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“Wahre Dein Recht auf des Weltalls Hohn!
Nicht haftend am Niedern
Sinke vom Staube beschwert dumpf in des Acheron Flut!
Nein, vielmehr zum Himmel empor!
Dort suche die Heimat!”

Giordano Bruno

Im Rahmen dieser Arbeit wird ein umfassender Einblick in die Quellkomponenten von nahen Spiralga-
laxien im Rontgenbereich gegeben. Schwerpunkt ist dabei Rontgenemission der nahen Galaxien M31,
M51, M83, M100 und M101 auf Grundlage von Beobachtungen mit den HRI und PSPC Instrumenten
an Bord des Satelliten ROSAT (‘Rontgensatellit’; Kapitel 1.). Ein wichtiger Teil der ausgewerteten
Daten wurde vom Autor als ‘principal investigator’ (Pl) zur Beobachtung vorgeschlagen, einschlieB-
lich einer ‘last light’ Beobachtung mit dem ROSAT PSPC wenige Tage bevor der Satellit endgiiltig
nach mehr als acht Jahren erfolgreicher Beobachtung abgeschaltet wurde. Der GroBteil der Daten
stammt von Beobachtungsvorschligen von Wolfgang Pietsch, Betreuer dieser Arbeit, und aus dem
Datenarchiv des MPE. Beobachtungen aus anderen Wellenldngenbereichen (z.B. Radio- und optische
Beobachtungen) erganzen die ROSAT Daten.

Die Beobachtungen wurden dazu verwendet, die diskrete Population von Rontgenquellen in Gala-
xien zu untersuchen und Fragestellungen beziiglich des Beitrages von diskreten Quellen zur gesamten
Abstrahlung der Galaxien im Rontgenbereich zu |6sen (Kapitel 2.). Ausfiihrliche Zeitvariabilitatsunter-
suchungen wurden fiir jede einzelne Rontgenquelle durchgefiihrt und Langzeitveranderlichkeit durch
Vergleich mit friitheren Beobachtungen von Rontgenmissionen getestet. Radio und optische Beobach-
tungen wurden herangezogen, um entdeckte Rontgenquellen zu identifizieren (Kapitel 3.1.). Eine neue
Methode wurde zum Nachweis von Rontgenquellen in Gebieten erhohter diffuser Rontgenstrahlung
entwickelt (z.B. in Kernregionen; Kapitel 3.2.). Durch die Anwendung auf virtuelle Beobachtungen
unserer Nachbargalaxie M31 (690 kpc) im Abstand von M51 (7.7 Mpc) und Vergleich mit hochauf-
gelosten Beobachtungen von M31 wurde die Methode erfolgreich getestet.

Etwa die Halfte aller in den Galaxien nachgewiesenen Rontgenquellen sind massen-akkretierende
Rontgendoppelsternsysteme, die damit die groBte Quellpopulation reprasentieren (Kapitel 4.3. und
4.4.). Zusatzlich wurden mehrere rontgenhelle Hir Regionen in den Spiralarmen der Galaxien nachge-
wiesen (Kapitel 4.4.1.).

Eine Anzahl ungewdhnlich heller Rontgenquellen (‘superluminous X-ray sources’, SLSs) wurde in
den Galaxien M51 (10 SLSs), M83 (8), M100 (6) und M101 (5) entdeckt (Kapitel 4.4.3.). Interes-
santerweise ist jeder dieser SLSs wihrend der HRI Beobachtungen variabel und ausschlieBlich in den
auBeren Spiralarmen in groBen Hit Komplexen angesiedelt, was auf die Entstehung massiver Sterne
hindeutet. In M83 beispielsweise wurde eine variable (Faktor 2 2) super-Eddington Réntgenquelle
(3.8 x10%% erg s—1) gefunden, die mit einem schwachen, optisch ausgedehnten Objekt zusammenfillt.
Aufgrund der spektralen Indizes Optisch-zu-Rontgen apx = 1 und Radio-zu-Optisch arp < 0 ist es
unwahrscheinlich, daB die Quelle eine Hintergrundgalaxie, AGN oder Quasar darstellt. Stattdessen
reprasentiert sie hdchstwahrscheinlich ein massives (~ 30 M) akkretierendes Schwarzes Loch in ei-
ner kompakten HII Region oder einem Kugelsternhaufen in M83. Ahnliche breitbandige Eigenschaften
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wurden fiir SLSs in den Galaxien M51 und M101 beobachtet. Die PSPC Spektren der Quellen ergeben
ein bestangepaBtes thermisches Bremsstrahlung Spektrum mit einer Temperatur von ~ 2 keV.

Zusitzlich wurde eine Anzahl réntgenheller (2 1038 erg s—!) und zuvor unbekannter Superno-
vaiiberreste (‘supernova remnants’, SNRs) in den Galaxien M51, M83 and M101 entdeckt, die in aus-
gedehnten Ha Emissionskomplexen lokalisiert sind und mit kompakten 6 cm und 20 cm Radioquellen
zusammenfallen (Kapitel 4.4.2.). Kiirzlich wurden Hinweise auf die Existenz von zwei rontgenhellen
Hypernovaiiberresten in der Galaxie M101 bekannt, die breitbandige Eigenschaften haben, die de-
nen der SNRs dhnlich sind, die in M51 und M83 entdeckt wurden. Hinsichtlich ihrer Leuchtkrafte
(3.0 und 1.2 x 1038 erg s 1), spektraler Parameter (0.3 keV fiir einen bestangepaBtes thermisches
Plasma) und Emissionslinienverhaltnissen [Si1]/Ha von 0.51 und 0.76 sind die Kandidaten von Hy-
pernovaiiberresten in M101 den SNR Kandidaten in M83 frappierend ahnlich. Es ist daher denkbar,
daB eine weitere Anzahl von andauernd leuchtenden Réntgenquellen in nahen Galaxien die Uberreste
von energetischen Hypernova Explosionen sind.

Eines der wichtigsten Resultate ist die Entdeckung von Rontgenstrahlung der Typ 1l Supernova
SN 1979C in M100 mit einer Leuchtkraft von 1 x 103 erg s=! 16 Jahre nach Ausbruch (Kapitel 5.3.).
Nachbeobachtungen mit ROSAT, einschlieBlich einer ROSAT ‘last-light’ PSPC Beobachtung, ergaben,
daB die Emission relativ weich (0.5 keV) zu diesem spatem Zeitpunkt nach der Explosion ist. Ebenso
konnte festgestellt werden, daB der starke Abfall der Rontgenhelligkeit Ly o< t~* verschieden ist vom
lamgsamen Abfall der Radiohelligkeit (Sy o< t =07 fiir A = 2,6 und 20 cm). Hinweise fiir einen Anstieg
der Emission ~ 4000 Tage nach Ausbruch der SN im Radiobereich wurde im Rdntgenbereich nicht
beobachtet. Mittels der gemessenen Leuchtkraft konnte die Massenverlustrate des Vorgangersterns
zu 1 x 107 Mg yr~! bestimmt werden. Ebenso wurde abgeschitzt, daB die maximal erreichte
(0.1-2.4 keV Band) Rontgenleuchtkraft der SN 1979C im Bereich 5-8 x 10*0 erg s—! lag. Der im
Nachhinein ebenso bestimmte Zeitpunkt zum Einsetzen der Rontgenemission lag zwischen 2000 und
2500 Tagen nach Ausbruch.

Ein weiteres bedeutendes Ergebnis ist die Entdeckung einer Rontgenquelle mit einer Leuchtkraft
von 1.6 x 103% erg s~! an der Position der SN 19941 in M51 79-85 Tage nach der Explosion (Kapi-
tel 5.2.). Dies ist der erste starke Hinweis fiir den Nachweis von Rontgenstrahlung einer Typ | SN. Unter
der Annahme, daB die Emission von schock-angeregtem Gas stammt, das vom Vorgdngerstern durch
nicht-konservativem Massentransfer an einem Begleitstern abgegeben wurde, wird eine konstante Gas-
dichte von p = 2x 10° cm 3 v’ und eine Gesamtmasse leuchtendes Gases von M = 1x 103 Mg
innerhalb einer Kugelschale mit Radius 1.2 x 10'® cm abgeschitzt. Falls die Strahlung vom schock-
angeregten Wind des Vorgangersterns stammt, der durch die nach Aussen gehende Schockfront erhitzt
wird, wird eine Massenverlustrate vor Ausbruch der SN von M = 3.6 x 106 Mg yr~! abgeleitet.

Ebenso wurde in einer ultra-tiefen ROSAT HRI Beobachtung von M101 zwei Rontgenquellen
an den Positionen der Typ Il SNe 1951H and 1970G nachgewiesen (Kapitel 5.1.). Fir die HRI
Leuchtkraft der SN 1970 25 Jahre nach Ausbruch (4.5 x 1037 erg s=!) wird die Massenverlustrate
2u M = 2.0 x 1075 Mg yr ! bestimmt. Dies ist identisch mit der Massenverlustrate, die aus
Radiodaten abgeleitet wurde. Fiir SN 1951H wird die Massenverlustrate aus der HRI Leuchtkraft
(2.0 x 10% erg s~1) 45 Jahre nach Ausbruch zu M = 5.5 x 10~ Mg yr! bestimmt. Das PSPC
Spektrum der Rontgenquelle zeigt, daB die Emission relativ weich (0.5 keV) und unabsorbiert ist
(Nu = 4 x 102 cm—2).

Die ausgedehnte Rontgenstrahlung innerhalb der Kernregionen der Galaxien kann fast vollstandig
fiir M51 (95%) und M100 (96%) in Punktquellen aufgeldst werden (Kapitel 6.). Insgesamt betragt
der Anteil von Punktquellen ~ 1/3 zur Gesamtemission der Galaxien. Die restliche Emission wird
von groBen Mengen heissen Gases innerhalb der Scheiben und in den Halos der Galaxien und von
unaufgelosten Punktquellen erzeugt. Fiir M83 betrdgt der Anteil von heiBem Gas und unaufgelosten
Punktquellen zur Emission innerhalb der Kernregion 45%. Analog tragen Punktquellen ca. die Halfte
zur Gesamtstrahlung der Galaxie im Rontgenbereich bei.

Unter AusschluB bekannter Vordergrund- und Hintergrundobjekte wurden die Leuchtkraftvertei-
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lungen der Quellen in den Galaxien verglichen (Kapitel 4.5.). Interessanterweise wurde festgestellt,
daB alle Galaxien, unabhangig von deren morphologischen Typ, eine dhnliche Leuchtkraftverteilungs-
funktion besitzen, die am Besten durch ein Potenzgesetz N(> Ly) = NoL;® mit Exponenten ~ 1
beschrieben wird. Sowohl die Anzahl superheller Rontgenquellen mit Leuchtkréften iiber dem Edding-
ton Limit fiir einen 1.4 M, akkretierenden Neutronenstern (Ly > 1.3 x 108 erg s—!) als auch die
gesamte Rontgenleuchtkraft scheinen dabei mit der Sternentstehungsrate der Galaxien korreliert zu
sein.
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SYNOPSIS

“Maintain your rights for the universe’s heights!
Lest, sinking to the depths,
Assailed, you drown in Acheron’s black waters!
Rather go soaring, probing nature’s lairs!”

