines, common AGN high excitation lines,
but no Mg 11 emission. Only [Ne V] and [O 11] are detected in the spectra. The pres-
ence of a common AGN high excitation line ([Ne v]) without a broad Mg 11 suggests
the classification as a type II QSO candidate. However, since no other permitted
emission line is accessible, a secure type II classification cannot be established.

e Common AGN high excitation lines are narrow but show indications of underlying
broad components (optical spectra in Appendix H). These objects are likely to be
transition objects between Seyfert type II / type I.

e The signal-to-noise ratio of the H line, or its coincidence with the atmospheric band
prevents a robust determination of the FWHM and could hide a weak but broad Hf
component.

For all sources in the tentative sample we give an individual comment below Table 4.2.
After inspection of the optical spectra we were left with 14 secure objects and 12 type II
objects that belong to the tentative sample.

As a second step to setting up a well-defined type II QSO sample, I verified that the
spectroscopically classified counterpart is associated with the X-ray source. For a signif-
icant number of objects much deeper imaging data have become available subsequent to
the epoch when the spectra were obtained. For example, the XWAS optical counterparts
were originally selected from SuperCosmos optical imaging survey data (

). For the majority of the objects we now have additional, deeper imaging data in
different bands. These imaging data were obtained with the Wide-Field-Imager (WFI,
2.2m telescope at La Silla) or the Wide-Field-Camera (WFC, 2.5m Isaac Newton tele-
scope on La Palma). I visually investigated the best available imaging data (WFI, WFC,
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Figure 4.1: R-band magnitude histogram of all ~ Figure 4.2: Observed 0.5-10keV X-ray flux

22 type II QSO candidates (black) and of the  vs. R-band magnitude. Large symbols repre-

13 secure type II QSO candidates in grey. sent secure type II QSO candidates while small
symbols illustrate tentative type II QSO can-
didates. Dashed lines indicate fx/fopt values
of 0.1, 1, and 10.

SuperCosmos) for additional optical counterparts and rejected doubtful counterpart iden-
tifications. Furthermore, I computed the probability that the optical object with the
R-band magnitude mg is associated with the X-ray source. This was based on Eq. 3.4
(see Sect. 3.2.1). Most of our optical counterparts have probabilities of > 95% that they
are associated with the X-ray source. We rejected objects that have probabilities of less
than 65%. All objects in the secure sample have probabilities >83%.

After the X-ray counterpart verification our sample consists of 22 sources including 13
secure and 9 tentative objects. The separation between AGN and QSOs was made during
the determination of the de-absorbed intrinsic X-ray luminosity (see Sect. 4.5).

4.3 Properties of the type II QSO candidate sample

In Table 4.2 T summarise the observed properties of the objects. I list the name of the spec-
troscopically classified counterpart, optical coordinates, distance between spectroscopically
classified counterpart and X-ray source, the WFI- R-band magnitude (unless otherwise men-
tioned), redshift, optical flag, X-ray counterpart probability, count rate, 0.5-10keV flux,
and the Galactic absorption along the line of sight.

The objects cover a redshift range of 0.5 < 2z < 3.278. Since the lack of emission lines
in a wide optical wavelength range hampers the identification of type II objects, I only
have one type I QSO candidate in the redshift interval of z = 1 — 2. Figure 4.1 shows the
R-band magnitude histogram of the selected objects. As a simplification we consider the
r-band (SDSS) magnitude to be equal to the R-band magnitude, although we are aware
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Comments on the optical spectra of tentative objects:

Marano 32A — all narrow emission lines have underlying broad (mainly blue-shifted) components.
Marano 47A — the signal-to-noise ratio of the optical spectrum does not allow the exclusion of the
presence of a weak, broad HG emission line.

Marano 50A — Hf and [O 111] not covered by the spectrum, however, most likely a type II since no Mg 11
but [O 11] and [Ne V] emission lines.

Marano 51A — Hf and [O 111] covered by the spectrum but HS coincides with the edge of the atmospheric
A-Band. However, a strong broad Hf emission line can be ruled out and [O 11], [Ne v] emission lines are
visible.

Marano 66A — SNR of the optical spectra does not exclude the presence of a weak, broad H3Z emission
line ([O 11] and [Ne V] emission).

Marano 116A — type II object/X-ray bright optical normal galaxy (XBONG) - galaxy spectrum with
prominent [O 11] emission line, no Mg 11, very weak [O 111] emission lines, HS coincides with the edge of
the A-Band.

Marano 133A — some narrow emission lines have underlying broad, blue-shifted components.

Marano 253A — type II object/XBONG - no Mg 11 and Hf emission, weak [O 111] emission, the second
[O 111] line falls into the atmospheric A-band.

sds1b-014 — high SNR spectrum, HS and [O 111] not covered by the spectrum, however most likely a
type II since no Mg 11 but [O 11] and [Ne V] emission lines.

that shifts of 0.5 magnitude between R and r (SDSS) may occur. The majority of our
sources have 21 < R < 24. The 0.5-10keV flux in the sample ranges from
0.3 — 33 x 107 erg/s/cm?.

To calculate fx/fopt values I derived the optical fluxes in a band centred at 7000 A

with a width of 1000 A using the equation fo,, = 1070475759 ( ). X-ray
fluxes were calculated for the 0.5-10keV energy range. The R-band magnitude vs. X-ray
flux plane (Figure 4.2) clearly shows AGN activity in all selected sources, since they have
X-ray-to-optical flux ratios of fx/fopt > 0.25. In accordance with ( )
I consider objects with fx/fopt > 0.1 as AGN. Almost half of the selected type II QSO
candidates have noticeable high X-ray-to-optical flux ratios (fx/fopt > 10).
( ) mentioned that type II AGN/QSOs cluster at higher X-ray-to-optical flux ratios
than type I AGN. The majority of the spectroscopically classified type II AGN/QSOs in
the Lockman Hole also show high fx/ fopt values ( ). The observed rest-
frame 0.5-10 keV X-ray luminosities (not corrected for intrinsic absorption) of our objects
range from Lx . ~ 10% % erg/s.



4.4 XMM-Newton observations and extraction of X-ray spectra 73

4.4 XMM-Newton observations and extraction of X-
ray spectra

All data were processed with the SAS version 7.0 (Science Analysis Software,

) package and corresponding calibration files. The epchain and emchain tasks were
used for generating linearised event lists from the raw PN and MOS data. For all sources
the effects of photon pile-up was negligible.

The XMM-Newton data reduction for the Marano field survey is described in detail
in ( ). For the XWAS and AXIS sources I downloaded all available
X-ray data from the XMM-Newton archive! up to and including July 2007. Periods of
high background were excluded from the analysis of all relevant datasets in the standard
way.

Circular or box-shaped source and background regions were manually determined for all
contributing observations. Sources at large off-axis angles in the contributing observations
were not considered as follows. The largest off-axis angles were 720 arcsec for the PN and
820 arcsec for the MOS detectors, respectively. The lower PN area was a result of the
enhanced background contamination near the edges of the PN detector. Additional X-ray
sources in the background regions were masked out. The auxiliary response file (arf) was
computed for each source and observation individually. For the Marano field sources, I used
appropriately “canned” response matrices from the XMM-Newton calibration homepage”
(XMM-revolution 110 and pattern 0-12). The PN y-coordinate of an X-ray source was
determined to link the relevant PN response matrix file (rmf for single and double events,
version 6.8) to the X-ray spectrum of the source. For the XWAS and AXIS sources the
response matrix files were computed on a case-by-case basis. Where multiple X-ray spectra
of a given source were added, the mean rmf was computed as a weighted mean. For details
of the procedure see ( ). The two MOS spectra were always added to form
a single MOS spectrum.

The X-ray source of the secure type II object phl5200-001 is surrounded by diffuse
X-ray emission. For the reduction of the X-ray spectrum I used a smaller extraction radius
for the point source and the diffuse X-ray emission as the background region.

4.5 X-ray spectral analysis

The X-ray spectral analysis was performed with XSPEC ( ) version 12.3.0. Al-
though I have found a few objects with several hundreds of net PN source counts in the
0.2-8 keV range, the distribution peaks at ~40 net PN source counts. An appropriate X-ray
spectral analysis for the low count regime has to be found. Although I only refer to the net
PN counts in my simulations and in Table 4.5, the fit uses both the PN and MOS data.

Thttp://xmm.esac.esa.int /xsa
2http://xmm.esac.esa.int /external /xmm_sw_cal /calib
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Table 4.3: Set of input parameters for the simulated X-ray spectra.

Parameter value
0.2-8keV net counts 10, 40, 100, 130, 200
Redshift 1, 2,3
Column density [em=2] 0, 1021, 10?2, 1023, 10%*
Photon index I 2.0

Hence, the total number of counts used by the fit is typically twice that given in Table 4.5.

4.5.1 Defining the appropriate fit statistic and binning method

A problem notorious to X-ray astronomy is proper fitting of spectra with relatively few
counts. ( ) approached this problem for the X-ray sources in the Chandra
deep field south by running simulations for two different fitting procedures: Cash statistics
(unbinned) and classic x? statistics with a binning of 10 counts per bin (min 10). They
concluded that the unbinned Cash-statistic fits ( ) recovered the input values
better for X-ray spectra with less than 50 counts.

I carried out a much more extensive study of the fit results as a function of fit statistic
and binning method. This investigation can be used to study the error distribution of the
intrinsic column density (Ng) and to determine how many net PN counts are required to
perform free fits of Ny and photon index I' with acceptable errors in both parameters.

I assumed emission from the AGN to be described as a power law with photon index I,
modulated by Galactic foreground absorption and further intrinsic cold absorption at the
redshift of the AGN. Following ( ) and ( ) I simulated
X-ray spectra with an input value of I' = 2. All simulations included Galactic absorption
of Ny, = 2x10%* ecm™2 and considered all possible parameter combinations of Table 4.3.

The X-ray spectra were normalised to reach the desired 0.2-8 keV PN net counts with
a deviation of up to 5%. I added Poisson noise to the X-ray spectra. I used a typical rep-
resentative background file (Marano 9A). As for the real data I added MOS1 and MOS2
spectra to form a single MOS spectrum. The same source was simulated 1000 times for
each set of specific parameters.

The simulated X-ray spectra were grouped by using different binning methods
(Table 4.4). Cash and x*-statistic were applied to recover the Ny input value. The redshift
and the Galactic absorption were set to the input value. The nominal initial guess for the
intrinsic absorption was Ng = 0cm™2, but other initial guesses up to Ng = 10%* cm~2 were
tested as well. I studied the recovered Ny distribution with different fit statistics and
binning methods by analysing the number of mismatches, the peak, the shape and the sig-
nificance of Ny detection. The best fit statistic and binning method was selected by these
criteria in the given order. In summary, the most important results of our simulations are
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Table 4.4: Fit statistics and binning methods for the simulated X-ray spectra. The data were
grouped from a minimum PHA channel (corresponding to 0.2keV) to the maximum PHA channel
(corresponding to 8keV), with at least n counts per bin (abbreviated as min n) or with a fixed
number n of channels (channel n).

Fit statistic binning methods
Cash-statistic unbinned, min 1, min 2, min 3,
min 5, min 10, min 15, channel 60,
channel 120, channel 180, channel 240
x2-statistic min 10, min 15
Photon index I'  free fit, 2.0

as follows.

e With only very few exceptions the Cash-statistic with a binning of one count per bin
(min 1) recovered the input value best.

— Even at a level of 40 net PN counts the Cash-statistic with a binning of minimum
one count per bin correctly recovers more than 90% of the objects with an
intrinsic absorption of Ny ~ 10?2 — 10**cm™2 up to z = 3.5. Figure 4.3 shows
the retrieved Ny distribution for an input value of Ny = 1022 cm=2 at 2z = 2.
The variance of the recovered Ny distribution increases with redshift. However,
individual peaks clearly separate in the studied redshift range, when the intrinsic
Ny values differ by a factor of approximately 10 in hydrogen column density.
The recovered Ny distribution for an intrinsically unabsorbed source at z = 1
is shown in Fig. 4.4. Between 50-60% of all objects are correctly recovered
independent of redshift. Although not all fits converge at Ny = 0cm™2, none
of the resulting Ny values is significantly different from zero. The peak of the
misclassified absorbed objects shifts to Ny ~ 7 x 10! ecm ™2 for z = 3.

— For 10 net PN counts the fit retrieves a very broad Ny distribution for objects
with an intrinsic absorption of Ny ~ 10?2 — 10**cm=2. Independent of red-
shift the fit recovers roughly 30% of the intrinsically absorbed X-ray sources as
unabsorbed sources (Ng = 0cm™2). However, the fit does not significantly over-
estimate the Ny values. Although no absorption is recovered with a significance
above 20 due to the large errors, the fitted Ny values can be used as an estimate
for the intrinsic Ny values. An unabsorbed X-ray source is correctly recovered
by the fit in 50-60% of all cases. In 90% of the cases the fitted Ny values for an
intrinsically unabsorbed X-ray source do not exceed Ng ~ 10*2cm=2 for z = 1

and Np ~ 3 x 1022 cm™2 for z = 2.

e The unbinned Cash-statistic as used in ( ) shows the narrowest distri-
bution in Ny for most of the parameter combinations, but the peak of the recovered
distribution was found to be strongly dependent on the initial guess of Ny and weakly
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Figure 4.3: Recovered Ny distribution for an
X-ray source with 40 net PN counts at z = 2.
The input Ny = 10?2 cm™? is indicated by the
dashed line. Fit method used: fixed I' = 2,
Cash-statistic, binning: min 1; 1000 simula-
tions.
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Figure 4.4: Recovered Ny distribution of an
unabsorbed X-ray source with 40 net PN
counts at z = 1. The input Ng = Ocm™2 is
indicated by the dashed line. Ny = 0cm™2
is represented by the lowest bin. Fit method
used: fixed I' = 2, Cash-statistic, binning:
min 1; 1000 simulations.

favours Ny = 10?2 cm ™2 independent of input parameter for net PN counts less than

100.

e For a binning of min 10 or min 15 I found no difference between the Cash and
the yZ-statistic even at a level of 40 net PN counts. Only the significance of the
absorption is marginally higher for the Cash-statistic. There is also no difference
between a binning of min 10 and min 15.

e Free fits in Ny and I' are acceptable above 100 PN net counts.

The recovered

Ny-values show a narrow distribution at the input Ny value (FWHM~0.4 dex). For
all combinations of fitting and binning methods I retrieved the peak of I' ~ 2. For a

binning of minimum one count per bin (min 1) the recovered I' distribution clearly
peaks at I'=2 with FWHM~0.8 (FWHM13OCounts NO4, FWHMQOOcounts N02)

Simulations as shown in Fig. 4.3 and Fig. 4.4 are used to determine the Ny range that
belongs to 68% and 90% of all simulations. In Fig. 4.5 I show these distributions for simula-
tions at different redshifts (2=0,1,2,3,3.5) and column densities (Ng = 0,10%%,10% cm—2).
The simulations contain 40 net PN counts and so are representative of many of my sources.
The Cash-statistic with a binning of at least one count per bin is an appropriate method
to determine the column density over a wide range of redshifts. It does not significantly
overestimate the input Ny values and usually the fit recovers objects of Ny < 10?2 cm ™2

as unabsorbed X-ray sources.

~Y
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Figure 4.5: Diagnostic Ny vs. redshift plot. The plotted contours contain 68% (grey) and 90%
(black) of the simulated X-ray sources with 40 net PN counts in the 0.2-8keV band (NOTE: The
fits used more than twice as many counts since both the PN and MOS data are used). The solid
lines are the limits for intrinsically unabsorbed sources. The limits for an intrinsic absorption of

Ny = 1022 cm—2 are shown by dashed lines while dotted lines represent Ny = 1023 cm—2.

4.5.2 Modelling the X-ray spectra

Following the analysis in Sect. 4.5.1 I grouped the extracted X-ray spectra in bins of at
least one count per bin (0.2-8keV) and used the Cash-statistic to determine Ny. The
initial guess was set to Ny = 0. I corrected for Galactic absorption and performed free fits
in Ny and I" for spectra with more than 100 net PN counts. For X-ray spectra with less
than 100 net PN counts, I fixed I' = 2 and only fit Ny. In these cases I give two errors
for the value of Ny in Table 4.5. The first is the 1o error of Ny based on the fit with
fixed I' = 2, while the second takes into account the systematic shift for different photon
indices (deviation in Ny for a fixed I' = 1.7 and I" = 2.3). The observed 0.5-10keV X-ray
luminosity (not corrected for intrinsic absorption) was computed by a free fit in Ny and
I' for spectra with more than 100 PN counts. I chose again a photon index I' = 2 for
spectra with less net counts. The same criteria applied for the intrinsic 0.5-10keV X-ray
luminosity after setting Ny = 0.

Due to contamination by soft detector background I only used the 0.3-8 keV band for
the X-ray spectral analysis of X-ray source X03246_.092 (24 net PN counts in 0.3-8keV
band). The X-ray spectrum of Marano 51A was the only X-ray source that could not be
well fitted by an absorbed power law (see Appendix H). Positive residuals below 0.5 keV
and between 2-4keV remain in the fit. A fit of an absorbed power law plus a soft excess
component reproduce the X-ray data better for this object. No evidence for soft excess
was found in the X-ray spectra of the brightest objects.

Table 4.5 shows the computed values. I list the name of the spectroscopically classified
counterpart, the XMMU source name of the XMM-Newton X-ray source, the observed and
intrinsic rest-frame X-ray luminosity, the PN count number in the 0.2-8keV band, the
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column density for a fixed I' = 2, the fit quality for a fixed I' = 2, the freely fitted photon
index of the X-ray spectrum, the column density for a free fit in I' and Ny, and the quality
for the free fit (in this order).

