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Zusammenfassung

Diese Arbeit beschiéiftigt sich mit der Population von Rontgendoppelsternen in der Milch-
strafle und dem Zusammenhang der Sternentstehungsrate einer Galaxis mit dem Auftreten
Sternsysteme mit einem massiven optischen Begleiter.

Aufgrund ihrer speziellen Natur sind Rontgendoppelsterne fiir viele verschiedene Be-
reiche der Physik und Astrophysik von Interesse. Dies reicht von der Beschreibung der
Verhiltnisse innerhalb einer Akkretionsscheibe mittels der Methoden der Plasmaphysik
bis zur Untersuchung stellarer Populationen in einer Galaxis.

Rontgendoppelsterne bestehen aus einem kompakten Objekt, einem Neutronenstern oder
Schwarzen Loch, das als Primérobjekt bezeichnet wird, und einem stellaren Begleiter, dem
Sekundérobjekt, der durch alle Sterntypen repréasentiert sein kann, von einem Braunen Zw-
erg iiber Hauptreihensterne bis zu Weiflen Zwergen. Aufgrund seiner starken Gravitation
entzieht das Primérobjekt seinem Begleiter Masse, die es zumindest teilweise akkretiert.
Wiéhrend die Materie sich im Gravitationspotential auf das Primérobjekt zubewegt, wird
aufgrund magnetischer Viskositit Energie freigesetzt, die letztlich als elektromagnetische
Strahlung emittiert wird. Die Strahlung wird dabei immer héherenergetischer je néher
die Abstrahlung am Primérobjekt erfolgt. Aufgrund der Tiefe des Potentialwalles wer-
den in Rontgendoppelsternen Photonen mit Energien von einigen Kiloelektronvolt, d.h.
Rontgenstrahlung, emittiert.

Der Massentransfer kann auf zwei verschiedene Weisen stattfinden. Wenn der Begleit-
stern grofl genug ist und sein Rochevolumen ausfiillt, fliet Materie iiber den inneren La-
grangepunkt des Systems in das Rochevolumen des kompakten Objekts. Aufgrund des
nicht vernachléssigbaren Drehimpulses der Materie bildet sich eine Akkretionsscheibe um
das kompakte Objekt. Innerhalb der Scheibe kommt es durch magnetische Reibung zu
einem Transport von Drehimpuls von innen nach auflen, wodurch ein Grofiteil der Materie
sich auf das kompakte Objekt zubewegt. Eine weitere Moglichkeit des Massentransfers bi-
etet ein Sternwind. In diesem Fall verliert der optische Stern Masse {iber einen sogenannten
stellaren Wind, d.h. Materie wird iiber magnetische Effekte vom Stern weg beschleunigt.
Das kompakte Objekt kann einen Teil dieses Windes einfangen. Wie weit der Einflul des
kompakten Objekts dabei reicht, héngt einerseits von der Masse des kompakten Objekts
ab, und andererseits von der Geschwindigkeit des Windes. Je massiver das kompakte Ob-
jekt, desto weiter reicht sein Einflu}; und je schneller der Wind ist, desto kleiner ist der
Radius innerhalb dessen Windmaterie akkretiert wird.

Aufgrund der mannigfaltigen Parameter eines Rontgendoppelsterns gibt es zahlreiche
Klassifizierungsschemata abhéngig von der Eigenschaft, an der man interessiert ist wie
z.B. die Natur des kompakten Objekts, die Rontgenaktivitit oder die Natur des Sekundér-
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objekts. In der vorliegenden Arbeit ist besonders die Unterteilung an Hand des Sekundér-
objekts von Bedeutung. Grob kann man Rontgendoppelsterne so in zwei bis drei Kate-
gorien einteilen. Rontgendoppelsterne mit einem Begleiter schwerer als ungefihr 5 Son-
nenmassen sogenannte “High-mass X-ray binaries”(HMXB) und Rontgendoppelsterne mit
einem Begleiter unter einer Sonnenmasse “Low-mass X-ray binaries” (LMXB). Fiir Ront-
gendoppelsterne mit Begleitern zwischen diesen Massenbereichen gibt es die Bezeichnung
“Intermediate-mass X-ray binaries” (IMXB). Allerdings ist diese Kategorie in der Milch-
straffe kaum vorhanden.

Dieses Klassifizierungsschema trédgt auch der Lebenserwartung eines Rontgendoppel-
sterns Rechnung. Da die Zeit, die ein Stern als Hauptreihenstern verbringt ungefédhr
umgekehrt proportional zum Quadrat der Masse ist, unterscheiden sich die Lebenser-
wartung eines Sterns mit einer Sonnenmasse, ca. 10 Milliarden Jahre, und die eines Sterns
mit 10 Sonnenmassen, 100 Millionen Jahre, um einen Faktor 100. Die kiirzere Lebenszeit
hat wichtige Implikationen fiir den Rontgendoppelstern. Rontgendoppelsterne kénnen sich
nicht weit von dem Ort ihrer Entstehung entfernen und die gesamte Population ist abhéingig
von der Sternentstehungsrate. Daher sind HMXBs sowohl eine ortliche als auch zeitliche
Spur von Sternentstehung.

Die vorliegende Arbeit unterteilt sich in zwei Teile. Im ersten Teil beschéftige ich mich
mit der Verteilung und den Eigenschaften von Réntgendoppelsternn in der Milchstrafle.
Der zweite Teil der Arbeit ist den Korrelationen von HMXBs und der Sternentstehungsrate
in einer Galaxis gewidmet. Mit Hilfe der Daten des hochauflésenden Chandra-Rontgenob-
servatoriums ist es moglich, Rontgendoppelsterne in anderen Galaxien zu beobachten und
damit die Zusammenhénge zwischen der Population von Rontgendoppelsternen und den
Verhéltnissen in diesen Galaxis zu untersuchen.

Eine hinreichend detaillierte Untersuchung der Verteilung von Réntgendoppelsternen in
der Milchstrafle ist erst in letzter Zeit moglich geworden, da bis vor wenigen Jahren nicht
geniigend Entfernungsbestimmungen und/oder optische Beobachtungen fiir eine groflere
Zahl von Rontgendoppelsternen verfiighar waren. Der Fortschritt bei Entfernungsbestim-
mungen erlaubt nun erstmals, die dreidimensionale Verteilung von Rontgendoppelsternen
in unserer Milchstrale zu untersuchen. Dies erlaubt den Vergleich des Erscheinungsbildes
unserer Milchstrafie mit Beobachtungen des Chandra-Réntgenteleskops von anderen Galax-
ien. Auflerdem konnen Riickschliisse auf die Entstehung von Sternpopulationen gezogen
werden. Beispielsweise ist die Verteilung von LMXBs in der Milchstrafle stark im galaktis-
chen Zentrum konzentriert, aber LMXBs sind in allen Teilen der Milchstrafie vorhanden,
HMXBs dagegen sind lediglich in der Milchstralenscheibe zu finden. Diese Beobachtung
ist im Einklang mit der Erwartung, dafl der groite Teil der Sternentstehung in der Milch-
strafle in der galaktischen Scheibe stattfindet. Auflerdem ist die Verteilung von HMXBs und
LMXBs in der galaktischen Scheibe verschieden. HMXBs haben eine Skalenhhe senkrecht
zur galaktischen Scheibe von lediglich 150 pc, wihrend LMXBs eine Skalenhéhe von 410
pc aufweisen. Dariiberhinaus weist die rdumliche Verteilung von Roéntgendoppelsternen
Spuren der Spiralstruktur der galaktischen Scheibe auf.

Die zahlreich vorhandenen Entfernungsbestimmungen erlauben zudem erstmals die Er-
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stellung einer Leuchtkraftverteilung von Rontgendoppelsternen in der Milchstrafle. Dies ist
von besonderer Bedeutung fiir den Vergleich mit anderen Galaxien, da in diesen Féllen auf-
grund der groflen Entfernungen die beobachtete Helligkeitsverteilung gleich der Leuchtkraft-
verteilung ist. Die Leuchtkraftverteilungen in der Milchstrafle sind relativ flach. Der Expo-
nent der kumulativen Verteilung ist -0.64 fiir HMXBs und -0.26 fiir LMXBs. Dariiberhinaus
zeigt die Leuchtkraftverteilung fiir LMXBs einen scharfen Abschlufl bei einer Leuchtkraft
von ca. 2.7-10% erg/s.