Giordano Bruno

Within the scope of this work, a comprehensive insight into the X-ray source components of nearby
spiral galaxies is given. Emphasis will be put on the X-ray emission from the nearby galaxies M31,
M51, M83, M100 and M101, based on observations with the HRI and PSPC instruments onboard
ROSAT (‘Rontgensatellit’; Sec. 1.). An important fraction of the data analyzed was proposed by the
author as principal investigator (Pl), including a ROSAT ‘last light’ PSPC observation just days before
the ROSAT satellite was finally turned off after more than eight years of successful operation. Most
of the data are from proposals submitted by Wolfgang Pietsch, supervisor of this thesis, and from the
MPE data archive. Observations obtained in other wavelength regimes (e.g. radio, optical) were used
to complement the ROSAT analysis.

The observations were utilized to study the discrete X-ray source population in the galaxies and
attack questions as to the contribution of discrete sources to the total X-ray output of the galaxies
(Sec. 2.). Detailed timing analysis was performed for each individual X-ray source and the long-term
variability was tested by comparison with previous X-ray observations from past X-ray missions. Radio
and optical observations were used to identify detected X-ray sources (Sec. 3.1.). A new source
detection technique (‘image subtraction technique’) was developed to detect sources in regions of
enhanced diffuse X-ray emission (e.g. the bulge regions; Sec. 3.2.). The method was successfully
tested by applying it to a virtual observations of one of our neighbour galaxies M31 (690 kpc) at a
distance of M51 (7.7 Mpc) and comparing the results to the high-resolution observations of M31.

Almost half of all X-ray sources detected inside the galaxies are mass-accreting X-ray binaries,
representing the largest X-ray source population (Sec. 4.3. and 4.4.). In addition to X-ray binaries,
many X-ray luminous HII regions are found in the spiral arms of the galaxies (Sec. 4.4.1.).

A number of exceptionally bright X-ray sources (‘superluminous X-ray sources’, SLSs) are detected
inside the galaxies M51 (10 SLSs), M83 (8), M100 (6) and M101 (5; Sec. 4.4.3.). It is interesting to
note that each of the SLSs is variable during the HRI period of observation and that they are located
exclusively in the outer part of the spiral arms, coincident with giant HII complexes, indicating massive
star origins. In M83, for example, a variable (factor 2 2), super-Eddington (3.8 x 10%? erg s~!) X-ray
source is found to coincide with a faint, extended optical counterpart. Based on the spectral indices
optical-to-X-ray apx = 1 and radio-to-optical agro < 0, the source is unlikely to be a background
galaxy, AGN or quasar and most likely represents a massive (~ 30 M) accreting black hole binary,
located in a compact HIiI region or in a globular cluster in M83. Similar broadband properties are
observed for SLSs located in M51 and M101. The PSPC spectrum of the sources gives a best fit
thermal bremsstrahlung spectrum with a source temperature of ~ 2 keV.

Also, a number of X-ray luminous (2 103 erg s=1), previously unknown supernova remnant (SNR)
candidates were discovered in M51, M83 and M101, located in extended Ha: emission complexes and
coinciding with compact 6 cm and 20 cm radio sources (Sec. 4.4.2.). Recently, evidence for the
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presence of two X-ray luminous hypernova remnants in the galaxy M101 was presented, with broadband
properties similar to the SNR candidates discovered in M51 and M83. In terms of luminosities (3.0
and 1.2 x 108 erg s71), spectral parameters (0.3 keV best thermal plasma fit) and [S11]/Ha emission
line ratios of 0.51 and 0.76, respectively, the hypernova remnant candidates in M101 are strikingly
similar to the SNR candidates in M83. It is hence conceivable that a number of persistent X-ray
sources in nearby galaxies are the relics from energetic hypernova explosions.

One of the most important results was the discovery of X-ray emission from the type Il supernova
SN 1979C in M100, 16 years after the explosion, with a luminosity of 1 x 103 erg s=! (Sec. 5.3.).
Follow-up observations with ROSAT, including a ROSAT ‘last-light’” PSPC observation, showed that
the emission is rather soft (0.5 keV) at this late stage and that the steep X-ray rate of decline of
L, oc t~* is in contrast to the observed slow radio rate of decline (Sy o t%7 with A = 2,6 and
20 cm). Indications for an increase in the emission of the SN beyond ~ 4000 days after the outburst
in the radio regime are not observed in the X-ray band. By using the inferred luminosities, the mass-
loss rate of the progenitor could be determined to be 1 x 10™4 Mg yr~L. Also, by using a mean X-ray
rate of decline of = over the last ~ 19 years, the maximum attained (0.1-2.4 keV band) luminosity
of SN 1979C could be determined to be in the range 5-8 x 10%° erg s~! for a predicted turn-on phase
between day 2000 and 2500 after the outburst.

Another important result is the detection of an X-ray source with a 0.1-2.4 keV band luminosity
of 1.6 x 1038 erg s~!, coinciding with the position of SN 1994l in M51, 79-85 days after the explosion
(Sec. 5.2.). This is the first strong evidence for the detection of X-ray emission from a type | SN.
Assuming the emission arises from shocked circumstellar gas, deposited by the progenitor through

. . . 5 _3 2/3
non-conservative mass-transfer to a companion, a constant gas density of p = 2 x 10° cm™ vi5%540
and a total mass of X-ray luminous gas of M = 1 x 10~2 M, inside a sphere of radius 1.2 x 10'6 cm
is estimated. If the emission arises from the shocked stellar wind of the progenitor, heated by the
outgoing shock wave, a mass-loss rate prior to the outburst of M =36x10"" Mg yr~!is derived.

Also, based on ultra-deep ROSAT HRI observations of M101, X-ray sources are detected at the
positions of both the type Il SNe 1951H and 1970G (Sec. 5.1.). Using the HRI luminosity observed
for SN 1970G 25 years after the outburst (4.5 x 1037 erg s!), a pre-outburst mass-loss rate of
M =20x105 Mg yr~! is derived. This is the same mass-loss rate as inferred from radio data.
The mass-loss rate of the progenitor of SN 1951H inferred from the HRI luminosity (2.0 x 1038 erg s—1)
45 years after the outburst is M = 5.5 x 1075 M yr~!. The PSPC spectrum of the X-ray source
shows that the emission is rather soft (0.5 keV) and relatively unabsorbed (N = 4 x 10%° ¢cm—2).

The extended X-ray emission within the bulge regions can almost entirely be resolved into point
sources for the galaxies M51 (95%) and M100 (96%; Sec. 6.). The overall contribution of point
sources to the total emission of the galaxies is ~ 1/3, the rest being due to large amounts of hot gas
from within the disk and the halo and to unresolved point-sources. For M83, the amount of residual
X-ray emission within the bulge from either hot gas and unresolved point sources is 45%. Similarly,
point sources account for half of the total X-ray emission of the galaxy.

Excluding known interlopers (i.e. foreground and background objects), the luminosity distributions
of sources within the galaxies were compared (Sec. 4.5.). Interestingly, it was found that all galaxies,
regardless of their morphological type, have similar source luminosity functions, being best described
by a power-law N (> Ly) = NoL;® with exponent ~ 1. Both the number of superluminous X-
ray sources with luminosities exceeding the Eddington limit of a 1.4 M) accreting neutron star
(Lyx > 1.3 x 108 erg s~!) and the total X-ray luminosity, however, appear to be correlated with the
star forming rate of the galaxy.
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Chapter 1. INTRODUCTION 1

1. INTRODUCTION

“I’'m astounded by people who want to ‘know’ the universe
when it’s hard enough to find your way around Chinatown.”

Woody Allen

1.1. AIM OF THE THESIS

The aim of this project is to provide a comprehensive and deep insight into the high energetical
astrophysical processes taking place within nearby spiral galaxies. Emphasis are the X-ray emission
from the galaxies M31, M51, M83, M100 and M101, observed with the instruments onboard ROSAT.
Based on deep ROSAT HRI and PSPC observations of the galaxies and on comparison to previous
X-ray observations and data obtained in other wavelength bands, the following questions are addressed:

= How big is the total output of nearby spiral galaxies in the (0.1-2.4 keV) X-ray band?

= What fraction of the integrated X-ray emission is due to discrete X-ray sources?
(e.g. X-ray binaries, supernovae, supernova remnants, HII regions, etc.)

4

What are the physical properties of the discrete X-ray sources?
(e.g. luminosities, spectral type, temperature, variability, etc.)

Is there a difference in the X-ray source population for the galactic disk and bulge regions?
How much residual emission can be attributed to hot gas within the galactic disks and halos?
How large is the contribution of discrete X-ray sources to the extended bulge emission?

Is the residual extended bulge emission due to truly diffuse hot gas or unresolved point-sources?
What is the nature of superluminous X-ray sources (SLSs) found within the galaxies?

Are SLSs due to spatially unresolved X-ray sources or due to single, massive accreting objects?

How many of the detected X-ray sources are due to young supernovae and supernova remnants?

L R R N A

What are the physical properties of the supernova ejecta and the progenitors?
(e.g. temperature and density of the ejecta, mass-loss rates of the progenitors, etc.)

= How do X-ray emitting supernovae evolve in time?
= Is there a difference in the X-ray source luminosity functions for galaxies of different types?

In order to attack the above questions, source lists of X-ray sources detected within the galaxies are
created. The short-term and long-term variability of the X-ray sources is studied by timing analysis of
the individual ROSAT HRI observations and by comparison with previous X-ray observations. Where
spectral information is available from the ROSAT PSPC, spectral parameters of the sources are derived
(e.g. spectral type, temperature, absorption, etc.). All results are discussed and compared with already
published data from previous X-ray observations.
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The structure of the thesis is as follows: In Sec. 1., the history of X-ray astronomy will be briefly
outlined and major discoveries and important results of past X-ray missions is presented (Sec. 1.2.).
As most of the analyzed data presented in this work were obtained with ROSAT, the principles of the
X-ray telescope and the detectors onboard ROSAT are described in Sec. 1.3. Key issues of our current
understand regarding the X-ray emission from galaxies are explained in Sec. 2. Both the emission
mechanism giving rise to X-rays and different source classes responsible for the X-ray emission are
described. A detailed explanation of the analysis methods applied to the ROSAT data is given in
Sec. 3. Within this section, the source detection strategies, timing analysis and a new method for the
detection of discrete, variable X-ray sources within regions of enhanced diffuse emission are explained.
Both the general X-ray morphology of the analyzed galaxies and the individual properties of detected
X-ray sources found within the galaxies are studied in detail in Sec. 4. The discoveries of new X-ray
emitting supernovae are presented in Sec. 5., together with an in-depths analysis of the results. The
bulge regions of the nearby galaxies are subject to a thorough study in Sec. 6., being followed in Sec. 7.
by a compilation of the most important results of this thesis and a brief outlook into the future of
X-ray astronomy.
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1.2. RONTGENSTRAHLUNG FROM THE UNIVERSE

Astronomical observations are performed by recording the electromagnetic radiation travelling from
space to the Earth. The energy distribution of the radiation ranges from short gamma rays to long radio
waves. The optical band, perceived by the human eye, represents only a minor fraction of the entire
energy band (cf. Fig. 1.2.). The sensitivity of the human eye to radiation from the relatively small
optical band is due only to the fact that only radiation from this band is transmitted by the Earth's
atmosphere and can be used by the human eye to get information on the inviroment. Astrophysical
processes, however, give also rise to characteristic radiation in different wavelength bands. Many
important astronomical discoveries resulted from observations performed at wavelengths not visible
to our eye. Examples of some of these observations are the discovery of the cosmic microwave
background radiation (one of the most convincing evidence for the existence of the Big Bang), the
discovery of pulsars through radio observations (proving theories postulating the existence of ultra-
compact objects), the existence of large amounts of warm interstellar matter visible in the infrared or
the identification of Galactic objects as close, mass-exchanging binary systems, observed in the X-ray
band.