4.5.3 Stacking of X-ray spectra

The consortium which carried out the imaging and spectroscopic classification, as well
as the analysis of the XMM-Newton Serendipitous Medium Sample distributed different
scientific tasks to the involved people. As explained in the introduction of this chapter,
I became responsible for the analysis of type II QSOs at z > 0.5. Amalia Corral from
the Instituto de Fisica de Cantabria (CSIC-UC), Santander, Spain is in charge of the
development of an X-ray stacking procedure for the consortium. The low count numbers
in the X-ray spectra of many of the sources in the XMM-Newton Serendipitous Medium
Sample do not allow the study of individual spectral features such as an iron line. Based on
the assumption that the intrinsic X-ray properties in the sample are nearly the same, a stack
of the individual spectra can reveal the presence of such a line. The implementation of the
X-ray spectra stacking requires extensive tests and modulations of the X-ray background in
order to quantify statistical effects. The code is still in its development phase. Therefore,
I sent the extracted X-ray spectra of each source directly to Amalia Corral. Since the
number of individual X-ray spectra increases the SNR in the stacked spectrum, we decided
to include all type II QSO candidates regardless of the optical flag. The assumption is
justified because the secure and tentative sample do not show differences in Fig. 4.2.

( ) explain the stacking process in detail. Here I outline the essential
components of the process. Using the best-fit parameters, unfolded spectra (eufspec in
XSPEC) from the ungrouped observed X-ray spectra (MOS and PN data) are extracted. The
unfolded spectra are corrected for Galactic foreground absorption, shifted to the rest-frame
and normalised to the same rest-frame flux in the 2-5keV band. The flux is rebinned into a
common energy grid for all spectra. The stacked spectrum is binned to a final energy grid
that contains at least 100 counts per energy bin. The final errors of the stacked spectrum
are based on Gaussian propagation of the errors in the individual spectra. To distinguish
between real spectral features and artefacts from the averaging process the underlying
continuum has to be modelled. Each source was simulated 100 times using the same model
(absorption plus power law) with the same 2-8 keV flux as observed in the real spectra. The
individual simulated X-ray continuum spectra from all different X-ray sources are stacked
exactly as the observed X-ray spectra which are used to determine the 1o and 20 contours
(68% and 95% of all simulated continuum spectra).

The 0.2-12keV final stacked spectrum contains ~5800 counts. Together with the 1o
and 20 contours the ratio of the observed spectrum to the average simulated continuum
is shown in Fig. 4.9. The stacked spectrum shows positive residuals around 6-7 keV which
are likely to correspond to the iron Ko emission line. The central region (narrow core)
has been detected at a 99% confidence level while a broad Gaussian line profile is only
found at a 95% confidence level. The line energy is 6.4703 keV with a o = 700733 eV
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and an equivalent width of EW = (1100 £ 400) eV. We suspect that the equivalent width
of the line is likely to be overestimated since the fit includes some residuals above 7keV.
We detected significant absorption in some of our type II objects and therefore expect an
iron edge at TkeV in the stacked spectrum. At the present signal-to-noise ratio this might
mimic a large equivalent width of the line.

4.6 Discussion

In Fig. 4.6 T show the fitted intrinsic Ny distribution of the sources. A column density
peak at Ny = 4 x 10?2cm ™2 is found. I revealed moderate absorption in the majority of
our objects. The significance of the absorption exceeds 20 in most of the cases (see the
confidence contours in Appendix H). Three type I objects with no X-ray absorption were
discovered, one of which is from the secure type II sample.

The determination of the intrinsic Ny also allows us to compute the de-absorbed in-
trinsic X-ray luminosity Lx . of our sources. As mentioned in the introduction of Sect. 4,
I define a type II object by the detection of narrow emission lines in the optical spectrum.
Figure 4.7 shows the intrinsic column density vs. de-absorbed intrinsic X-ray luminosity
plane. The dividing line of log(Lx,, [erg/s]) = 44 is used to distinguish between type II
AGN and QSOs. Ten type II objects from the secure sample and four tentative objects
are classified as QSOs. I detected one unabsorbed type II QSO but the object belongs to
the tentative sample. No obvious trend of absorption in type II QSOs with intrinsic X-ray
luminosity is found.

Most of the type II QSOs fall into the same region of the Ny- LXINT diagram where
previous studies have also found type II QSOs ( ;

; ). The additional crlterlon (Ng > 102 cm™2,
) makes only a small difference to our sample selection (two more
secure objects).

The Ng-redshift plane for type II QSOs and type II AGN is shown in Fig. 4.8. 1
found no obvious differences between the Ny distribution of AGN and QSOs. Although
a tentative anticorrelation of Ng vs. redshift below z < 1 and a direct correlation above
z = 1 is indicated, when all data are taken together there is no significant trend in Ny
with redshift. Considering the typical flux and column densities found for the sources, I
expect all z > 1 type II objects to be classified as QSOs. At lower redshifts ~40% of the
type IT QSO candidates are actually type IT QSOs.

Statistical fluctuations in the X-ray spectrum can lead to high values of spuriously
measured Ny values at high redshifts (e.g. ). However, Fig. 4.5 shows
that objects with intrinsic Ny of several 10?2 — 10% cm ™2 are not significantly influenced
by systematic trends in redshift. The fit method is also able to pick up much higher ab-
sorptions than found in our sources. The scatter in the mentioned Ny range at z > 2.5 is
consistent with an intrinsic absorption of Ny = 10% cm™2 for all sources.
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Figure 4.6: Intrinsic Ng distribution of all 22 ‘Figl.lre‘ 4.7:  Intrinsic Ny VS-' d.e-absorbed
type IT QSO candidates (black) and of the 13 ~ intrinsic 0.5-10keV X-ray luminosity. Large

secure type II QSO candidates in grey. symbols represent optical secure type II QSO
candidates while small symbols illustrate the

tentative sample. Open symbols indicate X-
ray sources that have less than 40 net PN
counts in the 0.2-8keV band; filled symbols
>40 net PN counts. The vertical solid line
at log(Lx,yr lerg/s]) = 44 marks the divid-
ing line between AGN and high luminosity
QSOs. Objects with log(Lx ., [erg/s]) > 44
and Ny > 10?2cm™2 (upper right corner) fall
in the “type II QSO region” as defined by

(2002).

As a further test of the impact of statistical fluctuations, I plot in Fig. 4.8 the amount
of Ny that is needed to reduce the 0.5keV flux by 30% and 50%. The 30%-line agrees
well with the 90% contours of unabsorbed sources in Fig. 4.5. Consequently even for the
sources at z > 2.5, the fitted Ny values are unlikely to be caused by statistical fluctuations.

The previous conclusions depend on not having misinterpreted Compton-thick objects
(Ng > 1.5 x 10** cm~2) as moderately absorbed objects. Increasing column densities
cause a hardening of the X-ray spectrum. This trend stops when the material becomes
optically thick to electron scattering. The X-ray spectrum of a Compton-thick source
is completely dominated by the reflection component. Their X-ray spectra show soft X-
ray radiation but with a much lower photon index (I' ~ —0.4 — 1.3, ;

; ; ; ). I simulate an
X-ray spectrum with I' = 1.0 as observed in the 3-12keV band for NGC 1068. When I fit
the spectrum with a fixed I' = 2.0, I recover values for absorption of Ny = 0.7 x 10?2 cm ™2,
Nu = 1.9 x 102 ecm™2 and Ny = 3.8 x 10%2 cm~2 for redshifts of z = 1, 2, 3 respectively.

Hence, moderately absorbed sources can be found if intrinsically Compton-thick sources
are studied. However, I am able to exclude a general misclassification of objects based on
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Figure 4.9: Stacked X-ray spectrum of all 22
type IT QSO candidates (~1900 counts in the
shown 4-8.2keV energy range). The squares
represent the ratio between the flux of the
stacked spectrum and the simulated continuum
spectrum. The dotted line shows the 1o detec-
tion error while the solid line represents the 20

detection error. The solid grey line at a ratio
of one illustrates the continuum flux.

crease in the 0.5keV flux at the given redshift,
respectively.

the following arguments.

First, I tested if the X-ray spectra are better fitted with an unabsorbed single power
law that has a low photon index I' < 1. For 15 out of 22 sources the X-ray spectra are
better fitted by a power law plus intrinsic absorption. Only three spectra (Marano 116A,
253A, X03246_092) are better reproduced by a single, hard power law, while four sources
(Marano 50A, 63A, 610A, X21516_135) can be equally well fitted with a single hard power
law or a power law with intrinsic absorption as given in Table 4.5. However, all suspicious
objects have PN net counts of <50. Simulations of a single power law with 30 net PN
counts recovered a peak at I' = 1.8 (input value I' = 2.0) with a FWHM~0.9. None of
the objects with Npx_counts > 100 has I' < 1.6. Therefore the scatter of the recovered I'
can probably explain the finding of low count spectra with typical Compton-thick photon
indices.

Secondly, the reflected component of Compton-thick sources is ~50-150 times weaker
than the de-absorbed intrinsic X-ray luminosity ( ). Hence they
are usually found at low values of fx/ fiomy ( ). For the majority of our
objects the [O 111] line is redshifted out of our spectral range. As a second best estimator
I adopt fx/ fopt rather than fx/ fiomy. Figure 4.2 shows that almost all objects have high
fx/ fopt which is inconsistent with Compton-thick objects. Only X00851_154 has a rather
low fx/fopt ratio, but the best X-ray spectral fit is a moderately absorbed power law
with [' = 1.6. In addition, the Compton-thick corrected X-ray luminosity would be ~100
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times higher than shown in Fig. 4.7. Under the assumption of Compton-thick absorption,
all studied objects would be classified as QSOs and our sample would contain the most
luminous QSOs ever studied (log(Lx, [erg/s]) ~ 47).

Another indicator of a Compton-thick object is the detection of the iron line which is
normally outshone by the direct component. Due to the reflection of the X-ray radiation
from cold material at the torus, an iron Ka fluorescence line with an equivalent width
EW 2 1keV is expected. The line has to be narrow if the reflector is the torus. Although
the EW allowing a broadened iron Ka line is 1.1keV (Sect. 4.5.3), the contribution of a
narrow component is considerably low (EW ~ 0.3keV, see Fig. 4.9). This is not consistent
with the properties of Compton-thick AGN. Therefore, I conclude that the typical AGN
in our stacked spectrum is not Compton-thick absorbed.
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Chapter 5

Conclusion

In this chapter I summarise the main conclusion of this thesis. First, I will review the results
of the XMM-Newton Marano field survey (Sect. 5.1) and then the study of absorption in
distant type IT QSOs (Sect. 5.2). Finally, I will discuss the results of the thesis in respect
to the main questions in Sect. 2 and in the context of deep X-ray surveys. An outlook is
presented in Sect. 5.4.

5.1 Conclusion for the XMM-Newton Marano field
survey

With a total of 120 ksec good observation time we detected 328 X-ray sources (ML > 5)
in the XMM-Newton Marano field survey. Among 140 spectroscopic classifications of 187
optical counterparts (with a 3ox position error and oy = 0.7 arcsec) to 202 X-ray sources,
we found 89 broad emission line AGN, 36 narrow emission line AGN, 6 galaxies, and 9
stars. In the central region of the Marano field we reached a classification completeness
of 65%. In the 1Msec Chandra Deep Field South detected 349 X-ray
sources and spectroscopically classified 44%, while the 2 Msec Chandra Deep Field North
( ) revealed 503 X-ray sources and has a spectroscopic classification ratio
of 56%.

While the redshift distribution of the optically selected QSOs in the field is basically flat
up to z =~ 3, the distribution of the XMM-Newton sources peaks at z ~ 1. Using our sample
of XMM-Newton sources classified as type I AGN, we investigated possible causes for this
tendency of deep X-ray surveys to discover faint populations at comparably low redshifts.
We found no significant correlation of the optical to X-ray SED slope apx with redshift.
As widely reported in the literature, agx is tightly correlated with optical luminosity.
A different representation of this correlation is the non-linear relation Lx(lopt). The best-

fit regression log(Lx) = 0.84 x 10g(l2500/§) + 19.36 implies that the optical luminosities in
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a typical sample are spread over a wider range than the X-ray luminosities. Therefore,
the less luminous objects of the population are more easily detected in X-rays than in
the optical. On the other hand, an increase of optical luminosity is, on average, not
accompanied by a proportional increase in X-ray luminosity. Hence, the luminous (and
more distant) objects are detected more efficiently in optical surveys.

In the core region of the field we classified 31 new type IT AGN. Most of them were found
at redshifts z < 1.5; additionally we found five high redshift type Il AGN at z > 2.2. Fifteen
objects were classified as type II QSOs with intrinsic X-ray luminosities Lx > 10* ergs1.

We showed that the optical identification of type II AGN is very difficult in the redshift
range z = 1 — 2 due to the absence of suitable emission lines in the optical window.
Therefore, their intrinsic redshift distribution remains unclear. We demonstrated that the
use of K-band data for MXU slit positioning reveals type II AGN or XBONGs that would
have likely been missed in R-band images. The X-ray selected type II AGN have a very
similar redshift distribution to non-X-ray emitting narrow emission line galaxies, which
were spectroscopically classified in the same field as a control sample.

The intrinsic hydrogen column densities, as derived from X-ray hardness ratios, show
that the fraction of intrinsically absorbed X-ray sources is much higher for type II AGN
than for type I. Nevertheless, we found a few unabsorbed type II AGN and some evidence
for absorption in high redshift type I AGN. However, due to the faintness of the sources,
the significance of absorption in the individual type I AGN is low. Furthermore, at high
redshifts statistical fluctuations in the X-ray spectrum can lead to high values of spuriously
measured Ny values (e.g., ). If we only include 20 detections of intrinsic
Ny in our analysis, only 4 absorbed type I AGN remain and no dependency of absorbed
fraction on redshift is obvious. In the Chandra data from Chandra Deep Field South

(CDFS), ( ) found hints for the increase of intrinsically absorbed fraction
with redshift. However, these data probably also suffer from the uncertainties mentioned
above. Using XMM-Newton data in the same field, ( ) found little

evidence that the absorption distribution is dependent on either intrinsic X-ray luminosity
or redshift. Our type I and type II AGN cover the same range in absorption-corrected
X-ray luminosity. However, the mean corrected X-ray luminosity is smaller for type II
AGN than for type I AGN. This result can be explained by an observational bias effect.
The survey missed a significant fraction of the X-ray luminous type II AGN at z > 1,
since their optical identification and classification is very difficult to achieve due to missing
emission lines over a wide range of the optical spectrum. The argument is supported by
Fig. 3.14 which clearly shows the so-called redshift desert for type I AGN at 1 < z < 2.
The analysis of AGN below z = 1 resulted in a very similar intrinsic absorption-corrected
X-ray luminosity distribution for type I and 1T AGN.

Three of the XMM-Newton classifications are X-ray bright optically normal galaxies
(XBONGS), which show X-ray luminosities typical for AGN, but no optical emission lines.
Their X-ray luminosities of log(Lx [erg/s]) ~ 43 — 44 are comparable to the mean type II
AGN X-ray luminosity. They do not show harder X-ray spectra and do not reveal higher
hydrogen column densities than the average type II AGN. We concluded that the objects
are very similar to type II AGN. However, their narrow emission lines were not detected,
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since they are either intrinsically weak or obscured by dust.

5.2 Conclusion for the absorption of distant type II
QSOs

We selected 51 spectroscopically classified type II objects from the XMM-Newton Marano
field survey, XWAS, and AXIS. We re-investigated the optical spectra for narrow AGN
high excitation lines, as well as verified the X-ray counterpart determination. 22 sources
met our selection criteria (13 secure classifications, 9 tentative). All sources have z > 0.5
and observed 0.5-10 keV luminosities (not corrected for intrinsic absorption) of
log(Lxegs [€rg/s]) ~ 43 — 45. The sample is not flux limited.

Since the distribution of net PN counts peaks at ~40, the X-ray spectral analysis has
to account for this very low numbers of counts. We extensively simulated and studied such
low count number X-ray spectra. A binning with at least one count per bin combined with
the Cash-statistic recovered the input values best. We proved that the method is able to
find absorption up to Ng = 10 cm=2.

However, we discovered only moderately absorbed type II QSOs. Only one QSO is
consistent with being unabsorbed but it belongs to the tentative sample. Compton-thick
sources may be detected as moderately absorbed but we can exclude this scenario for the
majority of our sources. Their values of fx/fope and the photon index I' give evidence that
we have not misclassified Compton-thick sources.

The column density distribution found by us agrees well with those in deep Chandra
and XMM-Newton surveys ( ; ;

). These authors also reported a few cases of unabsorbed type II AGN
as well as evidence for some heavily absorbed sources (Ny ~ 10?* cm™2).
( ) studied column density trends with X-ray luminosity in different redshift bins.
They classified type II AGN as all sources that do not show any emission lines with
FWHM > 2000 km/s. Independent of X-ray luminosity and redshift bins, they discovered
type II AGN with an average absorption of Ny ~ 10?3 ecm ™2, slightly above the column
density peak of our survey (Ng = 4 x 10*2cm™2). The present study of strictly classified
type I AGN/QSOs, based on the optical spectra, verified that there is no obvious trend
with redshift or X-ray luminosity.

Our results contradict studies of the local universe. ( ) and

( ) found 75% of the local, X-ray bright Seyfert II galaxies with high
absorption (Ng > 10% cm™2) and 25-45% with Ng > 10**cm™2. Either the column den-
sity properties change dramatically from the local to distant universe or the majority of
the heavily absorbed distant sources are missed in our surveys. Indeed even the most
luminous Compton-thick sources in the local universe, such as NGC 6240, could not have
been detected by our survey if they were at z = 0.4. ( ) claim that for
the most distant type IT QSO ever detected (z = 3.7), there is strong evidence for heavy or
even Compton-thick absorption. However, our survey rules out high numbers of Compton-
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thick sources with X-ray luminosities of Lx,. > 10*7 erg/s, based on the assumption that
potential Compton-thick objects at high redshifts are likely to have similar properties of
Compton-thick objects in the local universe.