Die Leuchtkraftverteilung erlaubt auch die Bestimmung der Gesamtleuchtkraft der Ront-
gendoppelsterne. Man erwartet, dal die Gesamtleuchtkraft von HMXBs mit der Ster-
nentstehungsrate und die von LMXBs mit der stellaren Masse einer Galaxis skaliert. Da-
her kénnen diese beiden Werte fiir die Milchstraie zur Kalibrierung dieser Relationen
fiir andere Galaxien verwendet werden. Aufgrund der Flachheit der Leuchtkraftverteilun-
gen wird die Gesamtleuchtkraft von relativ wenigen leuchtkréftigen Quellen dominiert.
Die Gesamtleuchtkraft von Rontgendoppelsternen in der Milchstrafle betrigt ca. 2 — 3 -
10% erg/s. LMXBs tragen dazu ungefihr 90 % bei. Normiert auf die stellare Masse
beziechungsweise die Sternentstehungsrate betrigt die Leuchtkraft von LMXBs ca. 5 - 10
erg s7' /Mg und von HMXBs ca. 51037 erg s7! /(Mg /a). Da diese Quellen stark variabel
auf Zeitskalen von Sekunden bis Jahren sind, ist auch die Gesamtleuchtkraft stark variabel
auf diesen Zeitskalen.

Der zweite Teil der Arbeit beschéftigt sich mit dem Zusammenhang zwischen der Pop-
ulation von HMXBs und der Sternentstehungsrate in Galaxien.

Wie oben erwihnt, erwartet man, daf§ die Population von HMXBs mit der Sternentste-
hungsrate gekoppelt ist, da der optische Begleitstern eine niedrige Lebenserwartung hat.
Aufgrund der niedrigen Lebenserwartung werden HMXBs sehr kurz nach der Entstehung
der Systeme zu beobachten sein und nach einer relativ kurzen Zeit von einigen Jahrmillio-
nen wieder verschwinden, wenn der Sekundérstern ebenfalls in einer Supernova explodiert.

Die einfachste Annahme ist, dafl die Zahl der HMXBs proportional zur Sternentste-
hungsrate der letzten wenigen Jahrmillionen ist. Dies wird durch eine Normierung der
Leuchtkraftfunktion ausgedriickt, die proportional zur Sternentstehungsrate ist.

Um diesen Zusammenhang zu untersuchen, habe ich die Leuchtkraftfunktionen mehrerer
Galaxien, die mit dem Chandra-Rontgenteleskop beobachtet worden sind, verwendet. Auf-
grund der exzellenten Auflosung konnen Leuchtkraftfunktionen fiir diese Galaxien konstru-
iert werden, solange die Galaxis nicht weiter als 20 — 30 Mpc entfernt ist. Auflerdem habe
ich auch Daten weit entfernter Galaxien, hauptséchlich aus dem sogenannten Hubble Deep
Field, verwendet, um zu untersuchen, ob die von lokalen Galaxien gewonnene Relation
fiir die Gesamtleuchtkraft und Sternentstehungsrate auch bei héheren Rotverschiebungen
giiltig ist.

Die Untersuchung von Galaxien in diesem Zusammenhang, unterliegt hauptséchlich zwei
Einschrankungen. In nahe liegenden Galaxien kann man nicht zwischen LMXBs und
HMXBs unterscheiden. Da LMXBs aber nicht mit der aktuellen Sternentstehungsrate
korrelieren, sind sie als Untergrund zu betrachten. Dieses Problem kann gelost werden, in-
dem lediglich Galaxien mit einem ausreichend hohen Verhéltnis von Sternentstehungsrate
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zu stellarer Masse verwendet werden. Die stellare Masse ist dabei ein Ma8 fiir den Beitrag
von LMXBs zur Réntgendoppelstern-Population einer Galaxis. Ein aktiver Galaxienkern,
der die Emission von Rontgendoppelsternen leicht iibertreffen kann, ist in diesen Galaxien
kein Problem, da es aufgrund der Auflésung von Chandra moglich ist, diese Quelle aus der
Leuchtkraftfunktion zu eliminieren.

In Galaxien bei hohen Rotverschiebungen ist ein aktiver Kern ein Problem, dal mit Hilfe
anderer Diagnostikmethoden wie optischen Spektren eliminiert werden kann.

Die Untersuchung der verschiedenen Leuchtkraftverteilungen der verwendeten Galaxien
ergibt, daf§ die Form der Leuchtkraftverteilung fiir alle Galaxien gleich ist und lediglich
die Normierung sich proportional zur Sternentstehungsrate &ndert. Die allgemeine Form
der Leuchtkraftfunktion ist eine Exponentialfunktion in der Leuchtkraft mit einem Ex-
ponenten von -0.61 in der kumulativen Form, einer Normierung direkt proportional zur
Sternentstehungsrate und einem scharfen Abschluf bei ca. 2 - 10%° erg/s.

Die Universalitéit der Leuchtkraftfunktion ergibt, dal die Anzahl und Gesamtleuchtkraft
von HMXBs ein guter Indikator fiir die Sternentstehungsrate in Galaxien ist.

Betrachtet man den Zusammenhang von Gesamtleuchtkraft und Sternentstehungsrate,
so zerfallt dieser in zwei Bereiche, einen nicht-linearen bei niedrigen Sternentstehungsraten
unter ca. 4-5 My/a und einen linearen Teil bei hoheren Sternentstehungsraten. Diese
Zweiteilung ergibt sich aus einem statistischen Effekt der Form der Leuchtkraftfunktion,
der in Kapitel 6.8 diskutiert wird. Die Existenz des linearen Teils ist dariiberhinaus eine
Bestétigung fiir die Existenz einer maximalen Leuchtkraft in der Leuchtkraftfunktion bei
ca. 2-10% erg/s. Beobachtungen des Hubble Deep Field-North ergeben, daf§ der er-
mittelte Zusammenhang zwischen Gesamtleuchtkraft und Sternentstehungsrate auch bei
hohen Rotverschiebungen giiltig ist. Das heifit auch, dal die Entstehung von Rontgendop-
pelsternen bei hohen Rotverschiebungen dhnlich verlaufen mufl wie im lokalen Universum.

Teile der vorliegenden Arbeit wurden in den Artikeln Grimm et al. (2002) und Grimm
et al. (2003) veroffentlicht.



1. Introduction

1.1. X-ray binaries

X-ray binaries were among the first objects detected, in the form of the source Sco X-
1, the brightest X-ray source in the sky, when the first X-ray missions were launched to
space (Giacconi et al. 1962). They are the brightest compact sources in the medium X-ray
range (2-10 keV). The nature of these sources was recognised only shortly later (Shklovsky
1967; Prendergast & Burbidge 1968). Since then a large number of satellite missions, from
UHURU, Ariel V, Ginga, EXOSAT to ROSAT and many other spacecraft have greatly
extended our knowledge about the X-ray and physical properties of X-ray binaries.

X-ray binaries are objects that, due to their peculiar nature, are of interest for very
different branches of physics and astronomy. An X-ray binary consists of a compact object,
either a neutron star or a black hole called the primary, and a companion star from which
the compact object accretes mass. The companion, or secondary, can be any stellar object,
from a brown dwarf (e.g. Bildsten & Chakrabarty (2001)) to a main sequence star to a
degenerate white dwarf (e.g. Tutukov et al. (1987)). The special conditions necessary to
make these systems result in a rather small number in a given galaxy, despite most stars
being in binary or multiple systems (Illarionov & Sunyaev 1975). The systems have to
have parameters that allow mass transfer to occur from the secondary to the primary in
a more or less stable way. That means the system has to be separate in order not to
merge in a common envelope phase, but also close enough after the supernova explosion of
the primary to allow mass transfer. Since these parameters depend on the masses of the
objects, on the orbital parameters, and on the evolutionary status of the secondary, and
in general the history of the system, the conditions for a more or less stable mass transfer
are fulfilled only for very few systems. Population synthesis models of binaries predict of
order a few thousand systems in total in the Milky Way, see e.g. Dalton & Sarazin (1995);
Icko Iben et al. (1995).

Also in practice white dwarfs can also be the primary object in an accreting binary
system. If the white dwartf is accreting this type of system is called cataclysmic variable
(CV). The end result of such a system might be a supernova type la. However due to the
rather small mass and large size of the white dwarf, its potential well is relatively more
shallow than for neutron stars and black holes. Therefore most of the emitted radiation
from the accreted material is released in the optical and UV, with only a minor fraction
released in X-rays. For that reason they are not generally referred to as X-ray binaries.