Whereas observations in the radio, microwave and infrared bands primarily give information on the
cold universe, X-ray observations are mostly obtained from matter at high temperature. Characteristic
X-rays in the range from 0.1 to 100 keV ! are produced by gas heated to high temperature (mil-
lions of degree), high-energy particles with interaction with magnetic fields (synchrotron radiation) or
photons (inverse Compton radiation). Hence, observations in the X-ray band are a particularly good
diagnostical tool to study the high-energetic state of matter in the universe, e.g. mass-accretion onto
a compact object like a neutron star or black hole, supernova explosions or hot gas heated to high
temperatures within galaxies and clusters of galaxies.

Since the Earth’s atmosphere is not transparent to X-rays (cf. Fig. 1.2.), all observations in this
band must be performed with detectors above the Earth’s atmosphere. Despite astronomy being one
of the oldest science of mankind in general, X-ray astronomy in particular only became possible with
the advent of rockets that could aloft detectors above the absorbing atmosphere. Early attempts with
balloon techniques in the 1920s, placing detectors to an altitude of some dozen kilometres above most
of the Earth’s hydrogen, resulted in the first detection of energetic cosmic rays. However, the origin
of this high-energetic radiation remained unclear and was disputed for many years due to the poor
spatial resolution of the detectors. Improved follow-up balloon-borne experiments (most important of
which were the photographic plates and Geiger-Miiller counter experiments by Bruno B. Rossi (x1905,
11993) in the 1930s) revealed that most of the cosmic rays are produced in the Sun’s corona and
are reprocessed in the outer parts of the Earth’s atmosphere. The high temperature of the solar
corona (millions of degree) was also found to be the site where X-ray emission, recorded by balloon
experiments in 1940s, is produced. However, other than the Sun, no cosmic X-ray source was detected
with ballooning experiments till the 1960s. It was the development of rockets that finally pushed the
door open to study the invisible universe.

One of the most important pioneers in the development of sounding rockets was undisputively
Hermann Oberth (%1894, {1989; for his biography, cf. Barth 1991; Freeman 1993; Rauschenbach
1994). While still at high-school and later as a student, Oberth started with his theoretical work on
two-stage liquid-fuel cosmic rockets that could overcome Earth’s gravity and travel into space. As
a physics school teacher and without funding, Oberth started with experiments proving his theories
that the exhaust velocity of the combustion products from a rocket engine, consisting of either liquid
oxygen and hydrogen or a mixture of alcohol and oxygen, made it possible to enter space. Oberth
gradually developed into the world’s prime expert in designing and building two-stage rockets that
could climb to an altitude of some hundred kilometres above the ground and orbit around the Earth.

! In high-energy astrophysics, photon energies and temperatures are usually given in units of ‘electron volts’
(eV) or “kilo electron volts’ (keV). E[keV] = ksT[K]. 1 keV hence corresponds to a temperature 1.16 x 107 K
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FIGURE 1.1. Transmission of electromagnetic radiation by the Earth’s atmosphere. The solid line
shows the altitude by which half the radiation from space has been absorbed (adopted from Charles
& Seward 1995).

He compiled his detailed theoretical work on the construction of two versions of liquid fuel rockets
into a book of 92 pages and submitted it as Ph.D. thesis to the Department of Astronomy at the
University of Heidelberg in 1921. The thesis, however, was rejected by the astronomer Max Wollff,
being considered as too speculative. In 1923, Oberth nonetheless published his book entitled ‘Die
Rakete zu den Planetenrdumen’ (‘The Rocket into Interplanetary Space’) on his own expense after
another discouraging phase of finding a publisher (Oberth 1923).

Detailed construction plans of two liquid fuel rocket models are presented, supplemented by nu-
merous chapters about energetically best-suited trajectories for putting rockets into orbit, onboard
navigation systems, biological effects of space travel on humans (including space-sickness), possible
malfunctions of the rocket during the ascent, etc. Interestingly, already in this historically unprece-
dented and surprisingly detailed description of designing rockets — at a time when mankind had just
entered the age of general aviation — Oberth speculates about the purpose of rockets and possible
scientific payloads in the closing remarks of his book. Here, he already preempts a field of science, the
space-borne and high-energy astronomy, that will be born more than three decades later (Oberth 1923):

Mit dem eben beschriebenem Apparat (= Rakete)

lassen sich zundchst folgende Versuche und

Beobachtungen ausfiihren: ...

¢) Im Atherraum kénnen Fernrohre von jeder Gréife

benutzt werden, da die Sterne nicht flimmern. ...

d) Da der Himmel vollkommen dunkel ist,
geniigt ein Abblenden der Sonnescheibe, um die

Sonnnennihe nach Belieben zu beobachten.

With the apparatus just described (= rocket), the
following experiments and observations can just be

conducted: ...

¢) Over the air, telescopes of any aperture can be

used because the stars do not twinkle. ...

d) Since the sky is completely dark, screening
the Sun’s disk is sufficient to observe the Sun’s

environment at will.
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e) Gewisse Untersuchungen iiber strahlende . . L.
.. . .. e) Certain studies about the radiating energy
Energie sind auf der Erde nicht mdglich, da .

. . . . are not possible from the earth because the
die Atmosphare kurzwellige Lichtstrahlen .
atmosphere absorbs short-wave light rays.
verschluckt.

. . . . Exactly those that might easily lead ... to
Gerade diese konnten leicht ... zu den inter- . . .

. . the most far-reaching physical-chemical
essantesten und weittragenden physikalisch- . .
. . discoveries.
chemischen Entdeckungen fithren.

f) Wir konnen feststellen, wie grof§ die strahlende L. .

Lo . . f) We can find out how much radiating energy is
Energie ist, die aus verschiedenen Gegenden des . . . .

i . K coming from different regions in the sky. ... It

Himmels kommt. ... Es ist nicht ausgeschlossen,

. . i cannot be excluded that some new phenomena

daB dabei z.T. ganz neuartige Erscheinungen (z.B. .

appear (e.g. about the behaviour of electrons etc.).

im Verhalten der Elektronen usw.) eintreten.
It would at least be worth the effort to conduct

Mindestens ware es der Miihe wert, diesen Versuch

these experiments.
zu machen.

First attempts with rocket-borne X-ray detectors were made in the US in 1946 using German A4
rockets (better known as V-2 rockets), developed by Oberth himself and his pupil Wernherr von Braun.
Just weeks after the end of World War I, 300 box-cars were filled with V-2 rocket parts captured from
Germany and sent to the White Sands Proving Ground to the US, together with the rockets scientists
that had built and operated the rockets in Germany (however, much to his disappointment, Oberth
was not selected to join this group). Using rocket-born Geiger-Miiller counters in 1949, Herbert
Friedman and collaborators succeeded in proving that the atmospheric X-rays recorded with earlier
balloon experiments are of solar origin. However, despite numerous efforts, no other X-ray source
apart from the Sun was detected.

The first discovery of an X-ray emitting extra-solar object by Giacconi et al. (1962) marks the
actual birth of X-ray astronomy. The X-ray emitting object, named ‘Sco X-1' denoting the first X-
ray source in the constellation Scorpio, was later identified as a mass-accreting neutron star. Since
this early discovery, mass-exchanging binary system have been identified as common high-energetic
and high-luminosity phenomena in galaxies. Ever since, the rapid development of this young field
has established X-ray astronomy as an indispensable part of multi-wavelength astronomy to study
energetic astrophysical events not visible in other wavelength regimes.

Whereas the sensitivity of rocket-born X-ray detectors was very limited due to the short obser-
vation period based on the ballistic flight of the rockets (typically lasting for ~ 5 minutes) and the
limited payload masses of a few kilograms only, dedicated X-ray satellites with sensitive imaging X-ray
telescopes led to a subsequent breakthrough in the field of X-ray astronomy. The first X-ray satellite
UHURU (US, 12 Dec 1970 — March 1973, energy range: 2-20 keV) was the first in a series of ‘Small
Astronomical Satellites’ (‘SAS-1’, launched from the San Marco platform in Kenya and given the
Swahili name for ‘freedom’ to mark the seventh anniversary of Kenya's independence). UHURU led
to the detection of 339 X-ray sources while performing an all-sky survey. Highlights of this mission
were the discovery of X-ray emission from hot gas filling clusters of galaxies and galactic pulsars
emitting X-rays by accreting matter from an evolved companion star. Next followed a series of simi-
lar satellites in terms of scientific payloads: ANS (‘Astronomische Nederlandse Satelliet’, Dutch/US,
30 August 1974 — 14 June 1977, energy range: 0.1-30 keV), Ariel V (UK, 15 October 1974 — 14
March 1980, energy range: 0.3—40 keV), a series of OSO-satellites (‘Orbiting Solar Observatories’,
US) designed to study the UV-, X-ray and cosmic ray emission from the Sun, Copernicus (‘Orbiting
Astronomical Observatory’, OAO-3, US/UK, 21 August 1972 — late 1980, energy range: 0.5-10 keV)
and the first of the ‘High Energy Astronomical Observatories’, HEAO-1 (US, 12 August 1977 — 9
January 1979, energy range: 0.2 keV-10 MeV). The second in this series, HEAO-2 (later renamed
the ‘EINSTEIN observatory’, 12 November 1978 — April 1981, energy range: 0.2-4.5 keV), set a new



6 INTRODUCTION Chapter 1.

milestone by using instruments more sensitive and better in resolution by a factor of ~ 1000 compared
to its predecessors. Major results from the successful EINSTEIN observatory were the discovery of
pervasive X-ray emission from stars of all types and establishing supernova remnants (SNRs) as an
important class of X-ray objects. Also, normal galaxies were unveiled to be an interesting new class
of X-ray emitting objects with more than 200 EINSTEIN observations of galaxies. With the European
EXOSAT observatory (European X-Ray Observatory Satellite, launched in 1983), the variability of
strong X-ray sources could be continously monitored for a period of four days, given the high ec-
centricity of the satellite’s orbit. Due to the many interesting new astrophysical aspects disclosed
by these X-ray missions and their limited capabilities on the other hand, the need for more powerful
facilities arose. Although the EINSTEIN observatory reached a sensitivity and angular resolution far
exceeding that of other X-ray missions, it's observations only covered less than 1% of the entire sky.
The wish for an all-sky survey with similar or better sensitivity and angular resolution, extending to
photon energies below 1 keV, finally resulted in the proposal of a new X-ray mission, the German
ROSAT X-Ray Satellite.

1.3. THE ROSAT X-RAY SATELLITE

The requirements for this new space-borne X-ray observatory, proposed by Joachim Triimper to the
German Ministry of Science in 1975, were very ambitious and, from a technological point-of-view,
extremely challenging: putting an X-ray satellite into an orbit of ~ 500 km altitude that is capable
of an imaging all-sky survey in the soft (0.1-2.4 keV) X-ray band, while being significantly more sen-
sitive than all X-ray missions before. As the proposed mission grew both in terms of mass, costs and
complexity, partners from allied countries joined the ROSAT project in the 1980s. While astronomers
from Leicester University, UK, contributed an ultraviolet camera (Wide Field Camera), piggyback
mounted onto the satellite, the NASA agency supported the mission by building a modified version of
the High Resolution Imager already used for the EINSTEIN mission. Also, NASA was to supply the
launch vehicle (at that time a space shuttle was anticipated) in exchange for a large fraction of obser-
vation time. The joint German/UK/US effort, led by the Max-Planck-Institut fiir extraterrestrische
Physik/Garching, was finally realized in the ‘Rontgensatellit’ ROSAT (Trimper 1983), named in
honour of Wilhelm Conrad Rontgen (x1845, 11923 in Munich), who won the Nobel Prize in Physics
in 1901 for the discovery of a new kind of rays he denoted X-rays (in German: ‘Réntgenstrahlung’).
After the Challenger disaster, ROSAT was extensively modified for a rocket launch and successfully
put into an orbit of 580 km altitude with a Delta Il rocket on June 1, 1990.