In summary, the column densities in our survey show no trend in X-ray luminosity and
no clear trend in redshift. If we compare our results with studies of AGN in the local
universe, the low redshift samples contain significant fractions of heavily absorbed sources
(Ng > 10?3 ecm™2), which are not found in our sample. Our survey is biased toward very
X-ray luminous QSOs. Deeper X-ray observations are needed to detect high redshift type II
QSOs with intrinsic X-ray luminosities of Lx,, > 10** erg/s which could be Compton-thick
absorbed and have only observable X-ray luminosities of Lx .. = 10*?erg/s. Since we are
missing these sources, a dramatic evolution in column density among type II AGN/QSOs
cannot be excluded.

5.3 Conclusions of the thesis

In Sect. 2 I identified the main issues to be addressed by this thesis. Here I summarise
these main points.

We were able to spectroscopically classify 65% of the X-ray sources in the central
XMM-Newton Marano field survey. About 90% of the classified X-ray sources are pow-
ered by accretion onto super-massive black holes at different cosmic times. We therefore
confirmed the results of other much deeper X-ray surveys such as ( ),

(2002), and (2001). They showed that more than 90% of soft
(< 2keV)and 60% of the hard (2-8keV) cosmic X-ray background can be resolved into
single sources. The higher sensitivity of these surveys allows the classification of more low-
luminosity X-ray sources. Interestingly, most of the additional X-ray sources are found
at low redshifts. However, very deep X-ray surveys do not discover further X-ray source
populations than found in the XMM-Newton Marano field survey.

The X-ray and optical properties of the different X-ray source populations are spread
over a wide range for different parameters. In the optical they cover an R-band magnitude
range of R ~ 12 down to undetected in the R-band images (R ~ 24, for the XMM-Newton
Marano field survey). In terms of X-ray fluxes they extend over almost three decades
(fx = (0.16 — 54) x 107" ergem™2s71). However, the different X-ray source populations
separate in different optical and X-ray parameter spaces. Low X-ray emitting normal galax-
ies and X-ray active stars can be clearly distinguished from accretion onto super-massive
black holes (type I and type II AGN) by different combinations of parameters, such as
hardness ratio vs. X-ray luminosity and X-ray flux vs. R-band magnitude. These diagnos-
tic plots were known previously and are widely used in the literature (e.g.,

, )

The XMM-Newton Marano field survey classified a significant number of optically se-
cure type II objects over a wide range of redshifts. Type I and type II AGN are more
difficult to distinguish in their X-ray and optical properties. In general type II AGN are
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found at lower redshifts, are more absorbed in the X-ray, have slightly higher fx/fop val-
ues, and on average lower observed X-ray luminosities than type I AGN. A significant
number of exceptions exists in both populations. For example, we found type I AGN with
evidence of absorption comparable to type II AGN. We also discovered type II AGN that
are unabsorbed. There are type II AGN that have X-ray luminosities comparable to the
highest X-ray luminosities found in type I AGN and even a type I AGN with an fx/ fopt
value similar to low X-ray luminous normal galaxies that are not powered by accretion
onto super-massive black holes. In every studied X-ray and optical parameter space there
is considerable overlap between type I and type II AGN. The extreme cases such as X-ray
absorbed type I AGN (optically classified) can be explained by advanced unification mod-
els ( ), which assume a soft edge torus with optically thick clouds. Since the
X-ray emission of the AGN originates from a much smaller region in the central part of
the AGN than the optical, an optically thick cloud can absorb the X-ray emission but an
optical spectrum would reveal a regular type I AGN. However, the advanced unification
scenario fails for the observation of unabsorbed type I AGN. Most likely such observations
can be explained by different epochs of the X-ray and optical observation. The optical ob-
servation was obtained when a significant number of optically thick clouds blocked the
direct view on the central engine of the AGN. Since the clouds are expected to move, an
X-ray observation at earlier or later times can look directly on the central part and thus
finds no X-ray absorption in this optically confirmed type IT QSO. The observations of the
same X-ray flux before and after a dip in the X-ray light curve in the AGN of NGC 3227
( ) and NGC 1365 ( ) support the picture of crossing
clouds. The interpretation as varying accretion rate of the black hole is incompatible with
these data.

The wide range of overlap in different parameter spaces between type I and type I AGN
is evidence that the same physical processes are involved and a more advanced unification
model will be able to explain our observation of a large variety of AGN. The additional
use of other wavelength ranges, both deeper and more frequent X-ray observations, as well
as simultaneous optical and X-ray observations will be essential to arrive at a final answer
to the question. The significant number of exceptions in the strict type I and type II
classification scheme suspect that the same, but not yet fully understood, physical model
is acting in both X-ray source populations.

The combination of the XMM-Newton Marano field survey, the AXIS, and XWAS al-
lowed us to study one of the largest, optically very strict type IT QSO sample ever obtained.
Type IT QSOs are expected to be a main contributor to the cosmic X-ray background. In
order to analyse the X-ray spectra, I carefully studied the fit results of simulated X-ray
spectra as a function of fit statistic and binning method. The proper fitting of spectra with
relatively few counts is a notorious problem in X-ray astronomy. This thesis contains the
most extensive analysis of optically secure identifications published in that field. I only
detected moderately absorbed type II QSOs and some unabsorbed objects. Although the
importance of possible bias effects is not known completely, the absorption in distant type
IT QSOs shows no significant trend in redshift or X-ray luminosity. The moderate absorp-
tion found in these objects gives evidence that distant type II QSOs (Lx,zs > 10* ergs™1)
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are not contributing significantly to the hard cosmic X-ray background.

5.4 Outlook

ROSAT was only able to study the X-ray background up to 2keV. XMM-Newton and
Chandra gave access to the X-ray sky in an energy range of 2-12 keV by discovering a large
population of absorbed, low-luminosity, low-redshift X-ray sources. However, the under-
standing of the cosmic X-ray background peak at ~30keV is still insufficient. Synthesis
models of the cosmic X-ray background need a further large Compton-thick population,
but the observational evidence in the high-redshift universe is missing.

X-ray surveys such as the XMM-Newton Marano field survey, AXIS, and XWAS are
able to significantly improve the sample size of X-ray source populations that are thought
to contribute to the cosmic X-ray background, but are only found in low numbers in the
energy range of current X-ray missions. In chapter 4 we followed this approach and studied
the amount and evolution of absorption in type II QSOs. The moderate absorptions found
in these objects suggests that their contribution to the cosmic X-ray background peak is
overestimated.

Future satellite missions that are able to image the energy range around the peak of the
cosmic X-ray background are needed to improve our understanding. SIMBOL-X, a joint
French-Italian mission, is planned to carry the first 0.5-80 keV imaging telescope that takes
advantage of the spacecraft formation flying technology. XEUS, ESA’s X-Ray Evolving
Universe Spectrometer, is proposed to be launched in 2018 and will possibly be equipped
with an instrument sensitive in the 10-40 keV energy range. In addition, NASA is also con-
sidering to configure its future X-ray mission Constellation X with a hard X-ray telescope
(6-40keV). These missions will help to solve the question of the cosmic X-ray background
peak’s origin. Current X-ray missions find a significant decrease of the resolved fraction of
the X-ray background with higher energies ( ). Up to now there is still
room for a considerable fraction of a diffuse cosmic X-ray background above 10 keV.

In terms of the unification model XMM-Newton and Chandra helped to improve our
understanding substantially. Due to the enlarged high sensitivity energy range compared
to ROSAT, the physical processes of cold and warm absorbers, emission and absorption
lines, as well as iron lines and edges could be studied. X-ray observations offer the unique
possibility to study the immediate vicinity of the black holes. Small scale structures such
as optically thick clouds in the proximity of the accretion disk can be investigated on very
small time scales in the X-ray regime. Based on these observations more advanced unifica-
tion models have been developed that are able to explain the mismatch between optical and
X-ray observations of AGN. A precise knowledge about the statistics of mismatches and
further X-ray observations of transient objects (AGN that change their Seyfert classifica-
tion), will constrict the parameter space in the new unification models further. A detailed
understanding of the unification scheme for AGN can also influence our knowledge of the
cosmic X-ray background, since AGN are the primary contributors. To use existing X-ray
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telescopes more effectively for answering our basic questions in X-ray astronomy, theorists
and observers must improve their cooperation.

X-ray astronomy developed over the past 50 years to become one of the strongest re-
search fields in modern astronomy. In the 1950s scientists considered the Sun to be the
only detectable source in the X-ray universe. Today we recognise the potential of X-ray
missions. Comets, planets, stars, star forming regions, galaxies, active galaxy nuclei, and
galaxy clusters can be studied in the X-ray regime. With future missions such as eRosita
which will even map the distribution of the dark matter in the universe, X-ray astronomy
is still extending its importance in modern astronomy in almost every research field. The
rapid improvement of new technologies for X-ray missions and future cornerstone missions
of ESA and NASA will ensure X-ray astronomy’s remarkable significance in astronomy.
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Appendix A

X-ray source list of the
XMM-Newton Marano field

Table A.1: X-ray source list of the Marano field. The detailed explanation of the individual
columns follows the table in this Appendix.

(1) (2) (3) (4) () (6) (7) (8) (9)
ID Name CR ML oxX HRI1 HR2 HR3 Flux
XMMU J... ks 1] [arcsec] [10~ Mergs™lem 2]

1 XMMU J031549.7-551810 101.0+2.1 6918.8 0.72 0.1954+0.033 -0.61740.032 -0.52440.081 16.31
2 XMMU J031547.5-552902 296.3£6.4 7886.9 0.72 0.316+0.034 -0.681+0.030 -0.36240.087 47.85
3 XMMU J031732.8-552025 181.3+8.7 2130.2 0.77 0.788+0.066 -0.587+0.083 -0.381+0.198 29.27
4 XMMU J031334.1-552642 232.7+6.3 4202.8 0.74 -0.03740.040 -0.760+0.038 -0.67240.133 37.56
5 XMMU J031650.3-551109 51.1+2.6 1326.8 0.78 0.07540.089 -0.750£0.099 -0.9854+0.410 8.244
6 XMMU J031605.9-551538 37.0+1.3 1763.4 0.76 0.06140.053 -0.690£0.057 -0.51940.197 5.966
7 XMMU J031505.7-550942 24.6+1.0 1197.7 0.78 -0.09540.061 -0.606+0.073 -0.86440.200 3.967
8 XMMU J031456.2-552006 24.6+1.0 1025.1 0.78 0.760+0.070 -0.186+0.074 -0.28740.098 3.967
9 XMMU J031510.1-551313 21.34+0.9 1151.4 0.77 0.56440.056 -0.55440.056 -0.52040.133 3.438
10 XMMU J031328.3-551019 60.31+2.2 1627.3 0.77 0.57040.051 -0.54140.051 -0.2814+0.105 9.740
11 XMMU J031511.4-550927 24.7+1.0 1123.8 0.77 0.20640.061 -0.664+0.060 -0.616+0.187 3.984
12 XMMU J031432.4-551440 21.14+0.9 988.4 0.81 0.3254+0.057 -0.984+0.026 3.405
13 XMMU J031351.1-551837 29.3+1.4 796.3 0.81 0.04140.074 -0.70240.078 -0.18940.233 4.733
14 XMMU J031638.1-550635 33.6+1.8 T27.7 0.83 0.18440.085 -0.74040.083 -0.50440.327 5.419
15 XMMU J031552.8-550816 17.6+1.0 563.1 0.82 0.52640.087 -0.55240.091 -0.36340.200 2.847
16 XMMU J031538.3-550140 41.44+2.0 916.2 0.80 0.33240.073 -0.5754+0.072 -0.3594+0.168 6.678
17 XMMU J031528.6-551029 24.94+1.0 1053.5 0.80 0.3814+0.054 -0.69040.052 -0.44640.181 4.022
18 XMMU J031421.3-552403 18.9+1.2 403.9 0.87 0.45440.093 -0.66940.091 -0.61440.344 3.056
19 XMMU J031525.3-551827 13.240.8 460.7 0.84 0.39940.082 -0.648+0.080 -0.39340.247 2.129
20 XMMU J031621.6-551759 17.1£1.3 380.8 0.87 0.569+0.119 -0.432+0.117 -0.507+0.253 2.758
21 XMMU J031626.3-552250 19.3+1.5 314.2 0.94 0.5294+0.118 -0.7034+0.106 -0.819+0.353 3.110
22 XMMU J031519.9-550230 24.44+1.5 473.6 0.89 0.2384+0.101 -0.54040.107 -0.1284+0.223 3.936
23 XMMU J031432.3-551959 15.5+1.0 400.6 0.87 0.31340.092 -0.69140.098 -0.1184+0.273 2.499
24 XMMU J031703.7-550513 43.943.5 339.3 0.97 0.326+0.128 -0.480+£0.123 -0.669+0.228 7.091
25 XMMU J031534.9-551925 14.7+1.0 448.3 0.85 0.35240.093 -0.611£0.097 -0.608+0.254 2.373
26 XMMU J031436.1-551402 11.0£0.7 326.8 0.90 0.34040.101 -0.732£0.109 -0.2754+0.390 1.770
27 XMMU J031538.9-552219 13.1£1.0 285.5 0.92 0.29040.121 -0.862+0.124 -0.22740.801 2.116
28 XMMU J031507.7-550456 15.6£1.0 404.5 0.89 0.166+0.088 -0.70240.094 -0.71140.349 2.524
29 XMMU J031511.2-551530 11.0+0.7 448.1 0.86 0.31240.080 -1.000£0.042 1.780
30 XMMU J031659.7-551622 14.9+1.3 207.6 0.99 1.000+0.095 0.085+0.167 -0.23740.188 2.408
31 XMMU J031706.8-551948 32.0+2.6 297.5 0.97 0.65040.135 -0.25140.133 -0.5514+0.190 5.159
32 XMMU J031547.2-551755 12.5+0.9 279.1 0.88 0.908+0.090 -0.34440.098 -0.5234+0.177 2.018
33 XMMU J031319.5-551616 19.9+1.4 295.1 0.93 0.5314+0.118 -0.55140.122 -0.5664+0.277 3.212
34 XMMU J031559.3-552637 28.24+1.9 476.3 0.88 -0.24040.095 -0.6684+0.122 -0.6754+0.413 4.560
35 XMMU J031503.3-551906 9.440.7 249.8 0.90 0.9314+0.101 -0.29240.134 0.09440.166 1.513
36 XMMU J031411.5-551830 8.5£0.8 164.2 1.01 0.601+0.174 -0.459+0.160 -0.48140.319 1.365
37 XMMU J031236.3-545314 67.1+5.3 256.9 1.04 0.23340.126 -0.513£0.123 -0.54240.270 10.84
38 XMMU J031630.2-551909 21.6+1.4 414.3 0.89 0.25440.087 -0.81940.075 -0.398+0.429 3.481
39 XMMU J031339.7-550151 19.8+1.5 249.8 1.00 0.76940.122 -0.40240.122 -0.338+0.209 3.201
40 XMMU J031558.0-545549 30.9+3.1 180.8 1.12 0.4334+0.140 -0.81940.117 -0.2714+0.658 4.982
41 XMMU J031608.1-551723 8.71+0.9 151.6 1.01 0.19440.128 -0.94740.100 - 1.410
42 XMMU J031548.8-552245 12.3+1.0 216.1 0.96 0.23140.120 -0.64740.123 -0.693+0.396 1.992
43 XMMU J031332.4-551050 12.24+1.0 179.3 1.03 0.54940.102 -0.933£0.085 -1.00040.982 1.973
44 XMMU J031346.7-550031 14.1+1.4 119.6 1.18 0.366+0.154 -0.769+0.132 0.36440.325 2.279
45 XMMU J031451.5-551932 5.3£0.6 89.0 1.13 1.000+0.087 -0.301£0.168 -0.363+0.293 0.853

46 XMMU J031607.4-552322 13.2+1.2 183.7 1.07 0.0524+0.155 -0.58240.174 -0.5144+0.479 2.131
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Table A.1: X-ray source list (continued)