Despite their relatively low number, X-ray binaries have been classified in various ways,
depending on the property of interest. The sum of diverse companion stars, orbital param-
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eters, different modes of accretion, and the resulting multitude of X-ray properties have
led to a zoo of nomenclature for different types of X-ray binaries that are classified either
by their secondary, e.g. Be X-ray binaries, or by their activity, e.g. soft X-ray transients
or X-ray pulsars. A more thorough description of the nomenclature and references about
the nature and multitude of X-ray binary systems can be found e.g. in Lewin et al. (1994).

In this dissertation the most important distinction is the mass of the secondary. In
general, X-ray binaries are divided in two or three different classes, depending on the mass
of the secondary. There is the class of low mass X-ray binaries (LMXBs) where the optical
companion has a mass, My, below ~1 M. At the other extreme are high mass X-ray
binaries (HMXBs) with a companion mass above ~5-10 Mg. In between are so-called
intermediate mass X-ray binaries (IMXBs) in which the companion lies between ~ 1-5
M. This last class is only sparsely populated in the Milky Way.

This distinction is not just an arbitrary categorisation. To obtain a neutron star or black
hole the star, whose remnant is the primary object, must be more massive than ~ 8 M, .
This entails a very short lifetime since the time spent on the main sequence is roughly
proportional to M~2. Thus the lifetime of the progenitor of the primary is very short for
all possible masses of the primary progenitor, and of the order a few million years. The
mass of the secondary on the other hand defines the future of the X-ray binary system in
a stronger way than the mass of the primary, or the predecessor of the primary. Due to
the steep dependence of the main sequence lifetime on the mass, however, the evolutionary
timescale of stars below 1 Mg, and stars above 10 M, is different by a factor of ~ 100. These
strongly differing timescales are of great importance for the understanding of formation
processes of X-ray binaries. Due to their short lifetime HMXBs are good indicators of
recent star forming activity in galaxies. To investigate this relation, as it will be discussed
in chapter 6, it is helpful to know about the HMXB population in the Milky Way.

HMXBs were first recognised as short-lived objects fed by the gas supply of a massive
star as a result of the discovery of Cen X-3 as an X-ray pulsar by UHURU. The X-ray source
is in a binary system with an optical companion of more than 17 M, (Schreier et al. 1972).
The localisation and mass estimate of the Cyg X-1 BH was obtained from observations of
a soft /hard state transition occurring simultaneously with a radio flare (Tananbaum et al.
1972), and following optical observations of a bright massive counterpart (Bolton 1972;
Lyutyi et al. 1973). Dynamics of interacting galaxies, e.g. Antennae, provide an additional
upper limit on the evolution and existence time scale of HMXBs since the tidal tails and
wave patterns in which star formation is most vigorous are very short-lived phenomena, of
the order of a crossing time of interacting galaxies (Toomre & Toomre 1972; Eneev et al.
1973).

Another classification scheme for X-ray binaries is connected with the nature of the
compact object. This classification encompasses black hole X-ray binaries and neutron
star X-ray binaries. From an observational point of view the main differences between the
different categories are the mass of the compact object and the existence or lack of a hard
surface. For neutron stars the canonical mass is ~ 1.4 Mg , the so-called Chandrasekhar
mass, but, due to uncertainties in the equation of state of neutron stars, compact objects
between 1.4 and 3 M, are labelled as neutron stars. 3.3 Mg is the maximum mass for a
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neutron star with a stiff equation of state to be stable against further gravitational collapse
(Stergioulas 1998). Consequently compact objects with a mass above 3 Mg, are believed
to be black holes.

To estimate the mass of a compact object in a binary system optical observations, i.e.
spectroscopy, are necessary. These estimates for black hole and neutron star masses reveal
an apparent gap between the average mass of a neutron star, around 1.4 Mg , and the
masses of black holes which are above ~ 4 Mg (Orosz 2002). This mass separation would
make the distinction between black holes and neutron stars easier if confirmed by more
precise data.

The observational differences between black hole and neutron star binaries are more
subtle than in the case of the optical companion and also less certain. Nevertheless there
is a trend that black hole X-ray binaries generally have softer X-ray spectra than neutron
star binaries, which might be related to the fact that on the one hand a neutron stars have
in general a strong magnetic field and a hard surface whereas black holes on the other
hand have no magnetic field and an event horizon. Moreover there is strong indication
that the variability of the X-ray emission from neutron stars extends to higher frequencies
than in black hole systems, also likely due to the presence of a hard surface (Sunyaev &
Revnivtsev 2000). For a neutron star half of the energy release takes place on the surface
of the neutron star. The resulting plasma column on top of the surface may be the origin
of variability and oscillations, so-called kilo-Hertz quasi periodic oscillations (kHz QPO),
that have no counterpart in black holes accretion where matter simply traverses the event
horizon without any interaction.

1.2. Accretion

The processes by which X-ray binaries become observable for us are related to the accretion
of matter from the secondary onto the compact object. The theory of accretion goes back
to Bondi & Hoyle (1944) who dealt with spherical accretion of gas onto a compact object.
However, this kind of accretion does not release sufficient amounts of energy to explain the
most luminous sources observed in the Galaxy and, moreover, does not account for angular
momentum of the accreting matter which in most astrophysically interesting scenarios is
important. In terms of accretion of matter with angular momentum Shakura & Sunyaev
(1973) described a geometrically thin, optically thick disk of gas that is either gas pressure
or, in the inner parts, radiation pressure dominated and has an anomalous viscosity that
is assumed to be connected with the magnetic field of the accreting matter. This viscosity
allows matter to transfer angular momentum outwards and thus accrete onto the compact
object. The energy released during this process is emitted from the surface of the disk,
and is emitted at many wavelengths. Because the disk temperature is inversely dependent
on the radius, X-rays are emitted predominantly from the inner regions, where the disk is
hottest.

This model has been refined and modified to include other processes and different bound-
ary conditions. An important modification, for example, is the accretion onto a strongly
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magnetised neutron star. If the magnetic field is strong enough, roughly above 1019 — 10!
Gauss, it disrupts the flow of the accretion disk and diverts the flow along the magnetic
field lines to the magnetic poles of the neutron star. These objects can be observed as
so-called X-ray pulsars (Truemper et al. 1978). The emission from these sources can be
used to measure the magnetic field strength of the neutron star (Gnedin & Suniaev 1974).

Other modifications involve the inclusion of a hot (~ 100 keV) plasma above the accretion
disk, in the form of a corona or an atmosphere, that is responsible for emission of hard
X-rays due to Comptonisation of photons emitted from the disk (Sunyaev & Titarchuk
1985). A more complete and detailed discussion of accretion theory with references can be
found in the book of Frank et al. (1992).

An important concept in the context of accretion is the so-called Eddington luminosity.
The idea is that an object can accrete matter only as long as the gravitational attraction
of the object is stronger than the radiation pressure produced by the emitted photons
from infalling matter further in. If the radiation pressure becomes dominant the infalling
material is dispersed and accretion ceases. The photon pressure works predominantly on
the electrons in the plasma and the electric field that is subsequently generated pulls on
the nuclei. Therefore the Eddington luminosity depends also on the chemical composition
of the plasma. In the ideal case of hydrogen plasma the equilibrium state is described by
the formula:

ﬁgr(w = _ﬁrad (11)
GMm o
3 = 2T, (1.2)
In the spherically symmetric case
- (1.9
1= L2 '
and the Eddington luminosity,
AdnGMmc
Lpjyy = ——, (1.4)
ar

is independent of distance, where GG is the Newton’s gravitational constant, M the mass
of the accreting object, m the mass of the accreting particle, generally the proton, r the
distance from the object, ¢ the photon flux, o7 the cross section of the photon—particle
interaction, generally taken to be the Thomson cross section, and ¢ the speed of light. The
Eddington luminosity Lggq is therefore the maximum luminosity an object can emit. For
example a 1.4 Mg neutron star with the above mentioned parameters and solar chemical
abundance has an Eddington luminosity of ~ 2-103% erg/s. Moreover, there are two modes
of accretion that are mostly related to the nature of the secondary. Accretion can take
the form of Roche lobe overflow, i.e. the secondary fills its Roche lobe, either due to
evolutionary processes or due to shrinking of the Roche lobe. Or the compact object can
accrete from the wind of the secondary. The latter mode is obviously only important for
stars that have an appreciable mass loss rate due to a wind, which is only the case for
stars more massive than ~ 5 My, . Therefore wind accretion takes place only in HMXBs,
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not LMXBs. For suitable orbital parameters the wind accretion rate can reach very high
values since the mass loss rate of a massive star can also be very high, up to ~ 107* M, /yr
for Wolf-Rayet stars. However, the accretion rate is also dependent on the capture radius,
i.e. the radius at which the gravitational attraction is able to force the matter of the wind
in a bound orbit. The capture radius is given by

2GM

Tcapture = 02 ( L. 5)
0

where GG is Newton’s gravitational constant, M is the mass of the compact object and vg
is the velocity of the wind at the orbit of the compact object. Matter within the capture
radius is accreted, matter outside escapes the system. The capture radius is a function
of the mass of the compact object and the wind velocity, which can be several thousand
kilometres per second. Therefore wind accretion is more effective for black holes than for
neutron stars.