Paraboloid Central occulting Paraboloidal
disk annuli

Focal

Hyperboloidal
annuli

Hyperboloid

e Common focus

FIGURE 1.2. Schematic representation of a Wolter | X-ray telescope (left-hand panel; drawing by
H. Wolter, reproduced from Karttunen et al. 1993) and a section through a nested grazing incident
X-ray telescope with three mirror modules (right-hand panel; reproduced from Kitchin 1998).
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FIGURE 1.3. Schematic representation of the ROSAT X-ray telescope and the detector unit.

The ‘heart’ of the ROSAT satellite is a Wolter type | telescope with 0.84 m aperture, a focal length
of 2.4 m, a geometrical collecting area of 1.14 m? and a maximum surface roughness of < 5A 2 (for
a detailed technical description of the X-ray telescope, cf. Aschenbach 1988). The telescope is an
assembly of four nested confocal mirror shells made of Zerodur, each of which is composed of one
parabolic and one hyperbolic mirror segment. If X-rays meet the mirror almost parallel to its surface,
they are reflected (‘grazing reflection’) and can be focused by a high-quality surface with a surface
roughness small compared to the wavelength of the radiation. A parabolic mirror segment can hence
be used as an X-ray telescope. In practise, parabolic mirrors show large abberation errors (‘coma’),
which can be minimized by using a second, confocal hyperbolic mirror segment. This assembly is
called a ‘Wolter | telescope’, originally proposed by H. Wolter for imaging X-ray microscopes (Wolter
1952). In order to increase the collecting area of the X-ray telescope, a number of mirror cones can
be ‘nested’, i.e. one put inside the other. A schematic representation of a Wolter | X-ray telescope is
given in Fig. 1.2.

Onboard ROSAT, two different detector units are mounted on a turret behind the mirror assembly
and can be placed into the focus of the telescope: a High Resolution Imager (HRI) with 38’ field-of-
view and an angular resolution of ~ 4", and two Position Sensitive Proportional Counters (PSPCs)
with 2° field-of-view, an angular resolution of ~ 25” and an energy resolution of 43% at 0.93 keV.
A schematic representation of the ROSAT X-ray telescope and the detector units is given in Fig. 1.3,
an illustration of the final flight configuration is given in Fig. 1.4.

The PSPC detectors represent multi-wire proportional counters, operated in a gas-flooded pressure
chamber filled with 65% argon, 15% methane and 20% xenon (for a detailed technical description of
the PSPC detectors, cf. Pfeffermann et al. 1988). The entrance window is a 1y thin polypropylene
foil, mechanically supported by a rib structure. The energy resolution of the PSPC is defined by

AE 4
S (1.1)
FE ElkeV]
0.93

With the XRT+PSPC configuration, spectral and spatial characteristics of X-ray sources can be
studied in the 0.1-2.4 keV ROSAT band. During the ROSAT all-sky-survey, performed with the
PSPC during the first half year (1990/91) of the ROSAT mission, the entire sky was mapped with
a sensitivity of ~ 100 times better than with previous missions. Altogether, more than 150000 X-
ray sources were recorded, increasing the total number of known X-ray sources in the universe by

2 1A (Angstrgm) =10"° m
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more than two orders of magnitude compared to all previous X-ray observatories. In ~ 9000 pointed
observations, dedicated to selected targets during the following years of the ROSAT mission, spectral,
spatial and timing characteristics of some 80 000 X-ray objects were studied in detail, resulting in more
than 3000 scientific publications.

The HRI instrument is comprised of two cascaded, z-stacked micro-channel plates (MCPs) based
on the photo-effect with secondary electron multiplying and a crossed-grid signal readout system (for
a detailed technical description of the HRI, cf. David et al. 1995). The XRT+HRI configuration
reaches an angular resolution of < 5", similar to the EINSTEIN mission, however, with a sensitivity a
factor 3—4 better compared to the EINSTEIN HRI. Contrary to the PSPC, the HRI has no intrinsic
energy resolution, its bandpass being cut-off at lower energies by the UV/ion filter and at high energies
by the reflectivity of the XRT mirror. The gain on the detector is controlled by the voltage setting
and the pulse height of the readout signal is converted to (un-calibrated) raw channels 0-15. Because
the ROSAT HRI is a purely electronical device, the lifetime is not limited by the consumption of gas
as in the case of the PSPC.

Although ROSAT was designed and built to achieve a lifetime of approximately two years, it
continued to successfully operate for more than eight years. After the loss of the last star tracker, a
chain of accidents regarding the operation of the satellite led to an irreversible damage of the HRI.
The guest observer programme was hence to be terminated and a ‘last light’ campaign was initiated
in December 1998. During the last days of ROSAT, the PSPC detector was activated again, not in
operation for four years. With the XRT+PSPC configuration, valuable data could be obtained from
targets of high scientific interest, e.g. comet C/1998 U5, GB 1428+421 (a radio-loud quasar), Nova
LMC 1995, S 520 (a cluster of galaxies), the Active Galactic Nuclei 1ES 19274654 and 1H 0707-495,
the recently discovered supernova remnant G 266.3-1.2 and the supernovae SN 1987A (the ‘first light’
target of ROSAT) and SN 1979C, proposed by the author and collaborators (discussed in Sec. 5. and
Sec. 5.3.). ROSAT was finally turned off on February 12, 1999, making it the most successful X-ray
mission ever operated and leaving behind an enormous data archive utilized by ~ 4 000 scientists from
26 countries to date.

FIGURE 1.4. lllustration of the ROSAT flight configuration.
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: RAY SOURCES IN SPIRA GA A IES

“The sun was shining on the sea,
Shining with all his might:
He did his very best to make

The billows smooth and bright
And this was odd because it was
The middle of the night.”

e is arroll

Prior to the launch of the EINSTEIN mission, only four galaxies had been detected in X-rays: our
Galaxy, and the local group galaxies M31, the Small Magellanic Cloud (SMC) and the Large Magellanic
Cloud (LMC; see Helfand 1984 and references therein). The EINSTEIN observatory gave a wealth of
information on the X-ray emission from normal galaxies with observations of ~ 500 galaxies. About
half the observed galaxies (238) were found to be sites where significant X-ray emission is produced (see
Fabbiano, Kim & Trinchieri 1992 and Kim, Fabbiano & Trinchieri 1992 for the EINSTEIN catalogue
and spectra of galaxies). With its high sensitivity and angular resolution, combined with the spectral
capabilities, the X-ray properties of the galaxies could be studied in detail. Normal galaxies of all
morphological types showed to be extended X-ray sources with luminosities in the EINSTEIN 0.1-
4.5 keV band in the range 10%%-10%? erg s—! . Although the X-ray band is a relatively small part of
the electromagnetic spectrum and the X-ray output of the galaxies represents only a small fraction of
the broadband output (cf. Fig. 1.2.), X-ray observations proved to be essential and uniquely suited to
studying astrophysical processes elusive in other wavelength regimes. As will be explained in detail in
the following sections, astrophysical processes giving rise to X-rays are related to the high-energetic
phenomena associated with end-points of the stellar evolution (e.g. supernova explosions and remnants
and accretion from compact objects such as white dwarfs, neutron stars and black holes) and the hot
phase of the interstellar medium. Stars of all classes were also found to be X-ray emitters, albeit
at a low level (< 103 erg s~ !). The X-ray to optical ratios measured in spiral galaxies, however,
are significantly larger than those expected from a normal stellar population and the average X-ray
spectra of galaxies are harder than that of stellar emission. Hence, as opposed to the optical, where
the overall emission of a galaxy is dominated by stars, contributions from normal stars to the overall
X-ray emission from galaxies is relatively small (< 15  for our Galaxy; Watson 1990).

Highlights of the EINSTEIN mission were the discovery of ‘plumes’ of hot gas ejected from the
nuclei of starburst galaxies (e.g. M82, NGC 253, NGC 3628) and hot gaseous X-ray halos surrounding
ellipticals and spirals. In most cases, a bright extended X-ray source was found at the center of the
galaxy. Given the spatial resolution of the EINSTEIN observatory, the nuclear X-ray sources could only
be spatially resolved in some very nearby local group galaxies (e.g. M31). Whereas the bright nuclear
X-ray emission could be attributed to active galactic nuclei (AGN) in many systems, some galaxies also
showed X-ray emission from starburst activity confined to the nucleus (e.g. the Galactic center region,
M51, M82, M83, NGC 253, NGC 3628, NGC 6946 and IC 342). The spectra of these nuclear regions
could be best described by the presence of a young stellar population and a shock-heated interstellar
medium (soft emission) and a component from an X-ray binary population (hard emission). This issue

' 1erg=10"" oule
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is further discussed in Sec. 6. Also, a large number of individual X-ray sources was detected within
the disks of nearby galaxies, dominated by X-ray binaries. About % of the discrete sources could be
attributed to X-ray emitting supernova remnants for the SMC (discussed in Sec. 2.3.3.), some of
which contain a central pulsar left behind from the supernova explosion. Enigmatic super-Eddington
sources were found to be associated with a number of nearby galaxies. Given the high luminosities
(1038739 erg s71'), exceeding the Eddington limit for a 1M 2 accreting object, their nature is still
a matter of debate. New light will be shed on these ultra-luminous objects in Sec. 4.4.3., while the
X-ray source population is discussed in more detail in Sec. 4. The overall luminosities of the galaxies
(10%8-10%2 erg s1) are linearly correlated with their emission in the optical B-band, linking the X-ray
emission to the star formation rate (for a comprehensive review of EINSTEIN results on spirals, cf.,
e.g. Fabbiano 1989 and 1990).

During the ~ 8 year life-span of the ROSAT satellite, some 950 pointed X-ray observations were
dedicated to normal galaxies (let alone an even higher number of pointings devoted to AGN). Not
surprising, the galaxy studied in most detail was the neighbouring ‘Andromeda galaxy’ M31, which
was covered by deep ROSAT PSPC (200 ks observation time) and HRI surveys (800 ks, corresponding
to more than one week of continuous observation). An optical image of M31 and the same area as
seen in X-rays with the ROSAT HRI is given in Figs. 2.1 and 2.2.