) ) 6) ™ ©) © Q) ® ©
ID Name CR ML ox HR1 HR2 HR3 Flux
XMMU J... [ks™1] [arcsec] [10~ *ergs™lem 2]
47 XMMU J031538.8-551043 4.54+0.5 82.4 1.12 0.925+0.124 -0.407+0.158 -0.886+0.260 0.731
48 XMMU J031458.5-545732 21.74+1.9 183.1 1.09 0.551+£0.126 -0.9254+0.093 - 3.502
49 XMMU J031638.4-552013 13.5+1.2 167.9 1.03 1.000+0.050 -0.41340.134 -0.430+0.248 2.172
50 XMMU J031410.1-551746 7.6+0.7 112.1 1.11 0.969+0.087 -0.3674+0.157 -0.11740.245 1.233
51 XMMU J031630.6-551501 10.4%+1.0 154.6 1.05 0.61740.145 -0.41140.147  -0.53040.334 1.687
52 XMMU J031451.7-545713 15.64+2.0 89.9 1.26 0.03340.209 -0.66240.231 - 2.518
53 XMMU J031358.9-551754 6.7£0.8 75.4 1.20 0.57440.185 -0.4784+0.179  -1.000+£0.487 1.078
54 XMMU J031612.7-545910 11.3+1.5 68.3 1.34 0.17540.222 -0.85240.197 0.24240.888 1.820
55 XMMU J031457.3-552027 4.61+0.6 45.0 1.31 0.421+0.203 -0.759+0.256 -0.219+0.899 0.741
56 XMMU J031250.9-551728 28.2+2.6 208.6 1.07 0.142+0.172 -0.208+0.174 -0.940+£0.192 4.559
57 XMMU J031344.2-551922 8.2£0.9 74.9 1.22 0.349+£0.179 -0.547+0.168 -0.259+0.358 1.329
58 XMMU J031301.8-552224 21.0+2.1 103.4 1.20 0.128+0.157 -0.41240.170 -0.862+0.253 3.389
59 XMMU J031339.6-551426 10.9£0.9 138.7 1.06 0.126£0.120 -0.640+0.135 0.252+0.253 1.753
60 XMMU J031426.4-551746 6.5+£0.6 97.6 1.14 0.211+£0.155 -0.468+0.165 -0.493+0.336 1.042
61 XMMU J031238.7-550232 2.9+1.1 9.6 2.26 1.00040.892 -1.000+0.643 - 0.465
62 XMMU J031442.0-545555 22.3+3.0 82.8 1.35 0.625+0.149 -0.7954+0.128 -0.043£0.495 3.595
63 XMMU J031517.1-550602 7.2£0.7 130.2 1.07 0.651+0.143 -0.398+0.132 -1.000+0.197 1.164
64 XMMU J031334.0-551021 7.3£0.9 44.9 1.43 0.240+0.187 -0.62040.182 0.128+0.361 1.179
65 XMMU J031402.2-552756 2.2+1.3 9.9 2.07 - - - 0.360
66 XMMU J031500.8-550718 4.04+0.6 51.4 1.24 0.720+0.184 -0.5854+0.167 -0.458+0.488 0.652
67 XMMU J031310.6-551312 12.0+1.1 109.4 1.09 0.232+0.153 -0.60940.154 0.062+0.323 1.945
68 XMMU J031338.2-552303 12.1+1.2 107.1 1.13 0.105+0.181 -0.56940.200 -0.183+0.442 1.954
69 XMMU J031415.4-551910 3.1+0.6 19.3 1.54 0.63940.293 -0.86740.260 0.676+0.595 0.500
70 XMMU J031620.8-550648 2.9£1.0 13.4 1.84 -0.259+0.652 - 0.95940.482 0.464
71 XMMU J031714.1-550131 17.942.5 61.4 1.45 0.64340.182 -0.8564+0.146  -0.304+£0.861 2.892
72 XMMU J031660.0-545855 4.942.1 9.5 2.38 -0.145+0.860 -1.000+0.872 - 0.787
73 XMMU J031321.3-552046 12.9+1.5 87.6 1.24 0.379+£0.155 -0.806+0.133 0.399+0.371 2.086
75 XMMU J031601.3-550516 5.6£0.7 56.6 1.25 0.391+£0.195 -0.52140.200 -0.874£0.360 0.909
76 XMMU J031549.7-550908 4.940.6 67.5 1.28 0.472+£0.179 -0.81940.170 0.177£0.655 0.798
78 XMMU J031502.2-552611 4.6+1.1 19.0 1.50 1.000+0.332 -0.561+0.316 0.263+0.505 0.748
79 XMMU J031343.7-552007 1.8+0.6 5.4 1.98 - 0.47940.739 -0.832£0.777 0.295
80 XMMU J031359.8-545716 11.7£1.8 52.1 1.45 0.156+0.257 -0.825+0.253 - 1.886
81 XMMU J031343.7-550153 12.7£1.3 98.6 1.20 0.510£0.136 -0.6254+0.132 -0.931+0.224 2.046
83 XMMU J031448.2-552231 6.5+0.8 87.9 1.16 0.417+0.142 -0.73740.148 -0.682+0.632 1.046
84 XMMU J031621.8-552038 5.8+1.1 42.0 1.41 0.979+0.154 -0.73940.275 -0.087+0.845 0.934
85 XMMU J031523.1-545919 1.440.7 6.4 2.28 -1.000+0.502 - - 0.222
86 XMMU J031345.0-551612 5.6£0.7 49.8 1.32 0.558+0.194 -0.40340.193 -1.000+0.389 0.911
87 XMMU J031454.9-551411 1.840.3 15.9 1.53 0.743+0.362 -0.4534+0.416 -1.000+0.746 0.285
88 XMMU J031316.3-550311 10.4+1.2 67.0 1.38 0.289+0.165 -0.7004+0.174 -0.29340.501 1.672
90 XMMU J031205.6-545831 17.7£2.9 35.7 1.77 -0.349+0.287 -0.52540.443 0.334+0.597 2.864
92 XMMU J031200.1-550224 22.242.8 430.8 1.47 0.492+0.210 -0.583+0.191 -0.722£0.410 3.590
94 XMMU J031530.5-552558 5.3+£0.9 33.6 1.37 -0.460£0.210  -0.098+0.367  -1.00040.708 0.856
96 XMMU J031654.4-550625 0.9£0.7 6.4 2.63 - - - 0.143
98 XMMU J031247.8-550535 14.4£1.7 79.7 1.33 0.841+£0.120 -0.550+0.148 -0.711£0.297 2.325
99 XMMU J031358.1-545510 12.5+2.1 30.5 1.66 0.358+0.256 -0.410£0.257 -0.327£0.407 2.020
100 XMMU J031243.9-551100 13.8+£1.7 63.3 1.39 0.256£0.192 -0.628+0.193 -1.000£0.496 2.233
101 XMMU J031719.1-550535 4.24+2.0 5.2 2.37 - — - 0.678
102 XMMU J031259.3-550934 4.3+1.1 12.1 2.23 1.000+£0.341 -1.000+0.256 - 0.689
104 XMMU J031647.2-551029 2.7£0.9 7.9 2.16 0.944+0.438 -0.692+0.412 - 0.430
106 XMMU J031510.1-550516 3.5£0.7 24.9 1.69 0.286+0.354 -0.40440.323 - 0.566
108 XMMU J031450.7-545541 18.1£2.6 62.5 1.51 -0.218+0.184 -1.000+0.098 2.920
111 XMMU J031505.0-552947 6.1£1.7 8.9 2.17 -0.20640.499 0.02940.584 -0.900+£0.655 0.992
115 XMMU J031712.4-551033 2.6+£1.2 6.3 2.41 - - - 0.421
116 XMMU J031620.9-551651 5.4£0.9 47.8 1.26 1.000+0.552 0.428+0.256 -0.42640.271 0.867
117 XMMU J031601.7-552819 7.9£1.3 43.4 1.54 0.352+0.288 -0.667+0.296 - 1.274
119 XMMU J031729.1-552051 12.0+5.0 7.9 2.28 - - - 1.931
120 XMMU J031313.5-550158 7.9+1.2 32.7 1.50 0.298+0.216 -1.00040.296 - 1.279
121 XMMU J031703.7-550840 4.24+1.4 15.1 1.79 0.894+0.423 -0.17440.430 - 0.685
124  XMMU J031519.5-550122 5.1+1.0 24.7 1.63 0.99740.143 -0.2114+0.262  -0.856+0.370 0.818
125 XMMU J031623.4-550326 3.9£1.4 6.6 2.02 - — - 0.622
126 XMMU J031355.9-545353 8.1£2.5 8.5 2.23 0.282+0.485 -1.000+0.490 1.000+0.745 1.305
128 XMMU J031532.9-553100 4.94+1.7 6.7 2.26 - - - 0.793
130 XMMU J031537.4-552409 4.31+0.8 28.7 1.61 0.997+0.146 -0.626+0.272 - 0.693
131 XMMU J031703.4-552500 6.0£1.5 10.9 1.96 0.549+0.357 -1.000+0.163 - 0.970
132 XMMU J031614.5-551728 4.31+0.9 27.7 1.45 0.652+0.330 -0.365+0.277 -0.290+0.519 0.686
133 XMMU J031426.4-552113 2.7£0.6 11.4 1.82 -0.339£0.354 -0.490+0.606 0.160£0.934 0.429
134 XMMU J031258.4-550235 7.2£1.2 30.9 1.60 -0.504+0.268 -0.07040.447 -0.209+0.572 1.162
135 XMMU J031315.3-552623 12.8+2.5 31.0 1.70 0.134£0.243 -0.6954+0.241 -1.000£0.701 2.065
136 XMMU J031607.7-553423 34.9+5.3 299.1 1.59 0.872+0.211 -0.56440.265 -0.023£0.522 5.629
138 XMMU J031315.2-550136 4.44+1.0 10.1 1.85 0.460£0.472 -0.037+0.405 -0.63140.491 0.704
140 XMMU J031433.1-552517 6.8+0.9 46.4 1.35 0.294+0.183 -0.7624+0.212 -0.8154+0.842 1.105
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Table A.1: X-ray source list (continued)

(1) (2) (3) (4) (5) (6) (7) (8) (9)
1D Name CR ML ox HR1 HR2 HR3 Flux
XMMU J... [ks™1] [arcsec] (10~ Mergs™lem 2]

142 XMMU J031240.2-545342 14.243.4 19.2 1.97 0.463+0.290 -0.630+0.249 -1.000£0.552 2.294
144 XMMU J031420.9-551023 2.940.5 21.6 1.68 0.597+0.260 -0.633£0.279 -0.76940.816 0.463
145 XMMU J031537.1-551713 1.3£0.3 13.7 1.71 - 1.000+0.447 -1.000£0.604 0.213
149 XMMU J031254.9-551551 13.3£1.8 60.0 1.42 0.17140.206 -0.63440.217 -0.87140.543 2.148
150 XMMU J031429.6-550605 3.7£0.6 32.8 1.43 1.00040.160 -0.814+£0.220 0.079+0.860 0.598
151 XMMU J031650.1-551059 10.3+£2.4 5.2 2.16 -0.076+0.232 -0.654£0.281 0.053£0.597 1.665
153 XMMU J031537.7-552243 3.64+0.7 18.7 1.65 0.47240.277 -0.870£0.248 - 0.583
157 XMMU J031627.9-550541 2.3+£0.7 8.6 2.42 -1.000+0.738 - - 0.369
159 XMMU J031435.7-553128 9.442.3 20.0 1.77 0.03240.640 -0.566+0.726 - 1.520
163 XMMU J031506.7-550113 2.8+£0.8 8.7 1.98 1.00040.383 -1.000£0.249 - 0.451
164 XMMU J031326.5-550906 3.240.8 11.9 1.88 0.95140.447 -0.715+0.517 0.617+0.674 0.514
165 XMMU J031532.4-551649 1.01+0.4 7.0 1.93 -0.027+0.636 -0.53140.757 0.161
166 XMMU J031456.0-551811 2.0+£0.4 11.6 1.68 1.00040.607 0.135+0.318 -0.296+0.388 0.327
171 XMMU J031351.2-550257 5.840.8 46.7 1.40 1.00040.128 0.162+0.222 -1.000+0.119 0.942
172 XMMU J031624.4-551905 5.940.8 57.5 1.30 0.71940.186 -0.583+0.193 -0.4254+0.494 0.959
175 XMMU J031541.5-553019 11.7+£2.4 22.7 1.77 0.71140.245 -1.00040.244 - 1.887
178 XMMU J031455.2-545745 7.1+1.5 12.2 2.08 0.32340.208 -0.75240.175 -1.000+0.680 1.146
183 XMMU J031246.1-550523 8.5+1.5 25.3 1.61 0.668+0.219 -0.482+0.236 -0.758+0.370 1.376
184 XMMU J031425.7-552641 3.7+1.1 12.9 1.90 — 0.596£0.559 -0.663+0.523 0.603
185 XMMU J031650.8-552225 7.7£1.4 33.8 1.50 1.000+0.202 -0.45640.220 -0.96140.421 1.245
189 XMMU J031326.4-550121 2.61+0.9 8.9 2.12 -0.57440.482 - - 0.425
191 XMMU J031438.7-552005 2.940.5 24.9 1.55 0.105+0.549 0.308+0.409 -0.77240.419 0.469
195 XMMU J031522.2-552750 4.7£1.0 16.7 1.70 0.11540.435 0.196+0.371 -0.628+0.439 0.765
196 XMMU J031455.9-550046 5.3£1.0 24.6 1.96 0.128+0.244 -0.777£0.263 - 0.850
197 XMMU J031428.2-551933 2.5+£0.5 16.2 1.67 1.0004-0.440 0.565+0.343 -0.089+0.284 0.406
204 XMMU J031424.8-550204 3.5£0.8 12.1 1.99 0.583£0.510 -0.32140.472 -0.02240.649 0.558
205 XMMU J031319.1-552511 11.94£2.0 43.2 1.69 0.32540.256 -0.637£0.252 -1.000+0.671 1.919
209 XMMU J031602.3-550248 4.740.8 23.0 1.54 0.34940.259 -0.493£0.290 -1.000+0.390 0.756
217 XMMU J031419.4-551641 1.840.5 5.6 2.15 1.00040.247 -1.000£0.271 1.00040.473 0.286
218 XMMU J031405.6-545538 8.14+2.3 11.1 2.04 0.10240.426 -0.562+40.384 - 1.305
219 XMMU J031308.2-551905 14.7+£1.7 82.0 1.30 0.84440.170 -0.382+40.160 -0.31040.283 2.370
220 XMMU J031550.3-550144 5.3+1.1 19.7 1.85 0.36240.261 -0.857+0.229 - 0.863
221 XMMU J031449.1-551433 2.61+0.4 29.1 1.39 - 0.906+0.217 -0.16440.235 0.417
222 XMMU J031644.2-552006 3.14+0.9 8.0 2.08 -0.4454+0.704 0.636+0.485 -1.00040.343 0.504
223 XMMU J031647.7-551409 7.2+1.1 40.3 1.41 0.69440.178 -0.43940.177 -0.076+0.326 1.156
224 XMMU J031304.9-551606 8.94+1.2 55.4 1.52 — 0.827+0.228 -0.2074+0.219 1.443
225 XMMU J031332.1-550044 7.7+1.2 29.5 1.61 1.00040.074 -0.15140.213 -0.39440.292 1.239
226 XMMU J031649.7-552508 7.TE£1.7 15.7 2.00 0.718+0.280 -1.000£0.156 — 1.243
229 XMMU J031606.1-551443 1.74+0.6 5.4 2.03 -0.858+0.848 0.891+0.659 -1.000+0.547 0.268
232 XMMU J031441.9-550816 4.7£0.6 53.3 1.21 0.563+0.210 -0.563£0.198 0.39340.266 0.756
236 XMMU J031332.1-545912 4.8+1.2 9.5 1.97 0.92440.442 -0.543+0.482 0.20240.777 0.769
237 XMMU J031431.9-553401 22.7+6.1 23.3 1.87 0.790£0.259 -0.356+0.319 -0.4134+0.510 3.667
241 XMMU J031322.0-551350 5.8+£0.9 30.9 1.59 0.653+0.214 -0.893+0.134 0.468+0.583 0.933
242 XMMU J031604.3-550716 4.140.7 36.6 1.47 0.42340.257 -0.405+0.275 -0.76140.470 0.668
246 XMMU J031357.0-550108 4.44+1.0 13.2 2.50 1.00040.199 -0.612+0.279 -0.0914+0.640 0.708
247 XMMU J031439.0-551441 1.61+0.4 9.2 1.86 1.000+0.521 0.268+0.574 -1.000+0.434 0.263
248 XMMU J031629.7-551702 5.94£0.9 49.4 1.40 0.430+0.399 0.319+0.241 -0.44240.281 0.951
251 XMMU J031434.6-552712 3.94£0.9 17.4 1.76 0.75540.365 -0.682+40.453 - 0.626
253 XMMU J031438.2-550648 2.61+0.5 16.6 1.65 - 1.000+0.372 -0.256+0.312 0.417
255 XMMU J031446.2-550948 2.240.4 12.4 1.58 0.307£0.260 -0.51240.297 - 0.359
256 XMMU J031445.7-551957 2.04+0.5 8.5 1.86 0.72740.324 -0.26940.351 -0.3844+0.576 0.327
264 XMMU J031643.2-552924 14.5+£2.5 30.7 1.68 0.41140.270 -0.70440.271 -1.00040.943 2.338
265 XMMU J031336.6-550018 3.5£1.0 8.7 2.01 1.00040.379 -0.646+0.322 - 0.572
267 XMMU J031422.9-551708 2.9+0.5 18.9 1.61 0.566+0.336 -0.209+0.311 -0.043+0.380 0.474
268 XMMU J031624.0-551520 3.8£0.7 26.3 1.56 0.33240.354 -0.214+£0.328 -1.000+0.578 0.609
272 XMMU J031650.4-551732 3.3£0.9 9.5 2.33 - 0.838+0.328 -0.607+0.431 0.530
275 XMMU J031534.3-552249 3.240.6 21.7 1.50 1.00040.323 -0.233£0.285 -1.000+0.742 0.519
280 XMMU J031324.8-551118 4.0£0.8 12.5 1.71 0.62240.474 0.160£0.328 -0.568+0.336 0.642
281 XMMU J031557.9-550601 2.7£0.6 12.2 1.74 — 0.568+0.338 -0.847+0.323 0.438
282 XMMU J031530.4-552509 3.0£0.7 13.4 1.78 -0.14240.354 -0.706£0.455 - 0.491
286 XMMU J031207.3-550932 13.7£2.5 29.6 2.06 0.68440.392 -1.000+0.195 - 2.208
290 XMMU J031201.9-550729 20.24+2.8 57.0 1.41 -0.10440.239 -0.383£0.323 -0.756+0.428 3.257
292 XMMU J031449.4-545817 14.1£2.1 75.1 1.40 0.930+0.159 -0.549+0.189 -1.000+0.525 2.272
298 XMMU J031549.8-550248 3.1£0.8 6.6 2.17 -0.49040.474 -0.569+40.853 0.75240.504 0.493
300 XMMU J031501.6-551413 1.240.3 5.7 2.04 0.666+0.399 -0.87240.351 - 0.187
305 XMMU J031434.4-551502 1.940.5 6.2 2.10 0.57940.161 -0.80740.142 -1.000+0.676 0.306
306 XMMU J031417.7-550748 1.74£0.5 5.5 1.93 1.00040.594 -0.34240.645 0.646+0.389 0.279
308 XMMU J031318.0-551551 4.241.1 8.3 2.29 0.41040.257 -0.47340.288 -0.72040.451 0.675
309 XMMU J031709.8-550750 4.941.5 9.7 2.12 1.0004+0.293 -0.32940.574 -1.00040.747 0.797
310 XMMU J031458.4-551323 1.440.4 6.6 1.90 0.2664+0.511 -0.2234+0.504  -1.00040.525 0.218
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Table A.1: X-ray source list (continued)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
ID Name CR ML ox HR1 HR2 HR3 Flux
XMMU J... [ks—1] [arcsec] [10~ Mergs™lem—?]