On the other hand for systems accreting via Roche lobe overflow the mass of the compact
object does not play such a crucial role. If a star fills its Roche lobe matter can flow freely
from the surface of the star into the potential well of the compact object through the
inner Lagrange point. Due to its non-zero angular momentum with respect to the compact
object it forms an accretion disk around the compact object.

1.3. Motivation and Qutline

This thesis can be divided into 2 parts that are both observationally motivated. The first
part deals with the Galactic X-ray binary population. Despite being known as celestial
objects for almost 40 years now, a detailed study of the Galactic X-ray binary population
became possible only recently with the huge progress in obtaining optical identifications and
distance determinations. This allows the study of the spatial distribution of different classes
of Galactic X-ray binaries and thus the construction of luminosity functions. Moreover it
leads to a picture of the appearance of the Galaxy in X-rays for an outside observer, like
what we observe today with the CHANDRA (Weisskopf et al. 2000) and XMM-Newton
(Jansen et al. 2001) X-ray observatories. A study of the X-ray binaries in the Milky Way
also simplifies the investigation of X-ray binary populations in other galaxies, an example
of which is presented in the second part of this thesis.

1.3.1. Galactic X-ray binary population

The combination of data from optical and IR observations and, foremost, the long time
data from the all sky monitor of RXTE (Bradt et al. 1993) allow, for the first time, a
more detailed study of the Galactic X-ray binary population. There have been attempts
to study the the 3D spatial distribution of X-ray binaries by van Paradijs & White (1995)
and White & van Paradijs (1996). However these studies suffered from the smaller number
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of sources and/or distances available. We present here the first comprehensive compilation
of X-ray binaries with optical identifications and distance estimates.

Since its launch, the CHANDRA X-ray observatory has observed numerous galaxies of
every type, from early-type ellipticals to late-type spirals and irregulars. A main discovery
of these CHANDRA observations was the existence of numerous point-like sources with
luminosities in the CHANDRA spectral band considerably higher than the Eddington lu-
minosity of a 1.4 My neutron star. Observations of nearby galaxies have a great advantage
compared with observations of X-ray sources in our Galaxy: All objects observed in a
particular galaxy are equidistant and therefore it is straightforward to construct the lumi-
nosity function. However, even with the angular resolution and sensitivity of CHANDRA
we are restricted to nearby galaxies (d <20 — 30 Mpc) and we are able to observe only the
high luminosity end of the luminosity function. Observations of compact sources inside
our Galaxy thus open the unique possibility to construct a luminosity function in a much
broader range of luminosities.

In the first part of this thesis, chapter 2 — 4, we use data of the All-Sky Monitor
(ASM) (Levine et al. 1996) aboard the Rossi X-ray Timing Explorer (Brandt et al. 1996)
to investigate the following topics.

e Using ASM data we construct the Log(N)-Log(S) relation of different classes of
Galactic X-ray sources, chapter 2. This allows to draw some first conclusions about
the X-ray binary population and, with help of other observations, lays the basis to
study the spatial distribution of X-ray binaries in the Milky Way.

e Using distance determinations and optical identifications to a large subset of ASM
sources we investigate the spatial distribution of HMXBs and LMXBs. Our analysis
of ASM data permits us to show how our Galaxy would look from outside in different
projections. This will allow us to compare data about our Galaxy with new CHAN-
DRA observations, chapter 3.1. Our results confirm earlier theoretical expectations
in terms of the spatial distribution of X-ray binaries, i.e. that LMXBs are concen-
trated in the central part of the Milky Way, whereas HMXBs only populate the disk
of the Galaxy.

e Using ASM data, existing information about the source distances and a model of the
mass distribution in the Milky Way we construct the luminosity function of HMXBs
and LMXBs in our Galaxy, chapter 3. Since in nearby galaxies we observe the
luminosity function directly, this allows a direct comparison of the Galactic luminosity
functions with other galaxies.

e The distribution and the number of HMXBs are expected to reflect the rate of star
formation trace its location. On the other hand, the luminosity of the LMXB compo-
nent is expected to be proportional to the total mass of the old stellar population of
the Milky Way. Therefore our Galaxy will become an important point in the future
calibration curves of Lyyxp/SFR and Liyxs/Mgalaxy, as discussed in chapter 3.2.2.
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e The few most luminous Galactic X-ray binaries practically dominate the X-ray lumi-
nosity of our Galaxy. At the same time the majority of the brightest X-ray binaries
are extremely variable on all time scales from milliseconds to years—tens of years.
Therefore the luminosity of our Galaxy as a whole would also be subject to strong
variability, which may allow in the future to distinguish low-luminosity AGN from
X-ray binary dominated galaxies, chapter 3.2.2.

e Our analysis of ASM data and data from other spacecraft shows that at least for
17 X-ray sources in our Galaxy, ASM or other spacecraft detected flux reaching or
exceeding the level corresponding to the Eddington critical luminosity for a 1.4 Mg
neutron star, see Table 3.2.3. Maximal fluxes detected were up to 10 times higher
than the Eddington value for a neutron star. In at least 7 sources the compact object
has been identified as a neutron star based on the detection of X-ray pulsations or
X-ray bursts, therefore we know with certainty that the peak luminosity exceeded the
Eddington limit. Moreover, the total number of super-Eddington sources might be
higher because we know from broad band observations that the bulk of the luminosity
can be emitted outside the ASM sensitivity band, chapter 3.2.3.

1.3.2. HMXB-SFR connection

The second part of the thesis, chapter 5-6 is concerned with the connection of star for-
mation rate (SFR) and the luminosity function of HMXBs. X-ray observations open a
new way to determine the star formation rate in young very distant galaxies. CHANDRA
observations of actively star forming galaxies in our vicinity and RXTE/ASM, ASCA,
and MIR-KVANT /TTM data on HMXB populations in our Galaxy and the Magellanic
Clouds provide a possibility to calibrate the dependence of SFR on the X-ray luminosity
of a galaxy due to HMXBs. For nearby, spatially resolved galaxies for which CHANDRA
is able to resolve individual X-ray binaries we also have the opportunity to calibrate the
dependence of SFR on the total number of HMXB sources.

In the absence of a bright AGN, the X-ray emission of a galaxy is known to be dominated
by the collective emission of its X-ray binary populations (see e.g. Fabbiano (1994)).
As mentioned above, the difference in the mass of the secondary results in drastically
different evolution time scales for low and high mass X-ray binaries and, hence, different
relations between both their number and collective luminosity, and to the instantaneous
star formation activity and the stellar content of the parent galaxy. In the case of a
HMXB, having a high mass companion, generally M,picar > 10 Mg (Verbunt & van den
Heuvel 1994), the characteristic time scale is at most the nuclear time scale of the optical
companion which does not exceed ~ 2 - 107 years. For an LMXB, however, Mca is
generally less than 1 Mg, and the timescale is on the order of ~ 10 years.

The prompt evolution of HMXBs makes them a potentially good tracer of the very recent
star formation activity in a galaxy (Sunyaev et al. 1978) whereas, due to slow evolution,
LMXBs display no direct connection to the present value of SFR. LMXBs rather are
connected to the total stellar content of a galaxy determined by the sequence of star
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formation episodes experienced by a galaxy during its lifetime (Ghosh & White 2001; Ptak
et al. 2001; Grimm et al. 2002).

Several calibration methods are employed to obtain SFRs using UV, FIR, and radio flux
from distant galaxies. Many of these methods rely on a number of assumptions about
the environment in the galaxy and suffer from various uncertainties, e.g. the influence of
dust, escape fraction of photons, supernova relation to SFR, or the shape of the initial
mass function (IMF). An additional and independent calibrator might therefore become a
useful method for the determination of SFR. Such a method, based on the X-ray emission
of a galaxy, might circumvent one of the main sources of uncertainty of conventional SFR
indicators — absorption by dust and gas. Indeed, galaxies are mostly transparent to X-rays
above about 2 keV, except for the densest parts of the most massive molecular clouds.