The enormous amount and high quality of the ROSAT data on galaxies led to a significantly
deeper understanding of all aspects related to the X-ray emission from normal galaxies and the X-
ray sources found therein. The PSPC spectra of some nearby spirals (e.g. NGC 253, NGC 3079,
NGC 3628, NGC 4631) allowed us to assess different spectral components in the gaseous halos. The
halos were found to consist of at least two components, i.e. a rather soft (0.2-0.4 keV) and a harder
(0.7-0.9 keV) phase of the ISM, with indications of a third component at a very low temperature
(e.g- NGC 4631 with ~ 0.05 keV; cf., e.g. Dahlem, Weaver & Heckman 1998; Vogler & Pietsch
1996). The element abundance of the hot diffuse gas was found to be compatible with near-solar
metalicities. The wealth of data showed that the complex halo ISM was chemically processed through
stellar evolution, implying that the constituents of the disk ISM take part in outflows via winds. One
of the most important ROSAT findings was to establish young supernovae as a new class of X-ray
emitting objects. With ROSAT, the interaction processes of type Il supernova shock waves with
the ambient circumstellar medium could be studied in detail. This work will significantly add to the
study of the X-ray interaction region from type Il supernovae (see Sec. 5.1. and 5.3.). The stringent
ROSAT upper limits for type | supernovae were used to demonstrate the lack of dense circumstellar
matter. Again, this work will shed new light on the X-ray production of type | supernovae and on
physical parameters of the ambient ISM (see Sec. 5.2.). The most extensively studied galaxy in
the X-ray regime is the local group spiral M31 (distance 690 kpc). With ROSAT PSPC and HRI
observations, the whole extent of the galaxy was covered with a homogeneous mosaic-like pattern of
pointings totalling in more than 200 ks exposure for each region of the galaxy (Primini, Forman &
Jones 1993; Supper et al. 1997). More than 500 X-ray sources were found in the galaxy down to a
limiting luminosity of some 10%® erg s~ !. The luminosity distribution of all X-ray sources found in the
galaxy follows a power-law, identical with the distribution of sources associated with globular clusters.
This was interpreted as being indicative of most of the sources being due to low-mass X-ray binaries
(LMXB). Because the published PSPC data could not spatially resolve the bulge region of M31, the
analysis of the high-resolution HRI data presented in Sec. 4.3. will give further information as to the
luminosity distribution of bulge and disk sources in M31. Earlier claims based on EINSTEIN data that
the globular cluster distribution function significantly differs from that of our Galaxy, albeit being of
the same morphological type Sb, could be ruled out with the ROSAT data (Supper et al. 1997). Both
in M31 and the Magellanic Clouds sources with an exceptionally soft X-ray spectrum with < 1keV
were discovered with ROSAT. Contrary to accreting binaries, which release energy from gravitational

21 (solar mass) =1.  x 10 ® kg
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FIGURE 2.1. Optical image of the ‘Andromeda galaxy’ M31 in negative representation (from the
Astronomy Digital Image Library/ADIL).

potential of accreted material, these ‘supersoft X-ray sources’ (SSS) were found to be white dwarfs
with a steady nuclear burning on their surface due to a su ciently high and steady accretion rate
from a companion star (cf., e.g. Greiner, Hasinger & Kahabka 1991).
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FIGURE 2.2. ROSAT HRI image of the ‘Andromeda galaxy’ M31. The composite image represents
the deepest X-ray observation of a galaxy ever performed, with a total exposure times of 0.8 Msec
(corresponding to more than one week of continuous observation). The pixel size of the image is 10”.
Same scale as Fig. 2.1.
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2.1. A TIVE GALA TI NU LEI

This thesis concentrates on normal spiral galaxies. In normal spirals, the absence of a bright active
nucleus is characteristic. The broadband luminosities are hence not dominated by a bright nucleus
typical for a variety of AGN classes. However, since a large fraction of normal spirals also host mildly
active AGN, the concept of active galactic nuclei will be briefly introduced.

The term ‘AGN’ is generally used for many sub-sets of AGN classes, e.g. Seyfert galaxies (Sy 1 and
Sy 2), quasars or QSOs (quasi-stellar objects), Narrow/Broad Line Radio Galaxies (NLRG/BLRG),
LINERS (Low lonization Nuclear Emission Regions), Fanaroff-Riley radio galaxies (FR I and FR 1),
BL Lac objects (Broad-Line Emission Galaxies), etc. They all have in common that the emission is
predominantly produced in a rather small region, extending to only a few light years, at the position
of the nucleus of the galaxy (hence the term ‘active galactic nucleus’). In the X-ray domain, AGN
have luminosities ranging from 103° to 10*6 erg s~!, whereas normal galaxies attain maximum X-ray
luminosities of some 10%! erg s~1. In some cases, huge amplitude variations in the X-ray flux (factors
10-80) on timescales of days were observed. (e.g. the Sy 1 galaxy NGC 5905; Komossa & Bade
1999)

From a phenomenological point of view, AGN are generally classified as ‘radio-loud’ ( 5 1 /

10, representing 15 -20 of all optically-selected AGN) and ‘radio-quiet’, and are further sub-
classified based on their emission line strengths and widths (broad/narrow line radio galaxies etc.)
The diversity of observed AGN properties, however, just seems to be different facets of one underlying
basic phenomenom: the existence of a massive black hole (106-10? M) at the center of the galaxy,
which energetically dominates the nucleus. Due to the high mass of the black hole at the nucleus
and the high density of matter in the nuclear regions, matter is accreted onto the black hole. Typical
accretion rates are 1-100 Mg, yr~1. The angular momentum of the infalling material leads to the
formation of a flattened accretion disk. The accretion disk is heated by viscous friction, magnetic
fields and turbulence. Observed high bolometric luminosities can be explained by conversion of gravi-
tational energy of matter into non-thermal radiation. Non-thermal processes are synchrotron emission
from energetic electrons and inverse Compton radiation (collision between low-energy photons and
relativistic electrons). The non-thermal emission gives rise to the characteristic power-law spectrum
observed in the X-ray band with a photon index of = 1-2. Also, an excess of X-ray emission
at low photon energies below 0.4 keV with respect to the overall power-law spectrum (‘soft X-ray
excess'), extending to the blue band in the optical (‘blue bump’), can be explained by a superposition
of the black body spectra of regions at different temperatures within the accretion disk. Contrary,
normal galaxies show thermal X-ray spectra for their nuclear regions due to thermal bremsstrahlung
from hot gas. The central black hole is further surrounded by a thick and dusty torus (or warped
disk), sometimes obscuring a direct view onto the nucleus. Broad emission lines (BLR) are produced
in clouds located 220 x 10'® c¢m above the disk. Narrow line emission regions are observed from
clouds much further away from the nucleus (10'3-2° cm). The hot corona may be the site where hard
X-ray continuum emission is produced. Relativistic radio-jets emanating from the nucleus have been
detected on scales from 10'7 to 10?* cm, a factor of 10 larger than the largest galaxies. Depending
on the direction of the line-of-sight with respect to the orientation of the disk, torus and the jet, AGN
with different properties are observed. All different AGN classes, however, can be explained by one
unified AGN model (cf. Urry & Padovani 1995).

It is di cult and, to some extent, arbitrary to distinguish between normal and active galaxies,
since many galaxies are believed to host a black hole at the position of their kinetical center. If a
normal galaxy hosts a mildly active nucleus, i.e. a black hole with a rather small accretion rate, a
galaxy at a transition between normal and active is observed. From the sample of galaxies presented
in this work, only M51 (classified as LINER or Sy 2.5 galaxy) represents such a galaxy. Whereas the
galaxies have overall properties typical of normal galaxies, their nuclei show some broadband activity
and their X-ray spectra are best described by a power-law. This activity will be subject to further
discussion and comparison to other normal spirals in Sec. 6.
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The most effective process for liberating large amounts of radiation is accretion. A com-
pact object of mass M and radius accreting material at a rate M = M/ t will release its
gravitational energy, £, almost entirely in the form of radiation with luminosity, L:

M M
L=F =-——"—" (2.1)

where is the gravitational constant ( = 6.68 x 107! m?® s72 kg~ !). For a compact object of
1M, a small amount of accreted material of 1078 M, yr ! is su cient to produce a luminosity
of 1038 erg s—!, typical for the brightest X-ray emitting objects within our Galaxy. The effectivity
in releasing radiation from accretion is determined by the ‘compactness’ of the object, expressed
by the term (M/ ) . At a given compactness, the liberated radiation only depends on the rate of

accretion, M. Since the equation above according to Einstein’s formula E = c? can be expressed
as _

L=E = Md, (2.2)
with = (M/ ) c~2 being its effectivity. The effectivity for compact objects is 0.1 for neutron

stars, 0.06—0.42 for black holes and 0.001 for white dwarfs, whereas the e ciency of transforming
energy from thermonuclear fusion of hydrogen to helium into radiation is ~ 0.0007.
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2.2. X-RAY INARIES

The first object other than the Sun discovered in X-rays was Sco X-1 (Giacconi et al. 1962; see
Sec. 1.2.). By the time of the discovery in the 1960s, no X-ray emission process was known capable of
producing such a high X-ray flux. Also, optical identification of Sco X-1 turned-out to be very di cult
since the optical counterpart was found to be a faint (~ 14th magnitude) star in a rather crowded
region of the sky. With subsequent rocket-born X-ray detectors and during the first few months of the
UHURU mission, a number of these enigmatic X-ray sources were detected. The regular pulsations
observed from SMC X-1 and Cen X-3 with the UHURU satellite, together with periodic eclipses
revealed that the X-ray sources are due to rapidly spinning compact objects in a binary system. Since
a white dwarf could not survive the centrifugal forces associated with the observed rapid spin periods
(e.g. 0.7 sec for SMC X-1 and 1.2 sec for Her X-1; Lucke et al. 1976, Tananbaum et al. 1972), the
compact object could only be either a neutron star or a black hole. Since these objects were exclusively
X-ray selected with their optical counterparts di cult to detect, these mass-accreting objects was given
the name ' ra binaries’ (for an extensive review of the multiwavelength properties of X-ray binaries,
cf., e.g. Lewin, van Paradijs & van der Heuvel 1995).

The large amount of X-rays produced in X-ray binaries is due to conversion of gravitational energy
from accreted matter into radiation by a mass-exchange from a companion star onto the compact
object. The basic source of energy is hence gravity (cf. Box. 1). Mass-transfer from the companion
onto the compact object occurs when the evolved companion fills its Roche lobe and mass can flow
through the Lagrange point 1. The infalling matter will form a rotating accretion disk around the
compact object due to its angular momentum. From the accretion disk, the matter gradually spirals
in onto the compact object and X-rays are produced. Alternatively, in a binary system containing a
compact object and a massive star with a strong stellar wind, material can be accreted directly from
the stellar wind. The emission properties are determined by a few parameters, i.e. the mass of the
central object, the accretion rate, the strength and geometry of the magnetic field (in the case of
a neutron star or a white dwarf) and the geometry of the accretion flow (disk vs. wind accretion).
Dependent on the mass of the companion, X-ray binaries are classified as lo mass ra binaries
(LMXBs; M <1 M) or high mass ra binaries (HMXBs; M > 10 Mg). In an LMXB system,
the companion is evolved and later than type A, or even a white dwarf. Since late type stars do not
have strong winds, the accretion onto the compact object can only occur via Roche lobe overflow.
In an HMXB system, the companion is a young (< 107 yrs) O or B star. Since OB stars have
significant winds with mass-loss rates between 107% — 10710 My, yr™!, a neutron star or black hole
in a close orbit can capture a large fraction of the wind. The accretion of the wind onto the compact
object powers the X-ray emission. Mass-accretion can also occur in HMXBs via Roche lobe overflow,
however, due to the high mass of the companion, the accretion flow will be rather unstable. In case
the accreting object is a neutron star with a strong magnetic field, the accreted matter will funnel
onto the magnetic poles of the neutron star. If the rotation axis and the direction of the magnetic
field are misaligned, X-ray pulsations can be observed if the beamed emission from the magnetic poles
rotates through the line-of-sight of the observer.