311 XMMU J031630.2-551103 2.440.7 7.1 2.00 - — -0.01840.526 0.380
313 XMMU J031607.1-552522 4.6+1.2 8.5 1.99 1.000+0.237 -0.28440.507 -0.025+0.679 0.748
317 XMMU J031333.2-550322 4.5+0.9 17.9 2.13 1.000+0.682 0.683+0.249 -0.805+0.242 0.721
318 XMMU J031449.2-545941 4.2+41.2 9.4 2.32 0.615+0.490 -1.00040.453 - 0.677
321 XMMU J031422.9-550842 1.74£0.4 7.4 2.03 0.406+0.439 -1.00040.191 - 0.272
325 XMMU J031443.4-552029 3.6+0.7 16.3 1.59 0.498+0.269 -0.3461+0.266 0.085+0.360 0.574
332 XMMU J031402.0-552720 7.1+1.5 17.0 1.80 0.332+0.266 -0.6651+0.279 -1.00040.706 1.139
334 XMMU J031631.7-551228 6.4+1.0 73.4 1.29 0.844+0.154 -0.76140.141 -0.262+0.654 1.032
335 XMMU J031357.2-550432 2.6+£0.7 7.7 1.95 1.00040.421 -0.14740.350 -1.000£0.677 0.415
338 XMMU J031227.1-551221 10.2+2.4 13.3 1.91 0.040+£0.380 -0.29040.406 -1.000£0.586 1.647
339 XMMU J031432.3-552927 6.0+1.4 9.8 2.42 -0.32140.359 0.27140.385 -1.000£0.665 0.964
345 XMMU J031316.7-552239 13.3£1.7 63.6 1.33 0.103£0.172 -0.4574+0.192 -1.000£0.632 2.153
346 XMMU J031633.5-550412 2.940.8 17.0 2.13 - - - 0.462
349 XMMU J031541.0-552227 4.1£0.9 14.9 1.75 0.635+0.231 -0.5404+0.210 0.145+0.352 0.655
355 XMMU J031517.8-545953 6.1+1.3 13.2 2.13 0.156+0.463 0.34040.317 -0.38240.340 0.979
356 XMMU J031519.6-552333 2.240.7 5.7 2.06 -1.00040.523 — -0.30540.894 0.349
360 XMMU J031312.0-551718 5.5+1.3 15.6 1.79 1.000+0.931 -0.096+0.459 -0.207£0.585 0.881
361 XMMU J031314.6-550320 5.5+1.1 12.4 1.93 0.254£0.427 0.069+0.362 -0.210£0.372 0.882
364 XMMU J031412.3-552555 6.7+1.0 29.9 1.64 0.379£0.196 -0.61140.204 -1.000£0.530 1.077
365 XMMU J031526.1-551937 2.5+0.6 7.3 2.37 0.746+0.381 -0.05240.345 -0.068+0.417 0.401
367 XMMU J031635.1-550352 11.442.2 50.7 1.87 0.825+0.226 -0.455+0.243 -0.26340.430 1.848
371 XMMU J031620.5-550330 3.5+0.9 13.1 1.94 - 1.000+0.734 0.341+40.401 0.561
373 XMMU J031502.6-550508 2.31+0.6 6.5 2.00 -0.26440.417 0.06140.488 -0.23740.555 0.373
375 XMMU J031447.2-553258 15.243.3 19.6 2.06 0.602+0.376 -1.000+0.515 1.000+0.575 2.459
376 XMMU J031717.8-551948 5.1+1.5 12.9 1.96 0.659+0.487 -0.22940.534 - 0.819
377 XMMU J031653.3-550838 4.6+1.1 18.4 1.74 0.479+0.358 -0.52540.361 -0.44240.755 0.743
380 XMMU J031449.7-552336 2.1+£0.7 5.0 2.24 1.00040.312 -1.000+0.486 - 0.335
381 XMMU J031644.6-552707 25.5+2.8 162.7 1.15 0.386+0.159 -0.698+0.158 0.220£0.358 4.112
382 XMMU J031247.4-551653 8.9+1.8 28.2 1.89 0.848+0.270 -0.92740.167 1.445
385 XMMU J031318.2-550537 5.61+1.0 24.9 1.57 0.844+0.364 0.346+0.239 -0.369+0.247 0.910
388 XMMU J031401.2-545957 100.74+5.8 775.3 0.71 0.128+0.063 -0.65240.060 -0.28440.162 16.26
389 XMMU J031539.0-550336 2.5+0.7 7.3 1.96 0.710+0.326 -0.35240.349 -0.90440.570 0.399
397 XMMU J031638.3-545924 15.7£2.5 57.8 1.50 0.560+0.235 -0.5064+0.228 -0.60340.441 2.529
403 XMMU J031225.8-550554 18.6+2.2 67.9 1.41 0.151+0.182 -0.4484+0.187 -0.73040.309 3.005
408 XMMU J031554.2-551004 2.34+0.5 7.9 1.85 1.000+0.214 -0.051+0.327 -0.129+0.376 0.365
410 XMMU J031502.0-552742 4.1+1.1 5.8 2.17 0.146+0.623 -0.383+0.684 0.204+£0.830 0.662
412 XMMU J031218.4-550648 7.0+1.9 6.9 2.72 0.623£0.300 -1.000+0.137 - 1.134
413 XMMU J031723.0-550222 9.5+2.4 14.0 2.20 0.187+0.796 0.50240.448 -0.79940.401 1.526
421 XMMU J031431.3-550943 1.9+0.4 10.1 2.21 0.842+40.241 -1.00040.238 - 0.304
422 XMMU J031531.6-551049 2.31+0.4 14.5 1.80 0.520+0.452 0.22940.283 -0.92340.295 0.371
431 XMMU J031540.9-545649 6.6+1.3 16.1 1.84 0.706+0.284 -0.5314+0.254 -1.00040.426 1.060
433 XMMU J031436.4-552739 3.7£1.0 7.6 2.33 - 0.93340.255 -0.76240.330 0.595
437 XMMU J031534.0-550259 3.6+0.7 14.9 1.64 0.645+0.221 -0.609+0.236 -1.000£0.440 0.582
438 XMMU J031521.8-552338 2.1+£0.6 6.2 2.22 0.223+0.412 -1.00040.181 1.00040.318 0.340
444 XMMU J031318.1-550600 3.940.9 11.5 1.95 1.00040.999 0.61740.307 -0.358+0.276 0.628
447 XMMU J031448.7-550037 3.6+1.0 6.4 2.71 0.64140.401 -0.3554+0.362 -1.000£0.732 0.587
449 XMMU J031543.3-550742 2.240.6 6.4 2.40 -0.02240.395 -0.065+0.412 -1.000£0.655 0.357
452 XMMU J031618.2-545649 11.0£2.2 23.9 1.77 0.545+0.220 -0.5954+0.205 -0.92140.578 1.781
453 XMMU J031323.6-550445 3.9+1.0 5.2 2.46 1.0004+0.160 0.01940.339 -0.77340.395 0.635
456 XMMU J031632.5-552743 7.5+1.7 15.3 1.85 0.464+0.272 -1.00040.100 1.000+0.257 1.218
460 XMMU J031342.7-550700 5.440.8 36.6 1.44 0.410£0.190 -0.9824+0.124 - 0.872
461 XMMU J031714.5-551252 4.2+1.6 6.1 2.29 - 1.000+0.285 -0.40740.440 0.675
462 XMMU J031506.2-551626 1.9140.4 9.2 1.79 1.000+0.587 0.165+0.269 -0.384+£0.343 0.301
463 XMMU J031625.3-550839 3.14+0.8 18.8 1.61 0.979+0.305 -0.59240.441 - 0.506
464 XMMU J031250.3-550430 4.9+41.2 11.4 2.05 0.083+0.378 -1.000+0.865 - 0.791
468 XMMU J031253.7-551005 9.3+1.4 82.7 1.29 -0.98440.057 — - 1.506
470 XMMU J031521.4-552123 3.0+0.6 15.0 1.69 1.00040.186 -0.038+0.259 -0.67540.414 0.477
473 XMMU J031532.5-551116 1.3+0.4 5.3 3.35 1.00040.523 0.03940.347 -1.00040.163 0.216
475 XMMU J031352.3-550347 3.6+0.8 10.9 2.05 0.245+0.323 -1.00040.206 1.00040.677 0.586
479 XMMU J031600.2-545812 4.5+1.4 8.2 2.13 0.829+40.281 -0.43740.298 -0.84840.639 0.729
480 XMMU J031653.5-551234 4.8+1.2 11.1 2.30 0.667+0.354 0.04140.285 -0.604+0.408 0.777
481 XMMU J031535.4-551616 2.0£0.4 12.3 1.69 0.959+0.599 0.07540.463 0.291+0.326 0.319
483 XMMU J031405.7-550708 4.14+0.9 15.6 1.60 0.309+0.353 -0.26740.334 -1.000£0.539 0.670
485 XMMU J031527.4-551618 1.4+0.4 5.6 1.95 0.65240.587 0.071£0.426 0.229
489 XMMU J031452.6-550054 3.5+£0.9 5.0 2.36 -0.004+0.274 -0.6114+0.329 -1.000£0.842 0.563
496 XMMU J031245.3-551648 10.242.1 21.8 1.84 0.189+40.281 -0.850+0.212 - 1.649
497 XMMU J031457.7-550934 1.74£0.4 7.0 1.92 0.357+0.317 -0.8414+0.305 - 0.267
498 XMMU J031506.3-551400 1.6+0.4 6.1 2.41 -0.09140.317 -1.00040.467 - 0.264
500 XMMU J031642.0-552839 6.3£1.8 5.4 2.37 1.000+0.469 0.3534+0.368 -1.00040.232 1.025
501 XMMU J031355.0-545622 6.3+1.7 7.5 2.57 0.325+0.345 -1.000+0.170 1.000+0.516 1.018
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Table A.1: X-ray source list (continued)

(1) (2) (3) (4) (5) (6) (7) (8) (9)
1D Name CR ML ox HR1 HR2 HR3 Flux
XMMU J... [ks™1] [arcsec] (10~ ergs™tcm ™2

505 ~ XMMU J031539.6-550801 2.6+0.6 8.5 1.76 0.026+0.294 -0.4354+0.341  -0.052£0.573 0.416
511 XMMU J031528.1-551313 1.84+0.4 11.0 1.65 0.18140.285 -0.75840.363 - 0.299
512  XMMU J031348.4-551309 5.2+0.7 38.6 1.63 0.69240.309 -0.2304+0.260  -0.85240.399 0.839
513 XMMU J031445.6-550016 5.3£1.0 24.5 1.57 0.814+£0.220 -0.95140.186 0.900£0.368 0.854
514 XMMU J031343.5-552901 5.8£2.0 7.8 2.17 0.590£0.447 -0.58540.420 -0.011£0.885 0.943
516 XMMU J031213.8-551252 7.8£3.0 5.9 2.54 1.00040.231 -0.55640.308 -1.000£0.610 1.264
518 XMMU J031457.2-552924 6.8+£1.1 33.9 1.49 0.672+0.294 -1.000£0.093 - 1.093
524 XMMU J031314.1-550419 7.6+1.1 50.6 1.34 0.681+0.274 -0.03240.206 -0.140£0.228 1.222
526 XMMU J031428.6-553307 8.9£2.7 9.2 2.03 0.120£0.511 -0.1584+0.472 - 1.443
528 XMMU J031711.5-551228 6.2+£1.5 32.3 1.65 -0.453+0.357 -0.2364+0.594 - 0.998
531 XMMU J031338.3-550352 20.1+1.8 241.9 1.01 0.18340.123 -0.52740.122 -0.453+0.270 3.244
532 XMMU J031521.7-545544 6.3+£1.5 10.0 2.26 1.00040.228 -0.235+0.298 -0.70140.465 1.015
535 XMMU J031653.5-551154 3.4£1.0 10.0 2.00 0.294+40.371 -0.786+0.430 - 0.554
536 XMMU J031450.3-550410 1.440.5 6.9 2.29 -0.07240.688 - - 0.223
541 XMMU J031700.8-552131 3.5+1.2 13.7 2.18 - - - 0.561
543 XMMU J031250.3-551100 3.4+1.4 6.4 2.16 - - -0.03240.689 0.552
544  XMMU J031528.7-552650 3.0+0.9 5.5 2.34 0.09440.316 -0.82540.454 - 0.489
547  XMMU J031527.0-550257 3.2+0.8 9.2 1.80 1.000£0.433 -0.85740.397 - 0.510
550  XMMU J031648.5-552105 2.3+0.9 9.6 2.32 - - 1.000£0.236 0.375
551 XMMU J031243.0-551159 6.5£1.5 11.0 2.11 0.507+0.317 -0.904+0.224 0.805+0.442 1.044
557 XMMU J031441.6-552138 1.6+0.5 5.2 2.30 -0.074£0.392 -1.000+0.265 - 0.254
559 XMMU J031617.3-551428 5.2£0.8 37.0 1.51 0.131£0.200 -0.75340.240 -0.49240.925 0.832
566 XMMU J031653.3-552155 3.0£1.0 6.7 2.81 - 0.500+0.638 -0.39240.672 0.487
570 XMMU J031309.8-551224 3.7£1.0 5.4 2.17 0.208+0.690 -1.00040.493 - 0.605
572 XMMU J031249.6-551539 4.4+1.2 7.8 2.37 -1.000£0.723 - - 0.718
579 XMMU J031547.2-551419 1.74£0.4 6.8 1.94 0.52540.270 -0.84740.237 - 0.282
582 XMMU J031630.6-551130 4.84+0.9 18.3 1.78 0.205+0.220 -0.5854+0.238 -0.658+0.603 0.768
584 XMMU J031652.3-553000 9.3£3.0 6.2 2.16 0.262+0.555 -1.00040.388 - 1.497
585 XMMU J031309.2-551142 10.4+1.3 74.1 1.37 0.54240.150 -0.91940.111 1.679
593 XMMU J031511.3-551202 2.0£0.4 12.5 1.83 0.57240.222 -0.87840.181 - 0.327
595 XMMU J031405.8-550909 2.7£0.7 5.7 2.27 0.565+0.353 -0.41040.350 -0.42140.668 0.433
596 XMMU J031707.0-551915 8.4+1.6 20.0 1.59 0.361+0.233 -0.7394+0.225 0.014+0.677 1.353
597 XMMU J031454.5-545810 10.3+1.6 57.6 1.40 0.480+0.214 -0.8214+0.155 -1.00040.768 1.662
607 XMMU J031651.3-551306 7.7+1.2 39.9 1.47 -0.21840.221 -0.468+0.319 0.04240.511 1.248
608  XMMU J031349.8-551259 4.34+0.7 28.4 1.36 0.45640.197 -0.5574+0.205  -0.099+0.424 0.691
610  XMMU J031552.0-551222 3.6+0.6 39.7 1.39 0.42640.404 0.30240.262 -0.53840.289 0.584
611 XMMU J031335.8-545657 17.942.3 80.3 1.27 0.10340.165 -0.8224+0.151  -0.638+0.785 2.893
615 XMMU J031459.8-550356 5.5£0.7 52.0 1.34 0.036+0.233 -0.1784+0.265 -0.629+0.363 0.891
616 XMMU J031246.4-545947 12.8+1.9 47.8 1.46 0.458+0.246 -0.60440.226 -0.173£0.495 2.061
618 XMMU J031521.6-550349 3.1£0.9 8.3 2.67 0.464+0.425 -0.66610.383 - 0.502
621 XMMU J031529.7-550022 2.1£0.8 11.8 2.15 - - 1.00040.717 0.336
627 XMMU J031523.9-550408 2.3+£0.6 7.1 2.43 1.00040.306 -0.805+0.235 - 0.372
630 XMMU J031625.0-551122 1.540.8 9.1 2.18 0.619+0.472 -1.00040.292 - 0.239
631 XMMU J031532.8-551159 2.0£0.4 7.5 1.72 0.673£0.320 -0.63440.308 0.328+0.504 0.323
632 XMMU J031624.5-552135 1.240.6 5.5 2.25 - - - 0.193
633 XMMU J031532.5-545909 4.04+1.1 8.0 2.01 -0.788+0.346 0.4374+0.829 0.131£0.699 0.641
652 XMMU J031530.3-550437 14.0+1.0 328.4 0.89 0.350+0.106 -0.7654+0.096 0.269+0.262 2.262
653 XMMU J031647.5-551229 6.9+1.1 46.2 1.31 0.397+0.212 -0.6154+0.227 -0.298+0.616 1.119
654 XMMU J031706.1-552716 34.8+3.6 150.3 1.18 0.649+0.137 -0.6324+0.138 -0.09840.344 5.627
656 XMMU J031326.1-550427 35.3+3.1 320.8 0.98 1.000+0.033 -0.1834+0.096 -0.47040.135 5.695
660 XMMU J031537.2-545947 3.5+1.0 5.1 2.59 0.730+0.448 -0.080+0.414 -1.00040.320 0.568
661 XMMU J031706.8-552435 7.9+2.3 12.7 2.53 0.80540.490 -1.00040.568 1.000+0.494 1.275
664 XMMU J031611.1-552117 2.740.7 6.2 2.23 0.249+0.330 -0.63140.380 - 0.444
665  XMMU J031645.7-545900 5.9+1.8 7.5 2.44 0.72840.354 -0.90940.316 - 0.958
667 XMMU J031348.0-551205 5.4£1.0 25.1 2.79 -0.24440.758 -1.000+0.913 - 0.875
673 XMMU J031540.4-551221 11.0£0.8 334.6 0.88 0.788+0.095 -0.53440.103 -0.068+0.204 1.777
675 XMMU J031624.6-551143 9.8£1.0 122.8 1.07 0.378+0.123 -0.93340.087 - 1.589
676 XMMU J031641.5-552408 4.14+1.1 6.1 2.08 1.00040.178 -0.2184+0.357 -0.12440.481 0.656
680 XMMU J031647.6-552142 2.3£0.9 9.9 1.96 0.953+0.891 -1.00040.441 1.00040.510 0.375
681 XMMU J031248.9-550705 1.61+0.8 5.6 2.64 0.819£0.903 - - 0.265
686 XMMU J031346.7-551148 94.0+2.2 4192.0 0.73 0.287+0.035 -0.633+0.033 -0.44840.089 15.18
687 XMMU J031302.5-552604 16.3+3.1 26.4 1.88 0.25240.226 -0.45040.237 -0.95240.296 2.626
688 XMMU J031145.8-550653 189.3+11.1 775.6 0.94 0.293+0.089 -0.58740.086 -0.326+0.189 30.56
689 XMMU J031140.1-550613 29.5+4.0 50.3 1.84 0.094+0.186 -0.72340.174 4.761
690 XMMU J031135.6-550314 57.44+9.1 86.2 1.80 0.270£0.132 -0.58240.135 -0.59140.326 9.267
691 XMMU J031134.5-550608 28.0+4.3 46.9 1.64 0.579+0.178 -0.79440.141 -0.46240.592 4.524
692 XMMU J031136.3-550514 36.3+4.7 73.0 1.49 -0.005+0.198 -0.43940.227 -0.28740.405 5.855
693 XMMU J031145.9-550702 336.5+£20.0 418.0 0.98 0.191+40.201 -0.586+0.205 -0.45840.476 54.32
694 XMMU J031146.4-550711 97.3+10.6 53.0 1.24 0.283+0.048 -0.60940.046 -0.41140.109 15.71
695  XMMU J031259.1-552556 45.54+6.3 91.5 1.83 0.30740.139 -0.69940.130 0.10640.330 7.347
696  XMMU J031152.2-551049 28.04+4.7 41.8 1.84 0.34840.193 -0.91840.147 — 4.527
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Description of Table A.1

(1) ID
Classification number of the XMM-Newton X-ray source in the Marano field.