The existence of various correlations between X-ray and optical/far-infrared properties of
galaxies has been noted and studied in the past. Based on Einstein observations of normal
and star-burst galaxies from the IRAS Bright Galaxy Sample, Griffiths & Padovani (1990)
and David et al. (1992) found correlations between the soft X-ray luminosity of a galaxy
and its far-infrared and blue luminosity. Due to the limited energy range (0.5-3 keV) of the
Einstein observatory data one of the main obstacles in quantifying and interpreting these
correlations was proper accounting for absorption effects in soft X-rays and intrinsic spectra
of the galaxies which resulted in considerable spread in the derived power law indices of the
X-ray — FIR correlations, ~ 0.7 —1.0. Moreover, supernova remnants are bright in the soft
band of the Einstein observatory. CHANDRA, however, is able to distinguish SNRs from
other sources due to its sensitivity to harder X-rays. Although the X-ray data were not
sufficient to discriminate between contributions of different classes of X-ray sources, David
et al. (1992) suggested that the existence of such correlations could be understood with a
two component model for X-ray and far-infrared emission from spiral galaxies, consisting
of old and young populations of the objects having different relations to the current star
formation activity in a galaxy. The uncertainty related to absorption effects in soft X-
rays was recently eliminated by Ranalli et al. (2003), who extended these studies to the
harder energy band of 2-10 keV based on BeppoSAX and ASCA data. In particular, they
found a linear correlation between total X-ray luminosity of a galaxy and both radio and
far-infrared luminosities and suggested that the X-ray emission might be directly related
to the current star formation rate in a galaxy and that such a relation might also hold at
higher redshifts.

One of the main results presented here in the context of the luminosity—SFR relation is
that in the low SFR regime the relation between SFR, and collective luminosity of HMXBs
is non-linear, Ly o< SFR™!", and becomes linear only for sufficiently high star formation
rates, when the total number of HMXB sources becomes sufficiently large. The non-linear
Lx — SFR dependence is caused by the fact that we measure the collective luminosity,
which strongly depends on the brightest objects, of a population of discrete objects. This
effect is discussed in detail in chapter 6.8.

There are, however, two main obstacles to use the X-ray luminosity of a galaxy as a
SFR indicator. Firstly, if an active nucleus (AGN) is present in a galaxy it can easily
outshine HMXBs in X-rays. In principle, the presence of an AGN component might be
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identified and, in some cases separated, due to the distinctive X-ray spectra of AGN and
X-ray binaries, provided the energy coverage is sufficiently broad. Secondly, there is the
dichotomy into LMXBs and HMXBs, which both have somewhat similar spectra, that also
could probably be distinguished provided sufficiently broad band coverage and sufficient
signal-to-noise ratio. To estimate the SFR one is interested only in the luminosity of
HMXBs, therefore the LMXB contribution needs to be subtracted. This could, in principle,
be done based on an estimate of the stellar mass of a galaxy. The results of the study of the
X-ray binary population of our Milky Way, chapters 2— 4, and knowledge of the Galactic
SFR allow to estimate at which point the emission of HMXBs dominates the emission of
a galaxy. A threshold which obviously depends on the ratio of SFR to stellar mass of a
galaxy. We found, that roughly at a ratio of ~ 0.05 M, /yr per 101° M, of total dynamical
mass, or ~ 0.5 Mg /yr per 10" My, of stellar mass, the emission of HMXB sources begins
to dominate the X-ray emission of a galaxy (where the SFR value refers to a formation
rate of stars more massive than ~ 5 My). It should be emphasised, however, that even
in the worst case the X-ray luminosity based SFR estimate should be able to provide an
upper limit on the ongoing star formation activity in a galaxy.

Future observations with CHANDRA and XMM-Newton, and upcoming X-ray missions,
such as Astro-E, Constellation-X and XEUS, the last having 1 arc sec angular resolution
and a 100 times larger effective area than CHANDRA, will permit us to derive the SFR
of galaxies from X-rays even at high redshifts. We know from optical and radio data that
the SFR was much higher in galaxies at z ~ 2-5 (Madau & Pozzetti 2000). Therefore we
could expect that in these galaxies the contribution of HMXBs was strongly exceeding the
contribution of LMXBs.
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2. Milky Way Log(N)-Log(S)

2.1. RXTE All-Sky Monitor Data

In order to construct the Log(N)-Log(S) distributions and luminosity functions we used the
publicly available data of ASM. The ASM instrument is sensitive in the 2-10 keV energy
band which is divided into 3 broad energy channels and provides 80% sky coverage for
every satellite orbit (~ 90 minutes). Due to its all-sky nature and long operational time,
~ 5 years, the ASM instrument is ideally suited for studying time averaged properties of
sources. The light curves are obtained by RXTE GOF (Levine et al. 1996) for a preselected
set of sources from the ASM catalogue. The catalogue consists of sources which have
reached an intensity of more than 5 mCrab at any time (Lochner & Remillard 1997), and
as of June 2000 included 340 sources of which 217 are galactic and 112 extragalactic, and
10 unidentified. The distribution of galactic sources on the sky is shown in Fig. 2.1. For
a detailed description of selection criteria and a list of sources see Lochner & Remillard
(1997). The 1 day sensitivity of ASM is ~ 10 mCrab corresponding to a count rate of
0.75 cts s71. The ASM count rate has been converted to energy flux assuming a Crab-like
spectrum and using the observed Crab count rate:

Flergs ' em™? =3.2- 107" Rlcts s . (2.1)

The 1-dwell ASM light curves have been retrieved from the RXTE public archive ! at
HEASARC and cover a time period from the start of the mission through 27/04/00. In
order to construct Log(N)-Log(S) the light curves have been averaged over the entire period
of available data which might differ for different sources. We did not account in any way
for orbital variations or eclipses, as e.g. in Cen X-3. Important for the analysis presented
below are the questions of systematic errors in the light curves and of the completeness
limit of the ASM catalogue.

2.1.1. Systematic errors

The ASM light curves are assumed to have a systematic error at the level of ~ 3% which
is added in quadrature to the statistical errors in the light curves provided by the RXTE
GOF. The systematic error has been estimated using Crab data and refers to the ~ dwell—
day time scales. The formal errors for the average fluxes calculated from the entire ASM
light curves are very small ~ 0.1 — 0.2 mCrab (~ 1 —2-1072 cts s7!). In the presence

Ltp:/ /legacy.gsfc.nasa.gov/xte/data/archive/ ASMProducts/definitive_1dwell /
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FIGURE 2.1.: Distribution of LMXBs (open circles) and HMXBs (filled circles) in the Galaxy.
In total 86 LMXBs and 52 HMXBs are shown. Note the significant concentration of HMXBs
towards the Galactic Plane and the clustering of LMXBs in the Galactic Bulge.

of systematic errors this might not correctly characterise the accuracy of the average flux
estimate, especially for weak sources. The contribution of systematic errors to the average
flux estimate depends on their statistical properties, in particular their correlation time
scale. In order to investigate these properties we selected several sources believed to have
constant X-ray flux, like SNRs or rotation powered pulsars, see Table 2.1, and rebinned
their light curves with different bin durations ranging from 1 to 200 days.

Source average flux(® excess RMS®
[cts s71] [cts s71]
Cas A 4.9 £ 0.007 ~ 0.08
Tycho SNR 1.3 £ 0.007 ~ 0.04
Puppis A 0.84 £ 0.008 ~ 0.05
Vela pulsar 0.75 4+ 0.008 ~ 0.01
CTB 33 0.35 £ 0.014 ~ 0.07
PSR 1259-63 0.18 £+ 0.012 ~ 0.01
NGC 2024 0.09 £ 0.008 ~ 0.02
PSR J17134+0747 | 0.07 £ 0.015 ~ 0.01
PSR 1957+20 0.06 £+ 0.012 ~ 0.02
XTE J19064-090 | 0.04 £ 0.011 ~ 0.03

TABLE 2.1.: List of sources used
to estimate systematic errors.