Some X-ray binaries are also observed to be transient, i.e. they flare-up in a rather short period (~
hours to days) and disappear again some weeks after. Probably all transients are recurrent, i.e. they
exhibit repeated outbursts. The intervals between quasi-periodic or irregular outbursts can range as far
as from less than a month up to tens of years or more. At the peak of the outburst, X-ray luminosities
are typically 1037 — 10%® erg s™!, but can be as high as 10%° erg s~! in some cases. Transient X-ray
sources appear to be associated with either LMXBs (late-type companions), having rather soft X-ray
spectra, or HMXBs showing rather hard spectra. The optical counterparts of LMXB transients are
typically ~ 102 times brighter near transient maximum than in quiescence, which facilitates the search
for them. Optical brightening during outburst is absent or mild for most HMXB transients. The
outburst of the source itself is due to a sudden rise in the accretion rate. However, the mechanism
responsible for the change of mass accretion rate is still a matter of debate (e.g. rapid mass-loss of the
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donor, thermal or tidal disk instabilities, irradiation-induced instabilities, etc.). Despite X-ray binaries
being the most luminous isolated X-ray sources in general, the Eddington limit poses an upper limit to
the X-ray luminosity of 1.4 x 1038 (—@) erg s~ ! for steady accretion. This is because with increasing

luminosity, the radiation pressure limits the accretion rate of matter falling onto the compact object
(cf. Box 2).

It should be noted that from low-quality X-ray data alone, it is very di cult to determine whether
an X-ray binary is an LMXB or HMXB system. An unambiguous classification can only be made if
their optical counterparts, orbital and spin periods and/or X-ray spectra are well known.

Scattering of radiation exerts a pressure on the scattered material. Despite this ‘radiation
pressure’ being a very small effect, it plays an important role in the emission of compact accreting
objects. Every photon absorbed or scattered by an accreted ion accelerates the ion. The radiation
acceleration on the infalling material can be expressed by

( ) X ) (2.3)

where k is the effective cross-section of the ion. For light elements, the opacity of the accreted ma-
terial is dominated by the Thomson cross-section for electrons = (8 /3) 2 = 6.65x 1072° cm?.
Since the absorption cross-section can be even higher for heavier elements and additional accelera-
tion processes like photo-ionization might occur (observed as absorption edges in the spectra), the
Thomson cross-section represents a lower limit only. Since the cross-section for Thomson scattering
is independent of the photon energy, the radiation acceleration can be re-written as

4
- =— = 2.4
¢ . el (2.4)
by applying the Stephan Boltzmann law =4 = ;1 with  being the radiation constant
( =25 =567x105ergs~' em=2 ~*). For accreting objects with steady emission, the
radiation acceleration must ballance the gravitational acceleration:
M 4
=—— — (2.5)

C

The maximum luminosity a steadily accreting object can attain is hence

L =4 ?2x ! (2.6)

e
It is called the Eddington luminosity and can be re-arranged as

M 4 Mg 4 M
L = L ©°=° = 1.4 x 10% M erg s~ (2.7)
Mg Mg

A neutron star of mass 1.4 Mg can hence not produce a stead luminosity greater than 2 x
1038 erg s~'. If the accretion, however, is non-spherical or beaming effects and jet-formation
occur, accreting magnetized neutron stars and massive black holes can attain luminosities above
the Eddington limit. Some of these observed ‘Super-Eddington’ or superluminous X-ray sources
(SLSs) will be discussed in Sec. 4.4.3.
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2.3. SU ERNOVAE

Apart from the Big Bang, the disintegration of massive stars into supernova (hereafter: SN) explo-
sions are the energetically most violent short-lived phenomena in the universe. During the supernova
explosion, the gravitational binding energy of the entire star is released within a few seconds, liberating
a few 10%? erg s~!. The largest fraction of the binding energy is transported into space by neutrinos
(~ 99 ) and the ejected shell (~ 1 ), whereas radiation released during the SN explosion only
accounts for ~ 0.01 of the total liberated energy. Nonetheless, SNe are spectacular events in the
optical band, sometimes brighter than an entire galaxy over periods of weeks. Since heavy elements
are synthesised during the explosion, the expanding shell plays an important role in the chemical evo-
lution of the universe. In fact, all heavy elements (e.g. silicon and iron) on Earth and in our own body
were produced during consecutive SN explosions and spread into the interstellar medium, from which
planets and stars formed. Also, SNe are vital in the formation of stars and planets, since the expand-
ing SN blast wave can trigger the collapse of nearby molecular clouds into dense clumps of matter.
During collapse of a molecular cloud, gravitational potential energy is released and transformed into
thermal energy of the gas into radiation. After the end of the dynamical collapse, the gas has reached
a temperature of 105  and the gas is completely ionized. A protostar has formed that will evolve on
the thermal timescale and most of its mass will be radiative. At that time, the central temperature
will be large enough for thermonuclear fusion to set in and a new star is born that will shine for several
million years till it eventually explodes again as SN, if massive enough.

23.1. TY EISU ERNOVAE

Based on their optical spectra, SNe are classified into two distinct classes: type | and type Il. The
former is further subdivided into classes la, Ib and lIc, all of which have in common as to show no
hydrogen emission lines in their spectra.

Type la SNe are the result of the deflagration or detonation of a white dwarf, located in a binary
system. When the secondary star (companion) has filled its Roche lobe, mass transfer onto the surface
of the white dwarf will occur, leading to an accumulation of matter on the surface of the white dwarf.
If the white dwarf exceeds the Chandrasekar mass, the temperature and pressure of the underlying
hydrogen layer will reach the thermonuclear ignition point. The white dwarf will be disrupted by either
deflagration (subsonic speed of the ignition front outward through the layers of the white dwarfs) or
detonation (supersonic speed of the ignition front). Since the white dwarf is disrupted completely, no
stellar remnant is created.

Type Ib SN originate from the core collapse of a massive star at the end of its evolution, when
the hydrogen and helium fuel is exhausted. The lack of burning material leads to a sudden halt of the
thermonuclear reactor at the core of the star, causing a sudden implosion of the outer layers due to
the lack of radiation pressure from photons emitted during thermonuclear burning. The subsequent
gravitational collapse of the massive star produces a sudden increase of both temperature and pressure
at the core, leading to the final ignition of heavier elements from material of the outer shells falling
into the core. This explosion is energetical enough as to almost completely disrupt the massive star,
producing the outgoing supersonic SN shock front and leaving behind a neutron star, often observed
at the center of old supernova remnants (SNRs).

The progenitor of type Ic SNe is located in a close binary system and loses its outer envelopes,
leaving a bare C+O star, which explodes when its iron core collapses. Three evolutionary paths were
suggested by Nomoto et al. (1994):

A: The binary system consists of two stars of masses M;  (11-16) Mg and M,  (1-4) Mp.
Highly non-conservative mass-transfer 1 2 leads to the formation of a common envelo e. The
subsequent spiral-in of matter will form either one merged star or two stars with a helium star
of Mi  (2.2-4) M and a main-sequence star with My  (1-4) M, circling in a closer
orbit. A second non-conservative mass-transfer 1 2 leads to the formation of a bare C+O star,
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which loses its outer helium envelope to star 2, and a low-mass main-sequence companion. At
the iron core collapse, the SN of type Ic is formed.

B: In path B, a massive star M; > 11 Mg collapses, leaving behind a neuron star. The mass-
transfer prior to this is conservative due to the relative small mass ratio. Star 2 hence becomes
massive (> 11 M) and fills its Roche lobe. Mass-transfer from 2 1 leads to the formation of
a compact star M; 1.4 Mg and a helium star My  (2.2-4) Mg, circling in a close orbit.
The helium star (2) expands and again fills its Roche lobe, undergoing a non conservative
mass trans er and leaving a C+O star (2) and a neutron star.

C: In path C, star 1 has an initial mass of M;  (6-11) M and evolves to become a C4+0 or
O-Ne-Mg white dwarf. Due to almost similar masses, the mass-transfer is conservative. The
evolution is identical to path B, except that star 1 will eventually become a white dwarf instead
of a neutron star.

The resultant C+0O star formed through one of the proposed paths will finally explode as a type Ic
SN due to photodisintegration of Fe, and a strong shock wave is generated.

The proposed models should account for the presence of circumstellar matter expected to form
from a remnant of a helium-rich common envelope as well as from stellar wind material from the
C+0O star. Hot plasma from the collision between the ejecta and circumstellar matter is formed.
The plasma should be rich in heavy elements, mostly C4+O, which may effect X-ray emission and
cooling properties. Thermal X-ray emission is expected from the hot gas in the interaction region
(cf. Chevalier 1984a). It should be noted, however, that due to the small amount of circumstellar
material, only weak X-ray emission is expected from type | SNe. As of today, no X-ray emitting type
| SNe had been detected, despite numerous attempts. In Sec. 5.2., however, the first evidence for
X-ray emission from a type lc supernova (SN 1994l in M51) will be presented.

2.3.2. TY E Il SU ERNOVAE

Type Il SNe show hydrogen emission lines in their optical spectra. The SNe are formed during the
core collapse of massive stars and the subsequent ejection of the envelopes. The core collapse itself
starts when the hydrogen and helium fuel at the core of a massive star is exhausted. Due to a lack of
radiation pressure from the thermonuclear burning at the core, overlaying layers can fall onto the core,
heating the core as gravitational energy is converted into thermal energy. The rise in temperature and
pressure initiates a prompt thermonuclear burning of hydrogen and helium from outer layers and heavy
material produced during the whole lifespan of the massive star. As a result, the shell is ejected into
space and the collapsed core is expected to leave a compact remnant (white dwarf or neutron star).
Because massive stars emit strong stellar winds during the phase of steady thermonuclear burning, the
type Il SNe are expected to be surrounded by dense circumstellar material. ‘Prompt’ X-ray emission
is produced as a high-temperature flash associated with the SN shock wave breaking through the
stellar surface. ‘Late’ X-ray emission (& 100 days) is produced when either the hot expanding shell
becomes optically thin to X-rays or when the outgoing wave runs into the circumstellar material,
deposited by the progenitor star prior to the explosion. This interaction produces a fast shock wave
in the circumstellar wind and a reverse shock wave into the outer supernova ejecta. The shocked
region is the site for high-energy emission and particles with observational signatures of radio, late-
time optical, ultraviolet, and, most importantly, thermal X-ray emission. For a smooth, spherically
symmetric supernova and circumstellar medium, the interaction region can be calculated in detail. For
a circumstellar medium with an  ~2 density profile and typical supernova parameters, two characteristic
emission regions are produced. The forward shock wave in the circumstellar wind at ~ 10* km s~ !
produces gas with  ~ 10° . The reverse shock wave in the supernova ejecta at ~ 103 km s~ !
produces gas with  ~ 107 . The reverse shock is formed where the freely expanding supernova
ejecta catch up with the decelerating interaction region. The gas at the reverse shock front is denser
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and typically dominates the luminosity. At early times the reverse shock front is radiative and a dense,
cool (< 10* ) shell can build up downstream from the radiating region (Chevalier & Fransson
1994). The dense shell can absorb X-rays from the reverse shock region and reprocess them to lower
energies.

This scenario was supported by observations of SN 1993J with ROSAT (Zimmermann et al.
1994a, 1996a,b) and with ASCA (Kohmura et al. 1994). The early X-ray spectrum was hard, with

~10° . At day ~ 200, a softer component with ~ 10  dominated. The emergence of the
softer spectrum could be attributed to the decreased absorption by a cool shell (Fransson, Lundqvist
& Chevalier 1996). The other X-ray supernovae have not been well observed at such early times.
Where spectral information is available, it is compatible with emission from the reverse shock front.
However, there is another possibility for this component. Type lIn supernovae, some of which are
especially X-ray luminous, have narrow lines in their optical spectra (Filippenko 1997). These lines
are likely to be formed by radiative shock fronts moving into circumstellar clumps. For clumps of the
appropriate density, the softer X-ray emission can be produced by ‘forward’ shock fronts moving into
the clumps (Chugai 1993). The main shock front passes around the clumps at high velocity. There
is a clear difference between these possibilities for the X-ray emission. The reverse shock gas would
be characterized by velocities ~ 10* km s~ ! and the shocked clump gas by velocities ~ 103 km s~ ..
Houck et al. (1998) attempted to determine the line widths in X-ray spectra of SN 1986J, but failed
to distinguish between the possibilities with the available ASCA observations.