(2) Name XMMU J...
XMMU source name of the XMM-Newton X-ray source.

(3) CR [ks™1]
Added count rates from all three EPIC cameras.
(4) ML
Maximum detection likelihood.
(5) ox [arcsec]
Position error of the X-ray source. ox = /02, + nyst_, Osyst. = 0.7 arcsec, see Sects. 3.1.3
and 3.2.1.
(6) HR1
PN-detector hardness ratios with errors in the 0.2-0.5keV & 0.5-2.0keV band.
(7) HR2
PN-detector hardness ratios with errors in the 0.5-2.0keV & 2.0-4.5keV band.
(8) HR3
PN-detector hardness ratios with errors in the 2.0-4.5keV & 4.5-7.5keV band.

(9) flur [107" ergs™' cm™?]

EPIC flux in a 0.2-10keV energy band. Determined from the sum of MOS1-, MOS2-, and

PN-count rates in the 0.2-12keV via an energy conversion factor of 1.61452 x 1072 erg cm 2.



Appendix B

Table of optical properties of
candidate counterparts of Marano
XMM-Newton X-ray sources



B. Table of optical properties of candidate counterparts of Marano

XMM-Newton X-ray sources

100

D e ERGTT - - 60°CY 01T 8L N 96 GLLT  ¥FT  GGLT GG 0LV ST E  Voe
¢ - ;0r000 - - - --T 0000 S - 86  Th0  0€CIGe- TTIIGTE V6T
€T 841 ®or000 TLT  99€T- 8 a1 ITT SIeT d  ST06 SLLT  ¥90  9SF706S 9L0STE VST
¢ €Ty %07000  9FT Tl 1g- €e Ty TIT 06TT 9 GLT¢ FOST  FLT  6106SS LSESIE V.G
07 ST¥Y 07000  9LT  ¥T€T- STvY 1T 61T d €0c 06LT 080 €0FPISS 096¥VI€ V9T
¢ Siaas 07000 - - iy 11 0eF'T 4 ~  gI8T 80 95 6T GG LFESIE VST
I LETY WO0L000  9GT  T9°TT LETY 1T 12T d  10T¢ €8T ¥&T  6S61SS TTEFIE  VET
D'e'l Ve 097000 99T 6L°€T" Ve TIT €8¢T g S866T 9¢°21 9%  $E€T0SS TO0zZSle €ac
D €Ty 0097000 TI'T 611G €9y ITT 8L d €e€ IP6T €97 S5 T0SS L6IGTE Vg
€ - o000 - - - =T 0000 S 0991 9Tel  8€T 193G SS T9G9T € VIG
3 - - - - - 10 0000 S @L9T S&e€l  IIF  T0STSS T1e9T¢ d0g
o) eI ey moTes 0 - - 10°G¥ 1T 205 N - eELT €90  6SLT GG STITIT € VOG
€ €SI 007000 THT  €0Te- Sz IIT €917 g  €Iec SL6I @80  Le81SS- TSoele V6l
¢ oLer O0IG00  TFT  070g- 69°¢h --T  ¥190 9 <916 - c0c  S0VeSS- TIGvI e VSI
D'E'T 47 00000 SYT 69°€E- 47 1T 19T d  Le1c 6V8T  ©9€  Lg 01 G%- 68cST€ VLI
¢ 88°FF Wor000  €€T  18°CT 88°TF I #2867 g 08T¢ 06T THO0  OPT0GSS €866I € VII
D v - - - - - 000 T€€0 N = 6915 - 8G'6  L180GG- LISSTE VST
€c Slaias WIT000 VT 60°TE" Sty T 7680 9 890¢ LVLT  TLT L£906G 08E9TE VI
€ 99°€¥ Hor000  L&T 81°0¢- 99°€¥ =T 0060 d  SE€TE SLST  FET 88T GG 60GE€TE VeI
¢ - wor000 - - - --T 0000 S ~ 188  9V0  OFPISS- Foevle Vel
€'c Kenidz B07000  LFT  GVEe- IGHY TIT @6T'T 9 ¢0Te S6LT  S€0 L3608 €TISIE VII
€ ersy 0i€T0  SPT  89°€T 0S¥y ITT 86T d  ¥60¢ 8691 6V0 SIO0ISS €8C€Ie VoI
O eLvy xoreeo - - VT 1T VT N €9%c 1880  8I'T  €IEISS- 660STE V6
¢'e 06°€¥ f20760c - ceer TIT 2860 D €060 €5¢T  LT'T  L00GSS- 09S¥T € VS
i 65°¢h WIT000 08T 961" 65" I 100 g 8616 SE8T €10  &Gh60Se 9G0STE VL
€1 10F7¥ %or000 9VT  6F1G- 107F I 9890 g ¥90¢ 6LL1  TI'T  6£S1S8%- 8C09TE V9
T €9°Ch WoT000 00T  6LLT €9°G --T  1€¢c 9 T¢LT - 8L0 6011 SG ¥0S9T€ VS
T 8T GF ’07000  FLT  F095- 8% G 1T 280 d  C0LT  — 9zT €792 GG 0VEEr e VF
4 VY Goiseo - - Vo Ty -1 90F0 d - - GeT 9207 SS- LTELTE Ve
4 65T 001000  TTT 9915 65T -1 F9F0 g 9961 LET V06T S CLVSIE VG
£'c 0L 03000 2T 9358 0L -1 8080 g  6£0¢ FILT  TST TISISS 96VSIE VI
way  (MNX)bo) HpJ Xoo  dpy  (FOXq)bop  sbvpy oz ssp)) Y M XOsiq odd  vY ON
(¢1) (1) (1) (er) (1) (01) (6) (8) (L) (9 (9 (¥) (¢) (@ (1)

‘xipuaddy Sy ur o[qe) oY) SMO[[0] SUWN[OD [RNPIATD
-Ul oY} JO uorjeur[dxo PO[IRIOP O], 'SOINOS ARI-Y UOIMIN-ININX
ourIRN JO sirediaqunod ayeprpued jo serpredord eoryd() :1°g o[qr],



101

es v 235001 68T 6905 or vy 1T €S6c d  €9%¢ LE&6T  0S0  OI61SS €SIPIE V69

g e8] 01000 VT €605 e8°er 1T 6680 d  081¢ 88T  LLT  €0€0SG 6LEECTE V89

G8'¢eF 2001000  6FT  T1°Te- GR'eY 1T 9980 d  6971¢ Lg8T @&l  €IEISS 90T ETE VL9

D €9'ey xoszo - - Teep 00T 1860 N  IFIz OFST €1 ST L0GS L00GT€ V99

G6°¢F 91000 TOT 161G ¢6°¢¥ T ST d 1916 1Ll ¢€¢ 1601 SG LEEEre V9

0 €1 oreLey - - 88° ¥ OIT  008¢ N  61'6c L€0z ST  ©0909% 691GT € VE9

g'e L¢P 200700 69T STTT 69°¢F TIT 2860 9 LLT6 GOLT  TL0  LPLTSGS €9G¥T € V09

v6eY X07000  6VT €51 v6eY 1T 8L60 d  €81¢ L&LT  LL0  92F1SS T6EElEe V65

69°¢F WOL000  6FT 6805 69°¢F TIT 680 9  0I'Te -~ 0L0  €3Cc 9% LTOETE VS8

¢ VST f00r 100 64T €6°61- agar -1 1860 g  er0ez IT'Ll €8¢  ¥e61SS O0FPere VIS

I 16°¢h SOTT00 09T F0°TE- 06°€¥ TIIT 190 d 1106 S99T  ¥6'T 92 LTSS 6053l € VIS

I G0"CF ueL000 - - ¢0°c¥ -1 ¥R od - - 6V'c 0L 6S¥S- ¥olILe VIS

0S¥ egee - LOFY 001 OFPeT N €€ o881 290  PGLI GG 88GEIE  VES

4 LUV 00000 - - LUV --T 68T 4 - - 8T PILSFG FIGVIE Vel

e 001600 - - LEEY OIT  8S0 N  S60z L2991 €8T  €0GTS% 90£9T ¢ VIS

08 s eoe - - 6L €T OIT 9860 N  99€¢ G€8T  G&T1 9P LTSS 660FT € VOS

0L € e 8 B - A 1T #7670 D 920¢ 1091 99T  F106SS- €869 €  V6F

0 - - - - - 000 680 N 920 6661 cL€ ThOISe T68Sre dib

D 68°C 00160C - - LYEY 00I 0060 N  ¥6'€c 9061  ¥&T  FPOL GG LQEGIE VLIp

0 veTY XO000  EFT TLTGC veTY TIT 808T d  86T¢ 9161  10%  ¥G €SS 0L091€ VP

i 8¢ ¢eF 101690 - - 80°€¥ 00T ¥8¢0 N  60€  — 6V'c ¢ 616G SISTVIE VSP

- - - - - 000 08F0 N Ve - 9 080085 PLVEre dib

e8] 007000 TCT  61Te- e8°er 1T ¢80 d  0FIe ovil 20T  T1€00SS- SIFETE  Vib

087 Ze0rl10 FTT TV IG 9Ly II1 €106 a9  0¥ee ¢S6l  FI'T 6V 0T SS Geeele Ve

0Nz Sias 201000 TCT  LVTe- Sidas T ¥ d  €97¢ L&6T  ¥60 9V T G- L8P ST € Vo

i ¢8°eF X07000  €FT  TL0T ¢8°eF TIT 6460 9  9¢%¢ PSST  8GT ¥ LI1SS 6L09T¢ VIP

cev feoroLo - - LOTY OIT  ©980 N  TI¥€c Vg6l 60 TIGT0SS L6EETE  V6E

€ 05 ’or000 L8T  LTTG- 0S¥ TIT #SeT 9 €806 9961 8¢  II6ISS 00897 ¢  VSE

i - - - - - - - - - I66T oIt 6G8TSG TITFIE V9L

0 - - - - - 10 1660 N FS61 -~ 8z¢  606T9S Teocere dsge

o7 6" beoroe T - - 16°¢V 1T 1680 N PS6T LT9T 290 9061 GG G€0CI &€ VSE

¢ 9¢ Ty WoT000 09T 8€TT- 9¢ T -1 €860 9 0L0% Ge8T gL LE93GS T6SSIE Ve

T L0°SY QL0I0T'0 88T 9L°GT G0'SY -1 99Tz g T1T61 STLT 90  LT9T GG F6IErE Ve
way  (MNX)bo) Hy XOov  dpy  (FUOXq)bop  sbvy oz ssp)) Y M XOsiq OHd VY oON
(s1) (1) (1) (e) (1) (01) (6) (8) (2) (9 (9 ¥) (€ (@ (1)

ponuruod :1°q o[qeL,



XMM-Newton X-ray sources

B. Table of optical properties of candidate counterparts of Marano

102

o) 107 eei6LS  0FT  ¥5 ST Vi ey -1 GW0T g S6LT 86'ST  L&T 900G SG- G8EFIE  VI6I
- - - - - 10 600 N ¥0c ¥€61  ¥68 SIT09S FST eI € VO8I
4 ISP I Rl - 067 --T  89.¢ 4 - - 09T  ¥62cSG 80591 € VIS8T
- - - - - - - - - - LT 8061G% €F39T € VoLl
VI atreg - - Srer 1T 0080 N LT'ge 6S8T  8I'¢  99¢0SG ¥ISEIE VIL
- - - - - 10 0000 S  SP'Ie¢ T6'L1 689  GISTSG €CSFIE V99T
- - - - - 10 0000 S 06Gl ¥60T  90G  $SIT G Tee Sl € VeIl
- - - - 6L°ch TIT 6390 N 9L61 TP9T  9%¢  8£G60SS 0891 € VLISI
0 - - - - - - - - - - PP TOTTGS- G0S9T € VICT
- - - - - - - -~ I¢€G ST'ST Te0  S090GS¢- G6CFIE VOST
T TE=001 - - 1e°ch TIT L6V0 N LL61 6891  OFT  PLLICS TLEGIE VOPI
- - - - - - - - 8T - 160 ST GZSS 0CEVIE  VOIT
6LV 0007000 SFT 887G 6LV 1T €0 d 6T — e 619685 LPIETE VGl
0 s 0001000 - - a7 01T Tee€c N ¥¢€ c0T €1 189S T9G VI e Veel
0L€F o000 - - 0L € 00T  ¥FPIT N 6L1¢ G9LT €8T  6CLIGS €F191€  Veel
9V 1 01000 - - 9V 1 -1 7600 D 06CT - 180  6GT0GG- CEIEIEe VOTl
oL e riege - - 80°¢¥ 1T 1860 N - 6691 08T @S9TG L0TITE  VIII
- - - - - - - - - - Tr'c SV 6TSS TG0STE  VIIL
- - - - - - - - 98ee - 08¢ €L0TSS O0LPITE VIOI
VoY ooTtoo - - €Ty T 91T 4 - - er'e 8GO0T ¢G- 8€F Tl e V00T
I 63°CF Je0r8G0  — - dale -1 g d - - QT  Tcc0SS €003T€ Vb
z9er 007000 L9T  T9TT- z9°er TIT 6820 9  S806 T€C 0T €0SS 99T ET € VS
- - - - - 10 0000 S  @bee €L8T  @Le I703SS 6T1c91¢ dbs
YTy E0Te T LeT eV Te S IIT $60c G  Lvee €981  G&€T  8£0TSS 91591 € VIS
€ - - - - - 010 890 N 0.0z OFST IS¢  0£3cGS SSFFI e  des
LTV 2005000 62T €905 LTV 1T 0S9T d  89'€C 9F61 €8¢ T€0CSS 6LPFPIE Ve
- - - - - - - ~ 988T  9TF TG 10GS TIPEIE VIS
I Kenis 207000 - - Kenis -1 09T d - - 9T'e LT LSPG- P6SETE V08
- - - - - - - ~ 89'€G LT6T  €I'T  T193S% 0T0STE V8L
¢ 69°CH SL0r100 6T 10705 69°€H TIT S90T  d  1&€ 9061 910  8060GG L6VSTE  VIL
o Na 9001000 6FT  8£Te- VoY 1T 09%c d  98c¢ 9681  0S0  9T1G0SS- &T09T€ VEL
I 01" 007000 IST  TEGE- 0T°ch TIT 902 9 0106 TI€8T IS0  LPO0GSS GIGETE  VEL
- - - - - 010  ¥¥80 N  GI'gc 9681  S€€  SF90GS 0Tc9T € oL
- - - - - - - ~ Jg€G T86I 86T 6V 9055 015 9T € VOL
way  (MNX)bo) H\ Xoo  dpy  (FOXq)bop  sbopy oz ssp)D Y M XOosuq Odd VY ON
(s1) (¥1) (1) (e (11 (o1) (6) (8) (2) (9 (9 (¥) (¢) (@ (1)

penurjuod :1°¢q 9[qel,



103

- - - - - - - - - T98T  88E¢  T0ITSG 86T9TE  VIIE

60°€F 0907600 8LT  TlL0%- LOEY T 1071 d  TPee IS8T 1€ €GET GG 6LSFI € VOIS

- - - - - - - - eree - ILT TS GI 8% SLTETE  VS0E

- ’or000 - - - 1T 0000 S 96¢l 120l €% SOFISS- ST0STE  V00E

- - - - - - - - - - C6T  T090GG- LLGSTE VIS

0 L6TY 9CliGLT €9T  8LTGC €Ty 01T 9861 9  G6G €681 990 6T T1GS STEEI € VOSG
- - - - - 010 €860 N  0z1c @81 89T  1gSISS 6'€91€ 9898

i cLey 007000 64T FETT- AN 1R S 44 d 01c 908T  LT'T 03 CISS- S€TITE V89T
LET 20910E8  FOT 99 1g- €8°¢eY 1T S6VT  d  9¥ee €8T T1LC  60L1GS- 9CTFIE€  VL9C