(@)the errors are formally calculated
using the errors in the light curves.
(®)upper limit on the unaccounted con-
tribution of the systematic errors to
the averaged flux, estimated from Fig.
2.2.
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For each binned light curve we computed the expected RMS from the errors given with
the light curves and compared it with the observed RMS. The results are shown in Fig.
2.2. Ideally there should be a one-to-one correspondence between expected and observed
RMS (straight line in Fig. 2.2). As can be seen from Fig. 2.2 this is not the case. The
observed RMS somewhat exceeds the expected value, the discrepancy increasing towards
large bin durations (~ 50-200 days). The excess variance at large bin durations (lower-left
part in Fig. 2.2) gives an upper limit on the unaccounted systematic error in the averaged
flux estimate. As can be seen from Fig. 2.2 the particular value of the systematic error,
though varying from source to source, is in the range of 0.01-0.1 cts s7'. We assumed
a value of 0.05 cts s™ (to be added in quadrature to the statistical error). We further
verified that our conclusions are not sensitive to the value of the systematic error.

For 15 sources we obtain statistically significant, > 30, negative average count rates.
The majority of these sources, namely 14, are located in the Small and Large Magellanic
Cloud and their negative average flux is apparently caused by source interference in these
crowded regions. The remaining source also appears to suffer from interference with nearby
sources. In particular, we have noticed that some of the light curves show a clear drop
below zero count rate coincident in time with addition of new sources located nearby to
the ASM catalogue. All these sources are excluded from our analysis.

2.1.2. Completeness

Important for the analysis presented below are two aspects of completeness:
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1. completeness flux limit of the ASM sample of the X-ray sources

2. completeness of the sample of galactic X-ray binaries which are optically identified
and for which distance measurements are available

The first problem arises for example in studying Log(N)-Log(S) distribution of all galactic
sources and is addressed below. The second problem is important in analysing Log(N)—
Log(S) distributions of various types of galactic X-ray sources and especially their lumi-
nosity functions. It is discussed in chapter 3.1.

Due to the present method of construction of the ASM catalogue its completeness limit
is difficult to assess in any straightforward way. By definition the ASM sample includes
all sources, galactic and extragalactic, which have reached an intensity of 5 mCrab at any
time, which corresponds to a completeness limit of ~ 0.37 cts s™'. On the other hand
we know from the same ASM light curves that non-transient Galactic X-ray binaries have
typical values of the ratio of maximum flux (on the time scale of dwell-~ day) to average
flux of the order of few. Therefore, in terms of long term average values the ASM catalogue
might be complete down to lower fluxes.

In order to indirectly probe the completeness limit of the ASM sample we use the fact
that the Log(N)-Log(S) relation for extragalactic sources is well known and follows a power
law with index —3/2 (Forman et al. 1978), down to ~ 3.8 - 107'* erg s7* cm ™2 (Ogasaka
et al. 1998) which corresponds to ASM count rate of 1.2 - 10™* cts s™!. The Log(N)-
Log(S) relation for extragalactic sources based on ASM data is compared with HEAO A-1
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and ASCA results in Fig. 2.3. One can see that flattening of the source counts caused by
incompleteness of the sample begins at a count rate of ~ 0.1 cts s~

Therefore we set, somewhat arbitrarily, the completeness limit of the ASM sample of
the X-ray sources at 0.2 cts s~*. We verified that our conclusions are not sensitive to the

exact value.

2.2. The Log(N)-Log(S) distributions

In order to calculate the number—flux relations the ASM light curves were averaged over the
entire time span of available data for each source. The resulting Log(N)-Log(S) relation for
galactic sources is shown in Fig. 2.4. The differentiation between galactic and extragalactic
sources was done using SIMBAD database. The overall shape and normalisation of the
Log(N)-Log(S) relation of Galactic sources is similar to that obtained by UHURU (Forman
et al. 1978) and ARIEL V (Warwick et al. 1981). The UHURU result (Matilsky et al.
1973) is schematically shown in Fig. 2.4 by the solid line. The Log(N)-Log(S) relation for
different types of Galactic sources is also shown in Fig. 2.4.

1  FIGURE 2.4.: Number—flux rela-
tion for all galactic sources de-
rived from the entire ASM sam-
ple. The broken solid line shows
schematically the number—flux re-
lation for the low-latitude [b| <
20° sources obtained by UHURU
(Matilsky et al. 1973). The verti-
UHURU cal dashed line shows approximate
completeness limit of the ASM
sample. The thick grey histogram
‘ shows the Log(N)-Log(S) for all

| Galactic sources observed by ASM.

| ‘ 3 The four lower histograms show the
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i ‘HHH‘ | “3‘,,‘,,‘,‘,,‘,‘, T of sources to the total galactic
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We further selected X-ray binaries from the sample and divided them into low mass
(LMXB) and high mass (HMXB) binaries according to the mass of the optical companion,
using the mass of the secondary, Ms, of 2.5 Mg to separate high and low mass systems.
The precise value of this boundary affects classification of only few X-ray binaries (Her
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X-1, GX 144, GRO J1655-40 etc.). In doing so we used SIMBAD database, the Catalogue
of X-ray Binaries (van Paradijs 1994), the Catalogue of CV, LMXB and related objects
(Ritter & Kolb 1998), the catalogues of low-mass X-ray binaries (Liu et al. 2001) and
high-mass X-ray binaries (Liu et al. 2000) and in some cases publications on individual
sources. Recently the donor star in GRS 19154105 was identified to be a K or M giant
(Greiner et al. 2001) so this source is classified as an LMXB. Of 115 galactic X-ray binaries
with average ASM flux exceeding our completeness limit of 0.2 cts s™! only 6 sources were
left unclassified. The fraction of unclassified sources is ~ 5% and they have fluxes in the
3-107%-13 cts s~! range and therefore should not affect our conclusions in any significant
way. The compilation of galactic X-ray binaries with type, optical companion, average flux
and, if available, distance and average luminosity is given in the appendix, chapter 8. The
resulting Log(N)-Log(S) relations for LMXBs and HMXBs are shown in Fig. 2.5.
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FIGURE 2.5.: Number—flux relation for galactic X-ray binaries. The vertical dashed line corre-
sponds to our completeness limit of 0.2 cts s™'. The solid lines are the best fit models to the
ASM data — a power law for HMXBs and a power law with cutoff in the differential Log(N)—
Log(S) distributions at 110 cts s~! for LMXBs (see Eqs.(2.2) and (2.3)).

To fit the observed Log(N)-Log(S) distributions we used the usual power law in the
form:

N(>8)=k-S (2.2)

where N (> S) is the number of sources with fluxes higher than S, a is the slope, and k the
normalisation. S is measured in ASM cts s™!. In order to calculate the best fit values of
the parameters we use a Maximum-Likelihood method in the form suggested by Murdoch
& Crawford (1973). This implementation of the M-L method takes into account the errors
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associated with the flux. Since the systematic error dominates the averaged flux error we
used the value of 0.05 cts s from chapter 2.1.1 as an estimate of the error. The error is
assumed to be Gaussian. Only sources with an averaged flux above 0.2 cts s~! were used
in the fit. The best fit values for different types of Galactic sources are given in Table 2.2.
The errors given are an estimate of the 1o errors for one parameter of interest derived from
the Maximum-Likelihood method. In order to characterise the quality of the fit we used
the Kolmogorov-Smirnov test.

TABLE 2.2.: The best fit values for the number—flux relation for different classes of galactic
sources from the ASM catalogue.

Subsample | Source number cutoff normalisation slope fit quality
/all sources | [cts s7] (K-S test)
all galactic 131/217? 110 88 0.34 4 0.05 92%
132/217 - 72 0.41 + 0.04 51%
LMXB 83/1052 110 83 0.2 4 0.06 1%
84/105 - 56 0.3 +0.05 0.5%
HMXB 25/51 ~ 9.4 0.617015 46%
SNR 6/7 - 4.8 0.3615%5 98%
CV 5/10 - 0.5 1.68 £ 0.61 98%

(1) Number of sources above the completeness limit of 0.2 cts s~.
(2) For fits with a cutoff the brightest source, Sco X-1, was excluded.