The interaction of a type Il SN with circumstellar gas hence gives radiation predominantly in the
X-ray range. Analysis of this emission can yield the amount of the pre-supernova mass loss rate as
well as the density and velocity profile including element abundances of the supernova ejecta. X-ray
observations of SNe are therefore an important diagnostic tool to probe the interaction of the outgoing
shock wave with the circumstellar material.

2.3.3. SU ERNOVA REMNANTS

No information is available on the X-ray emission from supernova remnants at an intermediate age
between a few dozen and some hundred years. However, more than 100 remnants within our Galaxy
are known from the ROSAT all-sky-survey, with ages ranging from several hundred to ten thousands
of years (for a review of Galactic SNR, cf. Aschenbach 1996). In the LMC local group galaxy, an
additional ~ 30 X-ray emitting SNRs were discovered (cf., e.g. Williams et al. 1997, 1999b, 1999c).
Since X-ray luminosities of SNRs typically vary between 1035 and 1037 erg s~!, they are at or just
below the detection threshold for observations of more distant galaxies and di cult to detect.

The evolution of a SNR can be best described in terms of three phases: the first phase in the evo-
lution of a SNRis a ree e ansion of the SN ejecta into the ambient ISM. If the total ejected mass is
1M, the initial velocity 15000 km s~! and the density of the surrounding medium 0.3 ~ ms cm™3,
parameters typical for SNRs and the ambient ISM, the shock wave can expand freely for ~ 200 ye rs,
until the swept-up material reaches a mass similar to the ejecta. X-ray and radio emission are produced
by shock-heated material at temperature 107-108 . In due evolution, the propagating shock slows
down and the remnant enters the phase of adiabatic e ansion. During this phase, the mass of the
swept-up material is comparable to the mass of the initial shock front and the remnant adiabatically
cools as it sweeps up the cold ISM. This phase is known as the ‘blast wave’ or ‘Sedov-Taylor phase’.
While the material behind the shock continues to cool and electrons start to combine with carbon
and oxygen atoms, most of the internal energy is radiated away. This phase of evolution, lasting
~ 10° ye 18, is hence called the radiative hase. As the X-ray morphology of most SNR in the adi-
abatic and radiative phase is very patchy, its spectrum being mostly thermal, the observations favour
models of evaporating clouds from within the SNR shell.

In general, the X-ray emission from SNRs is generated by different mechanisms: Most of the
observed emission is thermal line emission from the forward and reverse shock. These SNRs appear as
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shell-like remnants, with some limb brightening and hot spots within the interaction region. Thermal
bremsstrahlung spectra are observed from radiative cooling of hot material from behind the shock
(irregular or center-filled SNR). Non-thermal X-ray emission is produced by synchrotron emission
associated with the shock interaction, as the shock accelerates relativistic electrons while compressing
magnetic fields. If SN explosions are not spherically symmetric due to instabilities excited by the
explosion shock wave through the interior of the progenitor, blobs of matter are formed during the
collapse which are expelled in the subsequent SN explosion. These explosion fragments have been
observed from the Vela SNR (Aschenbach, Egger & Triimper 1995). In some cases (e.g. for the
Crab Nebula), a significant contribution to the overall SNR emission may also arise from the pulsar’s
synchrotron radiation.

Characteristic X-ray spectra for different X-ray emission mechanisms are presented in Box 3. The
dominant astrophysical mechanism for the production of X-rays are mainly black body radiation,
synchrotron radiation from relativistic electrons and thermal emission from hot gas. Each individual
process gives rise to a characteristic X-ray spectrum, illustrated in Figs. 2.3 and 2.4.

FIGURE 2.3. Characteristic spectral forms for a black body spectrum at a temperature of =
2 x 10  (left-hand panel), a power-law spectrum with photon index 1 from synchrotron radiation
(middle panel) and a thermal bremsstrahlung spectrum (right-hand panel) for a thermal plasma with
a temperature of =2 x 108  (illustration from Charles & Seward 1995).

FIGURE 2.4. Simulated ‘Raymond & Smith’ spectrum from a thin, hot gas at a temperature of
= 10" . Emission lines from oxygen, iron and other heavy elements are superposed onto a
thermal bremsstrahlung continuum (illustration from Charles & Seward 1995).
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(Fig. 2.3, left-hand panel)
An object that neither reflects nor scatters incident radiation but absorbs and re-emits the
radiation completely is defined as a black body. Despite the definition being rather idealistic, many
astrophysical objects almost perfectly resemble black bodies. The energy distribution of a black
body is only dependent on its temperature, , and completely independent of its shape, material
or internal structure. The intensity of radiation from a black body at given temperature  at

energy E is described by
1

22 (B/k 1)’

(B, )=2xE? (2.8)
where is the Planck constant (6.63 x 10734 s), c the speed of light (~ 3 x 108 m s~!) and
k the Boltzmann constant (1.38 x 1023 —1). Typical black body emitters are young neutron
stars (e.g. at the center of SNRs) which are expected to have a hot surface.

(Fig. 2.3, middle panel)
Charged particles moving through a magnetic field will be accelerated by the magnetic field
perpendicular to their instantaneous direction of motion. Due to the acceleration, the charged
particles emit radiation, called ‘synchrotron radiation’. Electron synchrotron radiation is the most
dominant emission mechanism due to the low mass of the electrons. In an astrophysical setting
with electrons with a power-law energy spectrum, the superposition of radiation from the entire
electron ensemble is also characterized by a power-law spectrum

(E)=AE~ r ()=A ~° (2.9)

where and a = 1 are the photon and energy indices, respectively, A being a constant. As
or « increase, the spectrum becomes ‘softer’. Typical astrophysical processes for the production of
synchrotron radiation are SNe or SNR with relativistic electrons moving in strong magnetic fields
within shocked fronts associated with the circumstellar interaction region. Another example is
the synchrotron emission produced from relativistic jets emanating from compact objects like the
central objects within AGN.

(Fig. 2.3, right-hand panel, and Fig. 2.4)

The emission process most frequently encountered in this work is thermal emission from hot
gas. Electrons in thermal equilibrium have a well-determined velocity distribution (‘Maxwell
distribution’). If an electron passes close to a positive ion, the electric force cause the electron
to change its trajectory and subsequently emit radiation (‘bremsstrahlung’). The higher the
temperature of an electron, the higher its velocity and subsequently the higher the energy of its
bremsstrahlung radiation will be. Thermal bremsstrahlung radiation is characterized by a spectral
distribution of the form

(B, )=A (B, ) ® o (k)72 B/, (2.10)

where (E, ) isthe Gaunt factor, the charge of the ions and  and  are the electron and ion
densities, respectively. If line emission from excited ions of heavier elements due to collisions with
electrons is taken into account, the thermal bremsstrahlung continuum emission is superposed by
emission lines. For thermal plasma with characteristic parameters like abundance, temperature and
density, the emission line strengths can be calculated in detail. Such spectra can be simulated based
on thermal plasma codes. An example is the ‘Raymond & Smith’ spectrum, illustrated in Fig. 2.4.
Thermal plasma spectra from hot gas are observed in various emission regions within galaxies, e.g.
galactic halos, SNRs, Hi1 regions or accretion of material onto a compact object.
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2.3. . ~+-RAY URSTS AN HY ERNOVA REMNANTS

A number of intriguing short-lived «y-ray sources (rise within < 5 sec, remaining at maximum for
~ 5 sec and steadily decaying within ~ 25 sec) and X-ray afterglows were observed to happen both at
the same time and place in space, giving evidence that 7y-ray bursts (GRB) and supernova explosions
are linked.

The best studied GRB event is GRB090425. It was detected with the Wide Field Cameras and the
Gamma Ray Burst Monitor onboard BeppoSAX and with the Burst and Transient Source Experiment
(BATSE) onboard the Compton Gamma Ray Observatory on April 25, 1998 (Pian et al. 1999). Within
the GRB error box (8’ radius) and within one day after the GRB event, an X-ray source was recorded,
coincident with the type | SN 1998bw in the galaxy ESO 184-G82 ( = 0.0085, corresponding
to 38 Mpc for a Hubble constant of 65 km s~! Mpc~!). The BeppoSAX MECS observation of
SN 1998bw was the first detection of hard X-ray emission from a type | SN, with a (2-10 keV band)
luminosity of 5 x 100 erg s~. In the radio regime, SN 1998bw was exceptionally bright (50 m y
at 6 cm; Kulkarni et al. 1998). It was spectroscopically classified as type Ic supernova, due to its
lack of hydrogen and helium emission and Sii1 absorption features. Only SN 1994l (to be discussed
in detail in Sec. 5.2.) and SN 1997ef showed similar spectra, their lightcurves being best described by
core-collapse induced explosions of a C+0 star. The optical spectra of SN 1998bw and the optical and
radio lightcurves could only be well reproduced by an extremely energetic explosion of a massive star
mainly composed of carbon and oxygen and required that the gas emitting radio and X-ray emission
be expanding relativistically (lwamoto et al. 1998; Galama et al. 1999; Kulkarni 1999). Its kinetic
energy released (2-5 x 1052 erg s~!; Pian et al. 1999) is more than an order of magnitude higher than
that of previously observed SNe. In the extreme case of GRB990123, the inferred isotropic energy
release (> 3 x 1053 erg s~!) even exceeds the rest-mass of a neutron star (Kulkarni et al. 1999).

Stellar implosion that triggers a SN generally stops when the core of the star has collapsed into a
dense neutron star. A shock wave subsequently blows off the outer layers of the star during a burst of
neutrinos from the core. Contrary to supernovae, the progenitor for hypernovae is believed to be so
massive (> 25 M) that the collapse would not stop at the production of a neutron star but would
continue to the formation of a black hole (cf., e.g. Paczynski 1998; Fryer & Woosley 1998). The
primary difference between supernovae and hypernovae therefore lies in the mass and the speed and in
the optical depth of the ejecta. For SNe, high optical depths and non-relativistic speeds  0.2c 2 are
typical, whereas the optical depths for hypernovae are low due to relatively small amounts of ejected
mass (M, ~ 107° M, i.e. 5-6 orders of magnitude smaller than for SNe) and the ejecta are moving
at relativistic speeds. These differences account for the effective high-energy emission of hypernovae
with respect to the lower e ciency and energy emission for SNe. Also, although the same amount of
energy is released by both objects during the same time span (~ 10°3 erg s~ ! within seconds), 99
of the total energy of SNe is carried away by neutrinos. Most of the remaining 1 is converted into
kinetic energy during adiabatic expansion due to the high optical depth. At typical interstellar particle
densities (< 10 cm™3), a mere 10™* of the total liberated energy is converted into electromagnetic
emission during the early months, the rest being radiated into space by the heated plasma over the
following 10° years (cf. e.g. Kulkarni et al. 1999).