- - - - - 10 0000 S I8TE ¥86I  ¥0OF  0200SS OLEEIE 999z

76°€F WAT6'0 9¢T 001G vLEY 1T 08¢T d G986 6881  ¥60 8T 00SG- L9S€TE VI9C

- - - - - 10 000 S TGLT 99FT  8GF TG 608G TOVIIE  VGST

0 - - - - - 010 8IS0 N  98°€c - ¢re  SP90Se- T8EVIE  dest
0 €8°¢¥ Carlse - - v9°eh OIT  LIS0 N ¥87T¢ 1g8T  ¥9C  0990SG 08EFPIE€ VEST
9 - - - - - --0 8890 N  ¥9C Ge0c GLY €T T0GS TLCElE  d9Fe
0L€F eoeeo - - 16°¢P OIT  ¥#60 N 1616 0SST  96C  L0T0GS 99S €I € VIV

z8°eF o0 FST 18708 69°€¥ I LPT'T g L9T6 F€8T 180 9T 2L09% TF09T € VIt

18TV oott00 - - 68T TIT G910 D 9%AT I8ST G660  ISEISS 61€I € VIV

LY p0e T - - 8G ¥ T 0e¢e  d ~  8F6T  FLT  LIS0SS LIFVIE Ve

- - - - - 100 8670 N €7 - L0V PP PTG S9091 € V63T

- - - - - IT0 0000 S 66LT1 909T €T  SP00SS- Coeere €Sae

- - - - - 10 0gv0 D -~ 68CT oIt 9P 009G LIEET € VST

0 i 350 AR - S TIIT 0690 N ISTE SPAT  0LT  F09T S¢S SF0€1€  dFas
0 - - - - - T00 8890 D 9¥IE 9€8T 68T  L09T GG 6T0EI € VI
9T coi80 - - LOTY 00T  ¥0€T N - - LT TIPIGS- 9LV IT € VETE

- - - - - 000 @80 D - - G0'8 9007 SS- TEVII € VEIT

1) 0007000 69T SCTT- TT¥F) TIT 63T €576 SPST QLT SP109S F0SSTE  V0TT

0 - - - - - 010  SP90 N  &€Ic 008  99¢  LE9T GG G6IFIE 9Ll
D 166y dlreoge - - 96°cY 01T 9180 N  L0G GE€61  IS€ €91 G% 96IFIE€ VLG
4 08°¥¥ SeerSST 06T 6L¥E LYY TIT SeLc 9 €90¢ 1€61 880 87 a0SS GT09TE V60T
- - - - - 10 0000 S - - 0z 2062 SS S8STele  de0s

- woro00 - - - 1T 0000 S - - €LT I STSS 6STETE  VS0T

ceey Loe00 - - 0e°e OIT 6980 D  9I'lc IS8T I€T  €030SS 9¥Ve¥l & VHOT

- - - - - - - - -~ P6LT LGT FE61SS 6L VL E VA6T

way  (MNX)bo) Hy XOov  dpy  (FUOXq)bop  sbvy oz ssp)) Y M XOsiq OHd VY oON
(s1) (1) (1) (e) (1) (01) (6) (8) (1) (9 (9 ¥) (€ (@ (1)

ponuruod :1°q o[qeL,



XMM-Newton X-ray sources

B. Table of optical properties of candidate counterparts of Marano

104

STvF w000 - - CIv¥ T 9560  d —I€8T  TI'T  1S€0SS- T8EEIE VIS

- - - - - 0 0000 S 9%0% pee 9T V0SS TYTEIE  Vies

- - - - - - - - esTe - 10 SG6TSS 0LSPTE VSIS

D't - - - - - --0 F8¢0 N -~ T6ST L9€ GOETSe €spere  doIg

0 9g° €y rrer - - €8 0IT  S9%°0 N - 0621 eT'T  60€TSS T8V ETE VoIS

i 0007000 SLT  6L7TT" ce Ty 1T €39¢ d  8GG¢ 8861 @60  FIEISS 083STE€ VIS

- oor100 - - - TIIT 000 S GOeT €8TT 60T  00FT GG T90STE€  VS6F

0 €9 9007000 TI6T 9675 €9 1T 9061 d  WL6T -~ 8T SFIT GG PSP al e V96T

CT Ty A I A - eeey 00T €921 N  G8¢¢ GLLT 697  PI 9T G TL3GTE€ VSSy

orvy EeLY - - csey 00T 1660 N Ve  — ¢S CETI GG TESITE  VOSY

4% o010 9¢'T  8F05- L0V 1T 62T d  L6€ 0505 LLT 97 €0SS- FTSere VaLp

L - - - - - --0 FSTO 0D Ll - LOTT LT TI GG 60eST e deLy

- wooTt00 - - - 10 0000 S  ¥9T16 -~ 079 TG IT GG TTEST e  VELY

99 %% Rilege - - v 1T 166 N ~  L06T  GG0  66£809G €GCITE  VEIY

- - - - - - - - - GLST 66T  FGOTSS 090ST € Vaob

€ 80°¥¥ 0o 69L - - Ly€y T vwetr d ~ g98T 8TV ThL0GG SEVSTE  V6IF

- wottoo - - - TIIT 000 S 8L1¢ g0t €8T 8GT0GS LEEST e ViED

12 oper86€ - - 0S°ch 1T 990 N ¥V01e¢ ¢oll 6.7  SPOISS 9TIECl € Vooh

- or000 - - - 1T 0000 S  89FT T0TT  1&%  GF L8 SS FT0SIE€ VOIb

- - - - - - - - 0Fee o661 Iy FOOT CG- 9FS ST € VS0F

I VLT WOL000 68T  GLTT VLV --T P80 9 6661 LTLT  GLO 9SG 6S TS €TOFIE  VSSE

D LGTY 0007000 8LT  LOFG- LSV TIT F06T €906 €61 9T  TG9T GG €LP Tl € Vase

I 10°G7 0097000 08T TeGe- 10°G% -1 68T d  E6T - €6c S0l GG €FPITE  VISE

- - - - - - - - 16T - 180  8¢80GS ¥ESITE  VLALE

- - - - - 010 €50 N 81z  — IT9  T0G0SS- Ca0Sre dele

VT ey 2007000  SFT  €e6T- Ve ey 0T €60 9  69¢€ €6 L0CG06G €T0SIE  VeLE

LET toerlee - - €o ey OIT ¢80 N  S¢le  — 9T'e €8 €0CS G0TITE VILE

¢ LET H1168T 19T 66'TG- L6EY --T 180 9 80T ¢6'€ 67 E0GS 8TEITE  V.I9E

€'c ST SeoTez0 GLT SEET- 68T -1 Te8T 9 0r'te e8T 95 GC GG 0CIPIE  VIIE

087 VoL0TT 96T STYE 0z ¥V TIT sP9T  d €008 — €0 ST €0SS 9FIEI e VIoE

Kenas S 4 N - 67 ¥ T 991z 4 - %006 9¢T  STLTGE LITETE  V09€

88" 00907000 FST 9876 88° ¥ T 91z d 19T -~ P80 86 CC GG 99T €T €  VShe

Ky 00161 - - €61 TIT L8300 N L6LT 96ST 160 GEP0SS €LGETE  Veee

€'z 6LV G01880 €67 ETST CLY -1 986t g LT0Z TE6L 0L0  LZTI GG 9TEITE  ViES
way  (MNX)bo) H\ Xoo  dpy  (FOXq)bop  sbopy oz ssp)D Y M XOosuq Odd VY ON
(¢1) (¥1) (1) (e (11 (o1) (6) (8) (L) (9)  (9) ¥) (¢) (2 (1)

penurjuod :1°¢q 9[qel,



105

- - - - - 10 0000 S €881 - PSP 8097 GG 9T0ET € VL8
¢'e'r 7oy 2007000 8¢ €3G vy ey TIT €99T g IT6T S0LT 190 6V T1SS 997 €1 € V989
(3 90° ¥ 0907000 09T 68T 90" ¥ =T OPT'T g T8TE PI6T 990 PP ITSS 9T IT € VG
¢ ST oLoTOr 0 SPT TG To- €0Fy TIT 90T  d 0036 9L8T 690 T16el GG €0PSIE  VELY
- - - - - - - - - - TG 2o T166% OTI9T€ 999
- - - - - - - -~ 09%¢ TEST  0S6  0G15SS 00T 9T € Vi99
erey CEOT60 - - v9°GY TIT 9910 N 2€8T S€ST 98T  CZP0SS Tz €I € V999
I cecr oreeo - - 9°C¥ -1 ¢gTe d - - PG€ 8T L GG LCOLI € VFG9
N4 - - - - - - - - 8gee - 8¢'T  T€TT S¢S FLPITE  VESY
€ vy 0207000 89T  99Fg- AN TIT 012 9 GL0& 9987 @G0  LEFOGS €08CTE  Vas9
- - - - - T10 1860 N €63 F¥061 806 ¥V 1SS L 91€ dae9
0 - - - - - 000 - i 6T€T L68T  L0T  €ETGSS 9FCITE VL9
- - - - - - - - - G96T 680 00GT GG LTECTE  VIEY
D ‘e - - - - - 10 9600 N €61 S0LI  00G €S€0SS T00ST€ deI9
D 66°CH 007000 9FT  TOTG- 66°CY TOT  See'T g LLGe ST'6T  GLT  LG€0SG GS6SFIE  VSI9
06°€¥ srelees - - 01 e¥ 1T 6690 N ¢I'le ¥9L1  SET  ©golSe SISSIE  VOI9
i 79°e LA A WU - 8G"€Y 00T  6I0T N  9¥gz L9L1 LS80  6SGISS L6V ETE  VS09
D L8°GY w000 - - 18T 01T 20P0 N €861 - Zz0 90 €TSS TIGITE  VLO9
61°¢h 007000 SLT T6'0G- 61°¢F 1T #9960 9 ol'ee 1981 91T  20cl GG TIICIE VE6S
0€ Ty O0TT00 9T'T  T0°0G" 62T TIT €8€T g  ¢8€e €661 08T  OPITSS €60€I€  VG8S
T - - - 1T 0000 S  @€le €Ll 680 08T11SG G089T€ Vess
09°c¥ coreeo - - eve OIT  L6FP0 N ¥80¢ 1081 880  6IFIGE €LPGTE V6LS
¢ z8°eF 2007000 09T 18T z8°er --T 08T 9 G616 S6LT 660  6GVT S €LT9T € V6SS
9z ¥ nero00 - - 9z ¥ 1T 910 D L08T ohel  LeT  LETGSS VIPWIE VLSS
8°€¥ 007000 - - i 1T 6820  d - - 0cT 8¢ TITCS O€rele dIss
- - - - - 10 0000 S - - 91'¢  T0eT G €€PTl € VISS
- - - - Py T 116 4 ~ G86T 950 00 TT GG €0STI €  VEPS
- - - - a6' Ty IIT €e€0 N T¥ee - Ve 0TF0GS L0SPIE  VIES
09°€¥ SeOTVP0 ILT TG er ey 101 ¥.60 d 181  — TST TS TISS Ges91 € Veeg
way  (MNX)bo) Hy XOov  dpy  (FUOXq)bop  sbvy oz ssp)) Y M XOsiq OHd VY oON
(s1) (1) (1) (e) (1) (01) (6) (8) (2) (9 (9 ¥) (€ (@ (1)

ponuruod :1°q o[qeL,



B. Table of optical properties of candidate counterparts of Marano
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Description of Table B.1

(1) No
Classification of a counterpart object consists of the sequence number of the X-ray source
list and a suffix (A, B) to discriminate between different candidates.

(2) RA [hh:min:ss] and (3) DEC [deg:min:ss]
Right ascension and declination of the optical candidate counterpart (J2000).

(4) Distox [arcsec]
Spatial offset between the X-ray and optical positions.

(5) K
SOFI K-band magnitude of the spectroscopically classified candidate, whenever available.

(6) R
WFI R-band magnitude of the spectroscopically classified candidate, whenever possible.

(7) Class
Spectroscopic classification of the identified object. S — star, G — normal galaxy (no emis-
sion lines), N — narrow emission line galaxy with unresolved emission lines (at 6000 A
our spectral resolution of 21 A corresponds to 1050 km/s), B — broad emission line object
(all measured line widths have vpwmy > 2500 km/s), and ? — undefined object.

(8) =
Spectroscopic redshift of the identified object. The redshift is taken from the literature
for objects with '1--" and ’0--" in Col. (9) Flags. Column (15) Rem. states the source of

redshift determination and classification.

(9) Flags
X-ray identification flag, redshift flag, and classification reliability flag. The first number
(0, 1) marks whether a spectroscopically classified object was accepted as X-ray counter-
part. Objects which we consider to be the correct identification of the X-ray source are
flagged by ’1’, while 0’ flags objects not considered as the X-ray source.

The second (middle) flag states the redshift reliability. A redshift flag "1’ means a re-
liable, well-established redshift determined by several spectral features. 0’ marks objects
where the redshift determination relies on a single but reasonable spectral feature.

The third (last) flag characterises the classification reliability. A flag '1” marks that
the object type as given in ’(7) Class’ is well established and reliable. Flag 0’ indicates
an uncertain classification of the object type. FEither high SNR spectral features of the
object do not allow a proper classification or the optical spectra do not allow to give a
reliable classification of the object type because of a low SNR and/or insufficient wave-
length coverage of the optical spectra. The latter is illustrated, for example, in the optical
spectrum of the X-ray counterpart 480A (see Appendix E). The narrow [O 11] line indicates
a narrow emission line galaxy. However, the SNR of the spectrum does not allow us to
judge the existence of a broad Mg 11 line and, hence, a classification as type I AGN. Since
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Figure B.1: Adopted mean k-correction from  Figure B.2: Adopted conversion term to esti-

observed R-band to rest-frame Mg for broad  mate AB magnitudes at fixed rest-frame wave-

emission line AGN. length A = 2500 A from observed R-band mag-
nitudes.

C 1v and C 11| are outside the spectrum’s wavelength range, Mg 11 is the only possible
broad-line feature. The most likely classification of this object is a narrow emission line
galaxy. However, the given arguments show that a classification as type I AGN cannot be
excluded. Therefore, the classification flag for this object is ’0’. Objects with '1--" and
'0--" have only an X-ray identification flag since their redshift and classification relies on
follow-up surveys previously done in the Marano field (see Col. (15) Rem.).

(10) log (Lx s [erg s71))
Observed rest-frame X-ray luminosity Lx (logarithmic units) in the 0.2-10 keV energy band
calculated by using Eq. B.1. The k-correction vanishes since we assume an energy index
a = —1 with F, ~v* ~ v T (T - photon index) based on (2003) and
( ). The luminosity distance di, was computed by the analytical fit for
flat cosmologies with €, = 0.3, Qs = 0.7, Hy = 70kms~! Mpc~! following
(2004).

4md?

Ly=— b _
X (Z+1)a+1

fx (B.1)

(11) Mg
Absolute magnitudes Mg (in the Johnson system) were estimated only for type I AGN
using the relation

Mg = R+5—5log(dy/pc) + K(z2) , (B.2)

where dy, is the luminosity distance and K (z) is the customary k-correction term. In our
case, this term includes the transition from observed-frame R-band to rest-frame B-band,
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assuming a mean spectral energy distribution for all sources, and also the (1 + z) band-
width stretching factor. For the type I AGN we computed K (z) from the composite SDSS
quasar spectrum ( ). The resulting graph is shown in Fig. B.1. This
calculation was kindly provided by Lutz Wisotzki.

( 12 ) Aox
The broad band spectral index apx roughly characterises the UV-X-ray spectral energy
distribution by connecting the rest-frame points at 2500 A and 1 keV with a simple power-
law, F,, o« v~®oX, For each broad emission line AGN we estimated its flux at a fixed
rest-frame wavelength of A = 2500 A, applying the relation

mag(2500A) = R+ Am(z) , (B.3)

where R is the quoted R-band magnitude, mag(2500A) is the predicted magnitude at
2500 A — expressed in the AB system for easy conversion into monochromatic fluxes —,
and Am(z) is a redshift-dependent term (similar, but not identical to the k-correction)
that also accounts for the zero-point transformation from the Vega to the AB system.
Our adopted Am(z) relation, again computed from the SDSS composite quasar spectrum
of ( ), is shown in Fig. B.2. This correction was kindly provided
by Lutz Wisotzki as well. Notice that at the typical redshifts of z ~ 1.5 of our broad
line AGN, the observed R-band approximately traces a rest-frame wavelength of A ~
2600 A, implying that the spectral energy distribution corrections are small. The resulting
AB magnitudes are then converted into fluxes following the definition of the AB system

( ):
map(2500 A) = —2.51og(F, (2500 A)) — 48.60 , (B.4)

where F,(2500 A) is given in ergs~' cm~2Hz~'. The X-ray flux at 1keV is computed by:

10keV
£(0.2 = 10keV) = F,(1keV) / E*dE  witha=—1 . (B.5)
0.2keV

Hence, the broad band spectral index is obtained as

o log(F,(2500 4)) — log(F, (1keV)) (B.6)
o log(v(1keV)) — log(¥(2500 A)) . .

(13) Ny [ecm™2]
X-ray absorbing hydrogen column density in units of 10?2 cm™2 (see Sect. 3.3.4).

(14) lOg (LXINT [67’9 571])
De-absorbed intrinsic rest-frame X-ray luminosity (logarithmic units) in the 0.2-10keV
energy band after X-ray flux correction for the absorbing hydrogen column density. Cal-
culation uses Eq. B.1.
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(15) Rem.

Remarks for individual objects: 1 —optically selected and spectroscopically classified quasar

by ( ), 2 — optically selected and spectroscopically classified quasar by
( ), 3 — ROSAT X-ray source with spectroscopic classification and red-

shift determination by ( ), 4 — ROSAT X-ray source with no or wrong

identification by ( ), 5 — unclassified radio objects within 5.0 arcsec,

( ), 6 —spectroscopic classification and redshift taken from
( ), 7 — radio source, spectroscopic classification and redshift taken from

( ), and C — individual comment to an object (see Sect. C).
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Appendix C

Comments to individual objects in
the Marano field

9A: New redshift determined for this source, formerly known as ( )
X043-12.