As is obvious from Fig. 2.5 and the results of the K-S test (Table 2.2) a simple power
law distribution does not describe the observed Log(N)-Log(S) relation for LMXBs. A
gradual steepening of the Log(N)-Log(S) relation occurs towards higher fluxes. Similar
behaviour was also found by UHURU (Matilsky et al. 1973) and OSO-7 (Markert et al.
1979). We therefore modified the simple power law in the form:

NG S)=k- (57— 8:2.) (2.3)

max

This corresponds to a cutoff in the differential Log(N)-Log(S) relation at flux S = 5,4,
The value of the cutoff was chosen to Sy, = 110 cts s7!. The results, however, are not very
sensitive to the actual value of S,,,,. The above value of S,,,,, corresponds to the ASM flux
from a 1.4 My neutron star located at a distance of 6.5 kpc (average distance of LMXBs
from the Sun) and radiating at Eddington luminosity. For fitting the Log(N)-Log(S) of
all galactic and LMXB sources with cutoff we excluded the brightest source, Sco X-1, from
the sample since its flux is far higher than the cutoff. As can be seen from Table 2.2 and
Fig. 2.5 introduction of the cutoff significantly improves the quality of the fit for LMXBs.
On the other hand it does not change significantly the results for other types of Galactic
sources, especially HMXBs. Note that the steepening of the Log(N)-Log(S) for LMXBs is
not an artifact of the incompleteness of the source sample at low fluxes. The numbers do
not change qualitatively if we increase the low flux limit by a factor of 2 — the values of
K-S probability are 6% and 68% for a single power law and a power law with cutoff in the
form of Eq. (2.3), respectively.
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3. Milky Way Luminosity functions

3.1. Distribution of X-ray binaries in the Galaxy

Progress in the number of distance determinations and identifications of secondary stars
in X-ray binaries in the last decade opens the opportunity to study the 3-D distribution
of XRBs in more detail than was previously possible. Notwithstanding the still relatively
small number of X-ray sources and the sometimes poor accuracy of distance determina-
tions it is now possible to compare the observed distribution of XRBs with theoretical
expectations. This is not only interesting in itself but, because of the flux limited nature
of the ASM sample, knowledge of the spatial distribution is required in order to derive the
luminosity function. Due to the above mentioned uncertainties and the flux limitation of
the sample it is still not possible to unambiguously determine shape and parameters of the
XRB distribution. We therefore adopted an approach in which we use the standard model
of the stellar mass distribution in the Galaxy as a starting point and adjust, whenever pos-
sible, its parameters to fit observed distributions of low and high mass X-ray binaries. As
the luminosity function depends somewhat on the assumed spatial distribution, we verify
that variations of the parameters, which can not be determined from the data do not affect
derived luminosity functions significantly.

3.1.1. Angular distribution of X-ray binaries

The all-sky map shown in Fig. 2.1 demonstrates vividly that the angular distributions
of high and low mass X-ray binaries over the sky differ significantly. This fact is further
illustrated by the angular distributions against Galactic latitude and longitude shown in
Fig. 3.1. The figures illustrate the well-known fact that HMXBs are strongly concentrated
towards the Galactic plane. In addition drastic difference in the longitude distributions
of HMXBs and LMXBs can be noticed, with the latter significantly concentrated towards
the Galactic Centre/Bulge and the former distributed in clumps approximately coinciding
with the location of tangential points of the spiral arms,see e.g. Englmaier & Gerhard
(1999); Simonson (1976).

3.1.2. Source distances and 3-D distribution of X-ray binaries

In order to study the spatial distribution of X-ray binaries we collected source distances from
the literature. We found distances for 140 X-ray binaries from the ASM sample. For X-ray
binaries with an average flux above the ASM completeness limit, used for constructing the



22 3. Milky Way Luminosity functions

I I I
L ] i - i
20 — " — L i
g L o LMXB | B | s LMXB /3 |
e 8
15 - 4 A2 1
S L HMXB | T 6 HMXB |
o | i a,
0 L i " r i
(<] Q L -
(@] L | @]
S10 4 5 7 ]
! 1 §ar :
s 1 s | ]
Ll g |
]
°r ] 2 - H .
0 L 0 I | | L | . =
—40 —20 0 20 40 —100 0 100
gal. latitude b" [deg.] gal. longitude 1" [deg.]

FIGURE 3.1.: The distribution of Galactic HMXBs (solid lines) and LMXBs (thick grey lines)
against Galactic latitude b’/ (left panel) and longitude I’/ (right panel). The distribution against
bl of HMXBs shows a stronger concentration towards the Galactic plane compared to LMXBs.
Along /! LMXBs show a strong concentration in the direction towards the Galactic centre.
The arrows in the right panel mark the positions of the tangential points of spiral arms. The
broad hump in the HMXB distribution at I/ = 100° — 160° is mostly composed of relatively low
luminosity sources in the Perseus and Cygnus arms. Note that on the right panel the number of
LMXBs is divided by 3.

luminosity functions in chapter 5.1.2; distances were determined for all but 8 sources. In
cases when the published distance estimates disagree significantly we used the least model
dependent estimates or their average. For the compilation of the source distances see the
appendix, chapter 8. The spatial distribution of X-ray binaries in various projections is
shown in Fig. 3.2-3.4.

In terms of the spatial distribution of X-ray binaries this thesis elaborates on works done
earlier that also distinguished between low and high mass systems but used substantially
smaller samples.

Previously White et al. (1980), Lamb et al. (1980), Nagase (1989) and Verbunt (1996)
noted the correlation of the positions of accreting X-ray pulsars with high mass companions
with the location of spiral arm features of the Milky Way. Based on a larger sample of
HMXBs with measured distances we show that indeed the spatial distribution of HMXBs
follows the spiral structure of the Galaxy.

Using distance estimates and angular distribution of LMXBs van Paradijs & White
(1995) and White & van Paradijs (1996) investigated the spatial distribution of LMXBs
and BHC in our Galaxy, particularly in the Galactic disk. They estimated values for the
vertical (290 pc and 710 pc for BHC and NS binaries) and radial scales (4.5 kpc for NS
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FiGURE 3.2.: Face-on view of the Galaxy
— distribution of low mass (open squares)
and high mass (filled circles) X-ray bina-
ries. The origin of the coordinate is at
the Galactic Centre. The Sun is located
at x=0, y=8.5 (marked by the pentagon).
The thin solid line shows logarithmic 4-
armed (m=4) spiral model with pitch an-
gle of 12° (e.g. Vallée (1995)). The thick
solid lines show the spiral model of the
Galaxy based on optical and radio observa-
tion of the giant HII regions (Georgelin &
Georgelin (1976), Taylor & Cordes (1993)).
10 The fact that the majority of sources is lo-
cated at y > 0 is due to the flux limited
nature of the ASM sample and incomplete-
ness of the optical identifications/distance
measurements at the large distances from
the Sun (see discussion in the text).

y [kpc]

x [kpc]

binaries) of the disk. These values are in general agreement with those obtained in this
thesis, that are based on a considerably larger number of sources. Grebenev et al. (1996)
found good agreement between the source distribution observed by ART-P/GRANAT in
the Galactic Centre region and the stellar mass distribution in the Galactic Bulge. We
thus have a reasonably good knowledge about the distribution of LMXBs in the Galaxy.

3.1.3. The Galaxy model

As a starting point in constructing the spatial distribution of X-ray binaries we employ the
standard three component model of the stellar mass distribution in the Galaxy (Bahcall
& Soneira 1980), consisting of bulge, disk and spheroid. The parameterisation of bulge
and disk is taken from Dehnen & Binney (1998) and for the spheroid we take the model
of Bahcall & Soneira (1980):

»

rZ + ;—i r? + P
PBulge = P0,Bulge * (—)_7 ) eXp(_ 2 ) (31)
To T

T'm T z
PDisk = Po,Disk exp(—— — — — u) (3.2)

T Ta T,

exp(—b- (£)*)
PSphere = P0,Sphere * (ﬁ);/‘%se ) (33)

Re
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where po Buiges Po,Disk and po sphere are the normalisations, r is the distance in the plane
from the galactic centre, z is the distance perpendicular to the galactic plane, and R is the
distance from the galactic centre in spherical coordinates. All distances are in kiloparsec.
Meaning and values for other parameters are given in Table 3.1.

In the standard Galaxy model the mass ratios of the components are about 2:1:0.3 for
disk:bulge:spheroid. These numbers follow from the model using normalisations for the
disk, po pisk = 0.05Mgpc®, and spheroid population, po,sphere = 1/500 - po pisk, observed
in the vicinity of the Sun (Zombeck 1990) and a bulge mass of about ~ 1.3-10'® M, (Dwek
et al. 1995). All these masses refer to baryonic mass in the stars.

All three components of the standard Galaxy model were used to construct the spatial
distribution of LMXB. The spheroid component with appropriately adjusted normalisation
was used to account for the population of globular cluster sources. Based on the observed
distribution and theoretical expectation that HMXBs trace the star forming regions in the
Galaxy, only the disk component was used for the spatial distribution of HMXBs.