Despite hypernova explosions being less numerous than supernovae, their relics might be detectable
by X-ray observatories due to their interaction with the ambient ISM. Although hypernova remnants are
di cult to distinguish from supershells and OB associations, their expected distinct signatures such as
the emission line indicator [S11]/He, large shock velocities and strong soft X-ray emission, give rise to
the hope that they might be identified in nearby spiral galaxies. First evidence for the detection of two
X-ray luminous hypernova remnants was recently presented based on deep ROSAT HRI observations
of M101 (Wang 1999; see also Wang, Immler & Pietsch 1999). Two further hypernova remnant
candidates in M83 will be presented and discussed in Sec. 4.4.2.

c (speed of light) = .00 x 10 ms~*



Chapter 2. RA SOURCESINS IRA GA A IES 23

2. . HOT INTERSTELLAR ME IUM

The X-ray sources described above can be attributed to the discrete source population as they repre-
sent individual objects, their energy being radiated within a spatially confined region in space. Given
the spatial resolution of the current orbiting observatories and the distance of the objects, they appear
point-like. As opposed to the discrete X-ray sources, a hot phase of the interstellar medium (hereafter:
ISM) exists that can cover large areas both within the galactic disk and outside in the halo of a galaxy.
This hot ISM appears extended and can be spatially resolved by orbiting X-ray instruments.

From the theory side of astrophysics, a hot phase of the ISM was postulated long before sensitive
X-ray observatories were available (e.g. Spitzer 1956; Shapiro & Field 1976; McKee & Ostriker 1977).
The models were based on the idea that massive winds from young stars and multiple SN explosions
liberating a few 10°2 erg s~! will subsequently heat the gas and dust which is overabundant in the
dense spiral arms of galaxies. The shock fronts of stellar winds and propagating SN blast waves within
star formation regions can create shell-like structures and ‘bubbles’ in the ISM with radii of a few
dozen pc and heat the ISM to temperatures of a few 105  (e.g. Weaver et al. 1977). If energetically
enough, shock fronts from multiple SN explosions and winds of some hundred O and B stars can form
larger structures in space like supershells or superbubbles with diameters of some hundred pc. In this
scenario, consecutive SN explosions hitting the wall or propagating through dense clumps of matter
within an already created bubble can heat the ISM to some 1057 . Hot gas at this temperature
gives off radiation predominantly in the X-ray band. If these expanding shells break out of the galactic
disk, they can transport hot gas into the halo of galaxies while forming ‘galactic winds’, feeding the
halo with hot gas via ‘galactic chimneys’ or ‘fountains’ (cf. e.g. Normal & lkeuchi 1989). Because
the formation rate of superbubbles (~ 7 x 107® yr~!) is large compared to their lifetime (107 yr),
the halo is continously fed by hot ISM. Since the outflowing material cools radiatively while leaving
the galactic disk due to a lack of heating processes outside the disk, it will fall onto the disk again.

X-ray emitting superbubbles have been detected in a number of nearby galaxies. However, detailed
studies of the X-ray emission from various shell-type emission structures in the LMC have demonstrated
that they account only for a small fraction of the total observed luminosity of the galaxy since they
reach maximum luminosities of some 1037 erg s=! (Chu & Mac Low 1990; Triimper et al. 1991;
Wang & Helfand 1991; Bomans, Dennerl & Kiirster 1994, Chu et al. 1995a; Magnier et al. 1996).
At the distance of the analyzed galaxies here, they would be at or just above the detection threshold.

First evidence for hot gaseous halos surrounding galaxies became available with sensitive EIN-
STEIN observations of the starburst galaxies M82 (Watson, Stanger & Gri ths 1984), NGC 4631
(Fabbiano & Trinchieri 1987) and NGC 253 (Fabbiano 1988b). Almost one third of the observed
X-ray emission of the galaxies (2 x 103 erg s~!) could be attributed to hot gas at a temperature of
some 106 and a density of ~ 1 x 1072 cm™3, containing a mass of some 10” M. With ROSAT,
a large number of edge-on galaxies was observed to be surrounded by X-ray emitting, gaseous halos
(cf. e.g. NGC 891: Bregman & Pildis 1994; NGC 4258: Pietsch et al. 1994; NGC 4565: Vogler,
Pietsch & Kahabka 1996; NGC 4631: Wang et al., 1995, Vogler & Pietsch 1996; NGC 4559: Vogler,
Pietsch & Bertoldi 1997; NGC 3079: Pietsch, Trinchieri & Vogler 1998; see also Dahlem, Weaver &
Heckman 1998 for NGC 253, NGC 3079, NGC 3628, NGC 4631 and NGC 4666). For face-on galaxies
it is di cult to decide whether observed diffuse emission covering large fractions of the galaxies o5
radii has its origin in hot ISM contained within the disk or the halo since the halo is projected onto
the galactic plane. Also, it should be kept in mind that the integrated emission from discrete sources
below the detection threshold and sources which are closer together than the spatial resolution of the
instrument can mimic diffuse emission in face-on galaxies. In an attempt to attack source confusion,
a new detection method was applied to the data of the sampled galaxies in order to resolve discrete
sources in the extended bulge regions of the galaxies (see Sec. 3.2.). Here, the integrated emission of
various components (X-ray binaries, nuclear X-ray sources and hot gas both from within the disk and
possibly from the halo) leads to bright, extended bulge regions. The fraction of truly diffuse emission
from hot gas to the overall bulge emission will be examined for several galaxies in detail in Sec. 6.
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2. . THE ISTRI UTION OF X-RAY SOUR ES IN THE ULGE AN IS

Very little information is available on the spatial distribution of X-ray sources within our Galaxy. This
is in part due to our position in the Galactic plane, the high obscuration towards the nucleus of our
Galaxy and the inhomogeneities in the absorption column in different regions of the sky. External
galaxies offer a better understanding of the spatial distribution since the sources are not effected by
distance uncertainties and large line-of-sight absorption and it is relatively easy to associate sources
with different galactic components (e.g. disk, spiral arms and bulge). Nonetheless, due to the proximity
of Galactic sources, their X-ray properties can be studied in detail and compared to the properties of
individual sources found in more distant galaxies. In this section, the current knowledge of the spatial
distribution of X-ray emitting objects within our and nearby galaxies will be briefly summarized.

Within the spiral arms of a galaxy, bright, many variable X-ray sources are observed. The sources
are believed to be associated with young Population | sources, i.e. massive accreting binaries. This
picture is further strengthened by the presence of superluminous X-ray sources, which are almost
exclusively located in the outer spiral arms and are in most cases embedded in HII regions, indicative
of a young stellar population and high-mass X-ray binary (HMXB) formation. Also, X-ray emitting
H11 regions and SNR are present in the spiral arms, tracing star formation.

In globular clusters, low-mass X-ray binaries (LMXBs) dominate the X-ray output. EINSTEIN IPC
and ROSAT PSPC observations of M31 showed that the average spectrum of bulge sources resembles
that of Galactic and globular cluster LMXBs (Fabbiano, Trinchieri & van Speybroeck 1987; Supper
et al. 1997). This was confirmed with spectral observations from GINGA (Makishima et al. 1989).
A ROSAT PSPC survey of M31 (Supper et al. 1997) further demonstrated that the luminosity
distribution of globular cluster sources can be represented by a single power-law with index 0.63.
Against earlier reports, comparison of the PSPC X-ray luminosity distribution of globular cluster
sources in M31 with globular clusters in our Galaxy showed that both come from the same parent
population. Also, the luminosity of these sources is in the range of that of Galactic LMXBs. Based
on timing analysis of ROSAT HRI data and comparison to the EINSTEIN source catalog of M31,
Primini, Forman & Jones (1993) concluded that the fraction of variable sources within ~ 7!5 of the
nucleus is ~ 42 , confirming that a large fraction of sources within M31 are indeed X-ray binaries.

Furthermore, the entire EINSTEIN data set of M31 with 108 individual sources was used to study
the luminosity distribution of X-ray sources within the bulge, the inner and outer bulge and the
disk (Trinchieri & Fabbiano 1991). From the analysis it became evident that there is no significant
luminosity gradient for the X-ray sources in M31 and that the luminosity distribution of sources in
the bulge and in the disk are not different — contrary to earlier claims. Fig. 2.5. gives the luminosity
distribution of EINSTEIN HRI sources found within and without a 5 radius (a and c) and in the inner
and outer bulge (b and d). A KS-test performed on the data gives a possibility of ~ 70 that the
distributions are draw from the same parent population.

However, it is interesting to note that in the disk of M31, the luminous sources with L, >
103 erg s~! found in the disks of many other systems, are obviously missing. In M81, for example
(also a type Sb galaxy as is M31 and our Galaxy), all sources are at or above the luminosity of the
brightest sources detected in M31 (Fabbiano 1988a). If the sources are not clumps of a collection of
fainter sources, there is a clear excess of luminous X-ray sources compared to M31. In Sec. 4.3.1. and
4.5., this question will be addressed again and solutions will be offered as to this obvious discrepancy
in the source populations.
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FIGURE 2.5. Luminosity distribution of EINSTEIN HRI sources in the disk (c), bulge (a) and in the
inner (b) and outer (d) bulge of M31. Comparison of the integral distributions of disk (e) and bulge (f)
sources shows the distributions being drawn from the same parent population (Trinchieri & Fabbiano

1991).
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. ANA YSIS MET ODS OF ROSAT
O SER ATIONS OF GA A IES

“ ou know my method, Watson.

It is founded on the observance of trifles.”

ir Arthur onan oyle

After an observation has been successfully carried out with ROSAT, the attitude is reconstructed at
GSOC and a standard software analysis is performed on the data at MPE ( ; Voges et al. 1992).
The processed data are written on magnetic tapes and sent to the scientist who originally proposed
the observation and later put into a data archive. These data files contain all relevant information of
the observation, e.g. the position of each detected photon on the sky, the energy of the photon (for
PSPC observations) and its time of arrival. Also, data related to the orientation and status of the
satellite and the detectors onboard ROSAT are given (‘housekeeping data’), together with information
regarding the attitude solution of the satellite.

Data used in this work were primarily analyzed using the (Extended Scientific Analysis Sys-
tem; Zimmermann et al. 1994b) software package. has been specifically written to evaluate
ROSAT data and represents an extension of the 1 software package (Munich Data Analysis Sys-
tem), developed at ESO. The following sections describe some of the most relevant analysis procedures
applied to the HRI data. The evaluation of PSPC data is mostly described in the relevant sections
where the results are presented, since PSPC observations were only primarily used to supplement the
HRI data. Also, where EINSTEIN data are presented, the results are preceeded by a brief explanation
of the relevant data analysis.

3.1. THESTU Y OF OINT SOUR ES

At the distances of the observed galaxies and given the angular resolution of the ROSAT instruments,
most X-ray emitting objects inside the galaxies appear ‘point-like’, i.e. are not extended in the
ROSAT images and are compatible with the instrument’s point-spread-function (PSF). Whereas the
XRT+HRI point-spread-function is ~ 5" (FWHM) for an on-axis point source with an energy of 1 keV,
the XRT+PSPC PSF is roughly 25”. Each ROSAT observation is the sum of individual observation
blocks (OBIs), which represent separated ROSAT pointings. The attitude error of these observation
intervals is 6”—7", defined by the error in the positioning of the satellite. In order to correct for these
‘boresight’ errors, the centroids of point sources visible in every single OBI are determined and each of
the different OBls are aligned with respect to the first (cf. Fig. 3.1, which gives an image of eight co-
added point sources in M51 before and after boresight correction). Typically, an improvement of the
PSF to < 5” is achieved by applying the boresight-correction. To test the resulting attitude solution,
the positions of point-like X-ray sources are compared with those of possible optical counterparts,
suggested by the APM finding charts (Irwin et al. 1994). Corrections of expected attitude errors
related to the 400 s phase of the telescope wobble could not be applied since none of the sources in
the analyzed fields was bright enough.
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count rate (10-3 cts s—1)
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count rate (1074 cts s~1)
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N (>Lx) (kpc~?)
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