15A: Object 15A is not regarded as the optical counterpart, since the identification of
the line features is uncertain and the positional offset is rather large. A very faint object
at the detection limit lies in the X-ray error circle. A lower limit of fx/fopt ~ 65 for this
source was estimated by assuming a limiting magnitude of R = 24.

17A: Source 17 is a likely X-ray blend with large contrast between the two individual
sources. Object 17A is a unique identification of the brighter X-ray source, whose X-ray
flux is likely to be overestimated due to blending.

20A & 20B: ( ) identified source 20 with the M star 20B. Some
contribution of the M star’s X-ray flux cannot be excluded, but the identification with the
type II AGN (object 20A) seems more likely, since the X-ray colours indicate a relatively
hard spectrum.

22A & 22B: X-ray source 22 is a probable blend. Objects 22A and 22B fall on top of
the two suspected point sources. We regard both optical objects as likely counterparts of
the X-ray blend and distribute the measured X-ray flux evenly between the two sources.

26 A: New redshift determined for this source, formerly known as ( )
X301-29.

32A: N v strongest emission line in the spectrum (brighter than Lya)). Narrow emission
lines are present and the object is classified as "N’ (narrow emission line galaxy). However,
all narrow emission lines have underlying broad components. Therefore, the classification
flag is set to ’0’.
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35A & 35B: Two galaxies at equal redshift, the brighter galaxy 35A is regarded as
the X-ray counterpart. The possibility that the X-ray source is a galaxy cluster cannot
be completely excluded, but an X-ray extent is not obvious. For 35A a new redshift is

determined (update to ( ) X022-48).
42 A: New redshift determined for this source, formerly known as ( )
X031-24.

46A: X-ray blend with major contribution from the south-western component with
type I AGN 46A as counterpart.

47A & 47B: Two narrow emission line galaxies at equal redshift. The possibility that
the X-ray source is a galaxy cluster cannot be completely excluded, but an X-ray extent
is not obvious. 47A is assumed to be the optical counterpart.

63A: Unresolved narrow emission lines are present and the object is classified as 'N’
(narrow emission line galaxy). However, the C 1v emission line has an underlying broad
component. Therefore, the classification flag is set to '0’.

66A: The identification is not unique, since the optical image reveals a possible second
object inside the 1o-X-ray position error circle.

133A: Narrow emission lines are present. The object is classified as "N’ (narrow emis-
sion line galaxy). However, Ly« shows a resolved, broad base. Therefore, the classification
flag is set to ’0’.

151A: Probably a spurious detection of the X-ray source. The source is kept in the
source list for the formal reason of having an ML = 5.2, but is not considered further.

191A: Optical spectrum in ( ) indicates a type I AGN with typical
broad emission lines. However, this object shows the lowest X-ray-to-optical flux ratio of
all AGN in our sample. fx/fopt = 0.04 suggests an X-ray faint AGN. Since this object was
not detected by ROSAT, it is unlikely that the extreme fx/f,pi-ratio is due to a temporary
low X-ray state of the object. Furthermore, it is one of the type I objects with intrinsic
absorption (Ng = (5.7575%3) x 10?2 cm™2).

217A & 217B: X-ray blend, the identification of 217A with the south-eastern compo-
nent seems unambiguous, the identification of 217B with the north-western component is
not unique, since a similarly bright, close-by, but still unidentified object is present at the
same distance from the X-ray source.

224A & 224B: Two galaxies at equal redshift, no obvious X-ray extent.

253A & 253B: Two objects at similar redshift with 2mag difference in the optical.
The brighter object 253A is regarded as the identification.

280A.: Object is classified as "B’ since C 111] is well resolved with AX ~ 72 A (FWHM).
Lya and C 1v are narrow emision lines, but show strong absorption with broad underlying
components. The classification flag is set to ’0’. Possible broad absorption line quasar.
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361A: Broad absorption line quasar.

382A & 496A: Physical quasar pair, separated by 17 arcsec, at z = 1.904,
da = 143 kpc. The spectra are different, i.e., the two objects are not lensed images of
the same source.

437A: Spectrum, optical, and X-ray image, and relative soft hardness ratios point
undoubtedly to an M star as X-ray source. However, a flux ratio fx/fopt = 1.7 is unusually
high for an M star as the X-ray identification.

512A & 512B: ( ) identify the NELG 512B with the X-ray source.
The 2mag fainter NELG 512A lies somewhat closer to the X-ray position. While both
galaxies may contribute to the observed X-ray flux, we assume object 512A as the coun-
terpart in the following.

582A: Spectrum, optical, and X-ray image, and relative soft hardness ratios point
undoubtedly to an M star as X-ray source. However, a flux ratio fx/fopt = 1.5 is unusually
high for an M star as the X-ray identification.

607A & 653A: Detected as a single X-ray source by ROSAT ( )
X404-23, X-ray source 653 is brighter and closer to X404-23 and, therefore, treated as
the detected ROSAT X-ray source. The broad spectral feature at 7100 A in the optical
spectrum of 607A is spurious due to the zeroth order light of the neighbouring slit.

615A & 615B: Both objects, the broad emission line object 615A and the narrow
emission line object 6158, are possible counterparts to the X-ray source. We regard the
fainter, but positionally better matching object 615A as the counterpart.

632A: Spectrum suggests a BL-Lac object, but the object is not a radio source, clas-
sification unclear.
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Appendix D

Marginal X-ray source classification
in the Marano field

In this section we include spectroscopic classifications that are possible counterparts to
X-ray sources with a detection likelihood ML < 5.0. We give the X-ray source list, and
the optical /X-ray properties of these sources. The objects given here are included in the
optical and X-ray image section (Appendix E).

Table D.1: X-ray source list for marginal X-ray sources in the Marano field

the individual columns is given in Appendix A.

. The explanation of

[€9) (2) (3) (4) (5) (6) (7) (8) (9)
1D Name CR ML TxX HR1 HR2 HR3 Flux
XMMU J... ks™1] [arcsec] (10" ergs—tem—?]

137  031612.8-550846  1.8+0.6 2.7 2.09 -0.003%0.890  0.289+ 0.683  -0.022F 0.636 0.285
160  031644.2-552242  1.440.8 3.1 2.29 - - - 0.228
289  031648.0-551013  2.440.8 4.1 2.10 1.00040.490  -1.000+ 0.187 - 0.390
315  031346.2-550450  1.64+0.6 2.6 2.31 - 0.589+ 0.565  -1.0004 0.929 0.252
331  031636.5-550929  1.940.7 3.6 2.08 1.00040.823  0.1534 0.745  -0.278% 0.757 0.313
341  031337.8-552144  4.841.9 3.2 15.08 -1.000+0.365 B - 0.767
366  031538.8-552001  1.54+0.5 2.6 2.26 0.263+0.894  0.146+ 0.695  -0.198+ 0.734 0.248
386  031339.5-550724  2.440.7 2.5 2.51 - - -1.000+ 0.373 0.382
405  031523.3-551756  0.940.3 1.1 2.59 1.0004+0.774  0.271+ 0.649  -0.887+ 0.667 0.139
414 031506.5-553314  6.1+2.3 2.6 2.49 -1.000+ 0.934 - 0.991
430 031339.0-550706  1.940.6 4.8 1.97 0.73840.432  -0.946+ 0.348 - 0.305
432 031555.1-550801  1.740.5 3.2 2.08 1.00040.305  -0.043+ 0.374  -1.0004 0.650 0.272
442 031341.0-550038  3.2+1.0 2.4 2.51 0.55740.472  -0.278=+ 0.435  -1.000+ 0.482 0.518
454 031623.7-551031  2.740.8 3.3 2.72 0.36440.338  -0.689+ 0.373  0.229+ 0.859 0.429
522 031613.7-550430  1.440.7 1.3 2.84 -0.17640.775 - - 0.223
529  031622.3-551217  2.140.6 2.4 2.58 -0.4794+0.401  0.1414 0.586  -0.3404 0.703 0.334
553  031518.0-551722  1.440.4 1.4 2.44 0.95340.276  -0.020=+ 0.336  -0.319+ 0.411 0.224
564  031554.9-551459  1.440.4 2.3 2.37 1.00040.391  -0.193+ 0.363  -1.0004 0.580 0.230
581  031638.3-551901  1.740.7 4.2 2.44 - B 1.000+ 0.534 0.266
600  031503.3-551656  1.240.4 3.1 2.49 -0.34740.390  -1.000+ 0.511 - 0.191
612  031606.8-550423  2.240.6 4.2 2.33 -0.34040.777  0.3524 0.781  -0.6764 0.809 0.347
623  031642.3-551707  2.740.8 4.1 2.56 1.00040.277  -0.407+ 0.505 - 0.433
677  031641.2-551934  1.540.7 3.6 3.35 1.0004 0.710 — 0.234

137A: Broad absorption line quasar.

315A & 315B: As counterpart candidates for X-ray source 315, an M star (315A) and
a NELG (315B) are found. The hardness ratios of 315 indicated an obscured X-ray object.

Therefore, we regarded 315B as the identification.
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Appendix E

Optical & X-ray images and optical
spectra of X-ray classifications
in the Marano field

Optical images
The optical images show a 30” x30” section that is centred on the X-ray position (except
for images next to the edge of the CCD). The cut levels are set differently for each image.
The black circle shows an 1o-X-ray position error including a 2”7 systematic error. Black
horizontal markers represent the position of the spectroscopically classified object. The
nominal orientation of the images is North facing upwards and East to the left (exceptions
are marked).

Images were generated using VLT FORS pre-images, WFI-R-band images, or DSSII-
images, in this order of availability. The astro-metric correction of VLT FORS pre-images
was performed as a 2-stage process, since USNO-stars or stars from similarly well-calibrated
catalogues were found to be too sparse or were saturated. I therefore first generated a stel-
lar catalogue of WFI objects (calibrated with the USNO) using this as input catalogue for
astro-metric calibration of the VLT images. I typically used stars of the order of 10 that
were equally distributed over the field of view and reached an rms accuracy of ~0.2” (0.7
pixels).

X-ray images
The X-ray images show a ~32” x32” section which is nearly centred on the X-ray position.
The cut levels are set differently for every image. The black circle shows an lo-X-ray
position error (2”7 systematic error). Black horizontal markers represent the position of the
spectroscopically classified object. The nominal orientation of the X-ray images is North
facing upwards and East to the left.
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Labelling of spectra
All spectra are in flux units of 107® ergem 25~ A~1. The black solid line represents the
spectrum, the green solid line the error spectrum. Red markers indicate emission lines, blue
markers absorption lines. There are exceptions in a few spectra. If no optical spectrum is
shown, the redshift and classification is taken from the literature.

Comment
Below every row of optical & X-ray images and optical spectrum a comment for the shown
objects is given. This comment states the classification number of the possible counterpart
object and the corresponding redshift. If the redshift is only determined by one identifica-
tion feature in the optical spectra, an additional comment ":@Q<identification feature>’ is
shown. The colon marks the uncertainty of the redshift (these objects have a redshift flag
of ’0” in Table B.1 and Table D.2).

object 1A, z = 0.808

object 2A, z = 0.464
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in the Marano field
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Appendix F

Table of additional optical objects in
the Marano field

(1) No
Continuously arbitrary identification number of additional spectroscopically classified sources
in the Marano field. These sources are labelled with the suffix *MA’.

(2) RA [hh:min:sec] and (3) DEC [degmin:sec]
Right ascension and declination of the spectroscopically classified object.

(4) 2

Spectroscopic redshift of the classified object.

(5) K

SOFI K-band magnitude of the spectroscopically classified object, whenever possible.
(6) R

WEFI R-band magnitude of the spectroscopically classified object, whenever possible.
(7) Class

Spectroscopic classification of the optical identified object. S — star, G — normal galaxy
(no emission lines), and N — narrow emission line galaxy with unresolved emission lines
(at 6000 A our spectral resolution of 21 A corresponds to 1050 km/s).
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Table F.1: Optical data of additional objects in the Marano field.
(1) (2) [CINC) ©) (6) (7)

No RA DEC 2 K R

TMA 316 084 -552306 0.486 17.51 20.41

2MA 316 19.0 -551734 1.027 1877 22.52

Q
=
o
o
7]

3MA 31621.8 -551742 0.000 - 22.64
4MA 316268 -551830 1.199 20.23 22.12
5MA 316350 -551840 1.374 - 23.89

6MA 31639.6 -551850 0.491 19.02 21.84

TMA 31626.1 -550814 0.158 19.52 20.14
8MA 31633.8 -551250 0.486 20.08 22.01
9MA 316079 -550507 0.786 18.70 21.36
10OMA 316272 -550423 0.235 18.56 1847
11IMA 31616.2 -550238 0.420 - 21.28
12MA 316238 -550856 0.000 17.57 22.10
14MA  31626.5 -550735 1.070 18.83 21.94
15MA 316246 -550725 0972 17.99 21.02
16MA 31331.0 -551356 0.000 - 21.87
17TMA  31336.7 -551446 0.579 18.09 21.96
18MA 313423 -551431 0.583 17.61 21.24
19MA 313443 -551434 0.583 17.68 21.30
20MA 313488 -551410 0.000 1895 20.07
2IMA 313504 -551320 0.552 18.26 22.40
22MA 313528 -551337 0.000 19.82 22.29
23MA 313068 -551304 0.254 - 20.09
24MA 313114 -551139 0.000 - 2310
25MA 313182 -551304 0.865 - -
26MA  31319.0 -551137 0.000 - 2081
27TMA 313245 -550311 0.000 18.19 22.54
28MA 313283 -550138 0.800 19.46 22.14
30MA 31514.6 -551033 0.000 - 2279
31IMA 315457 -551249 0.628 17.12 21.31
32MA  31543.7 -550857 0.771 19.42 23.17
33MA 314144 -551938 0.000 - 23.08
3dMA 314152 -552143 0.813 18.16 22.62
35MA 314115 -552118 0.869 18.36 22.43
36MA 314085 -552024 0.000 18.77 22.64

37TMA 313115 -552113 0.907 - 2225
38MA 313142 -552632 0.554 - 21.98
39MA  31300.8 -552556 0.818 - 21.03
40MA 31301.8 -552545 0.816 - 20.85
41MA 313055 -552528 0.552 - 2111
42MA 313303 -552442 0.613 - 2289
43MA  31331.1 -552429 0.000 - -
44MA 313333 -552415 0.526 - 2151
45MA 314414 -550434 0.704 - 2215

46MA 314481 -550304 0.702 16.86 20.67
47TMA 314527 -550549 0460 16.40 19.32

48MA 314528 -552439 0.228 18.27
49MA 31449.0 -552424 0.159 - 1743
50MA 315242 -551404 0.774 - 2216
51IMA 315324 -551419 0.700 - 20.32

52MA  31540.1 -551234 0.631 19.22 21.66
53MA 315446 -551418 0.275 1894 21.27
54MA 31546.3 -551355 0.815 19.17 22.89
556MA 315486 -551357 0.475 19.91 2248

56MA 31514.0 -551710 0.813 20.99
57TMA 315169 -551707 0.000 - 22.09
58MA  31520.7 -551417 0.500 - 19.87
5OMA  31521.8 -551411 0.495 - 2297

60MA 315169 -550613 0.840 18.38 21.81
61MA 316083 -552317 0.071 15.23 17.50
62MA 315034 -551637 0.000 15.55 17.35

NZZQ2Z2nZ22222220002220n2222220nZ2Z2Z20nQnZnunZnunQnZnZZWnZZn22222222nQ2Z




Appendix G

Optical charts and spectra of
additional optical classifications
in the Marano field

For explanation see Appendix E. The only difference is the centring to the optical position,
since no X-ray detection is quantified.
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G. Optical charts and spectra of additional optical classifications

in the Marano field
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Appendix H

Optical & X-ray spectra, confidence
contours of type II objects

In this appendix we show the optical and X-ray spectra, as well as the confidence contours
of X-ray spectral fits for the parameters Ny and T'.

Optical spectra
The optical atmospheric absorption-corrected, wavelength and flux calibrated spectrum for
optical X-ray counterpart is shown. All spectra are in flux units of 1078 ergem =251 A1,
The black solid line represents the spectrum, the green solid line the error spectrum (not
available in all spectra). Red markers indicate possible emission lines, blue markers ab-
sorption lines. There are exceptions in a few spectra. Spectral features at 5580 A are
spurious due to incomplete subtraction of a night sky line.

X-ray spectra
The X-ray spectra show the PN and combined MOS data, as well as the best fit model
(power law, foreground Galactic absorption, intrinsic absorption at the object’s redshift).
For objects that have less than 100 PN source counts in the 0.2-8keV band we fixed the
photon index (I' = 2). Otherwise free fits in Ny and I' are shown. The fit parame-
ters are given in Table 4.5. For illustration purposes the X-ray data have been rebinned
to different signal-to-noise ratio, after grouping to a minimum of one count per bin (min 1).

Confidence contours:
Confidence contours of the absorbing column density in units of Ny = 10*2 cm~2 vs. pho-
ton index I' of the X-ray spectral fits. Confidence contours are plotted for 68% (black),
90% (red) and 99% (green). The contours are based on free Ny and I' X-ray spectral fits
for all objects independent of net PN counts.



194 H. Optical & X-ray spectra, confidence contours of type II objects

Comments:
Below every set of optical & X-ray spectra and X-ray contour a comment for the objects
shown is given. This comment includes the classification number of the optical counterpart
and the corresponding redshift. Furthermore, a short fit description is given. For more
details on the properties of the sources and the X-ray spectral fits see Tables 4.2, 4.5.
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H. Optical & X-ray spectra, confidence contours of type

IT objects
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H. Optical & X-ray spectra, confidence contours of type II objects
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