Several parameters, namely vertical scale height of the disk and relative normalisation of
the spheroid for the LMXBs, can be determined directly from our sample of X-ray binaries.
For these parameters we used the best fit values inferred by the data. For the rest of the
parameters we accepted standard values for the stellar mass distribution in the Galaxy.
The final set of the parameters is summarised in Table 3.1.

The disk component of the standard Galaxy model was modified in order to account for
the Galactic spiral structure. The description of the spiral arms is based on the model of
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FIGURE 3.4.: Vertical distributions of high mass (left panel) and low mass (right panel) X-ray bi-
naries. The vertical distributions were summed over northern and southern galactic hemispheres.
In the case of LMXBs only sources with R > 3.5 kpc were used, to exclude bulge sources. The
thick grey solid lines show the observed distributions and the thin solid and dashed lines the
expected distributions for an exponential disk with 150 pc scale height for HMXBs, and an expo-
nential with scale height 410 pc and a 25% contribution of the spheroid for LMXBs, respectively.
For the assumed model see Egs. (3.2, 3.3).

Georgelin & Georgelin (1976) derived from the distribution of HII regions. To include it
into our Galaxy model we used the FORTRAN code provided by Taylor & Cordes (1993).
The spiral arms computed in this way are shown in Fig. 3.2 by thick grey lines. This
empirical model is close but not identical to a 4 arm logarithmic spiral with pitch angle of
12° (e.g. Vallée (1995)) shown in Fig. 3.2 by thin solid lines.

In the following two sub-chapters we discuss spatial distribution of HMXBs and LMXBs
in more detail.

3.1.4. High mass X-ray binaries

The angular distribution of HMXBs in Fig. 3.1 shows signatures of the Galactic spiral
structure. These signatures are clearly seen in the distribution of sources over galactic
longitude which shows maxima approximately consistent with directions towards tangential
points of the spiral arms. No significant peak in the direction to the Galactic centre is
present. The signatures of the spiral structure become more evident in the 3-D distribution
of the smaller sample of sources for which distance measurements are available, Figs.
3.2,3.3. The radial distribution (Fig. 3.3) shows pronounced peaks at the locations of the
major spiral arms and is similar to that of primary tracers of the Galactic spiral structure
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TABLE 3.1.: The parameters of the standard Galaxy model.

parameter meaning value
HMXB | LMXB
q oblateness of bulge — 0.6
v - - 1.8
R, scale length of spheroid — 2.8 kpc
b - - 7.669
To scale length of bulge — 1 kpc
T4 truncation radius of bulge - 1.9 kpc
rq scale length of disk 3.5 kpc | 3.5 kpe
r, vertical scale of disk 150 pc | 410 pc
T inner disk cut-off 6.5 kpc | 6.5 kpc
Roass mass ratios Disk:Bulge:Spheroid 1:0:0 2:1:0.8

— giant HII regions (e.g. Downes et al. (1980)) and warm molecular clouds (e.g. Solomon
et al. (1985)). In particular, the central ~ 3 — 4 kpc region of the Galaxy is almost void of
HMXB well in accordance with the radial distribution of the giant HII regions and warm
CO clouds. This appears to correspond to the interior of the 4-kpc molecular ring.

The vertical distribution of HMXBs is significantly more concentrated towards the Galac-
tic Plane and sufficiently well described by a simple exponential with a scale height of 150
pc as shown in the left panel of Fig. 3.4.

Based on theoretical expectations and on the data shown in Fig. 2.1,3.1,3.3,3.4 we
included only the disk component in the volume density distribution HMXBs. It is clear
however that a simple exponential disk is not a good description for the radial distribution
of HMXB. Therefore, following Dehnen & Binney (1998) we assumed the disk density
distribution in the form given by Eq. (3.2), where the first term in the exponential allows
for the central density depression. To describe the observed central depression for HMXBs
a rather large value of r,, ~ 6 — 7 kpc is required (cf. r, = 4 kpc from Dehnen &
Binney (1998)). The spiral arms were assumed to have a Gaussian density profile along
the Galactic Plane:

j=4
8 .
Pspiral X Z eXp(_(w_J)Q)a (3.4)
j=1 “

where w, = 600 pc is the width of the spiral arm, and s; is the distance to the nearest
point of the spiral arm j projected to the Galactic Plane:

si =/ =22+ (y - ) (3.5)

In order to account for the spiral structure the disk density, Eq. (3.2), was multiplied by

PSpiral-

pg%cXB X PDisk * PSpiral (36)
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3.1.5. Low mass X-ray binaries

Contrary to HMXB, the angular distribution of LMXBs is strongly peaked in direction to
the Galactic centre and declines gradually along the Galactic plane, see Fig. 3.1. The cen-
tral ~ 2 kpc region is densely populated with Galactic Bulge LMXB sources and contains
~ 1/3 of the LMXBs from our flux limited sample (Fig. 3.3). A noticeable feature of the
radial distribution of LMXB is the pronounced minimum at ~ 3 — 4 kpc. This minimum
approximately coincides with the ~ 1 — 3 kpc gap in the distribution of the molecular gas
and the ~ 2.2 kpc minimum in the density of infrared light distribution in the Galaxy (Bin-
ney et al. 1997) and probably separates bulge sources from the disk population. Similar to
HMXBEs, the signatures of the spiral structure might be present in the radial distribution
although they are less pronounced.

The vertical distribution outside the bulge (Fig. 3.4) is significantly broader than that of
HMXBs and includes a number of sources at high galactic z. A formal fit to the observed
distribution with an exponential law results in a large scale height of 950 + 130 pc, which
is close to the value of 710 pc obtained by van Paradijs & White (1995) for NS LMXBs.
However, due to presence of a tail of sources at |z| > 1.5—2 kpc, the observed z-distributions
cannot be adequately described by a simple exponential law. As only three out of nine
sources at |z| > 2 kpc are located in globular clusters, this tail of high-z sources cannot be
solely due to the globular cluster component. A possible mechanism — a kick received by
a compact object during the SN explosion, was considered e.g. by van Paradijs & White
(1995). The relatively small number of high-z sources does not allow one to determine the
shape of their distribution based on the data only. In order to account for the high-z sources
and the LMXB sources in globular clusters we chose to include in the spatial distribution
of LMXBs the spheroid component described by a de Vaucouleurs profile (Eq. (3.3)). Note
that a de Vaucouleurs profile correctly represents the distribution of globular clusters. The
overall vertical distribution can be adequately represented by a sum of an exponential law
with a scale height of 4101“51;80 pc and a de Vaucouleurs profile with the parameters given
in Table 3.1. The spheroid component represented by the de Vaucouleurs profile contains
a ~ 25% of the total number of LMXBs. Note, that this number is by a factor of ~ 2-3
larger than the mass fraction of the stellar spheroid in the standard Galaxy model. The
enhanced fraction of the spheroid component is generally consistent with the fact, that the
number of X-ray sources per unit mass is ~ 100 times higher in the globular clusters than
in the Galactic disk and 12 out of 104 LMXBs in our sample are globular cluster sources.

The angular resolution of the ASM instrument does not permit to study in detail the
very central region of the Galaxy which is characterised by the highest volume and surface
density of X-ray binaries. Based on GRANAT/ART-P data having significantly better
sensitivity and angular resolution, Grebenev et al. (1996) showed that the distribution of
the surface density of X-ray binaries in the central 8° x 8° of the Galaxy is consistent with
the stellar mass distribution in the Galactic Bulge.

To conclude, our model of the volume density distribution of LMXBs includes all three
components of the standard model of the Galaxy: bulge, disk and spheroid with the disk-
to-spheroid mass ratio decreased to 4:1. Similarly to HMXBs, r,, = 6 — 7 kpc is required
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to describe the central density suppression of the disk population. The modulation of the
disk component by the spiral pattern at the 20% level was also included:

plbl\z/fqéB X PDisk (]- +0.2- pSpiral) (37)

where ppig, is given by Eq. (3.2) and pgpirar — by Eq. (3.4).

3.1.6. Completeness of the sample of the distance measurements.

The fact that the majority of the sources in Fig. 3.2 is located at y > 0 is related to the flux
limited nature of the ASM sample (obviously it is easier to observe weak sources located
closer to the Sun) and to the incompleteness of the available distance measurements (more
difficult to measure the distance to a more distant source). The 3-D distribution of X-ray
binaries enables one to check the latter effect.

Plotted in Fig. 3.5 is the distribution of LMXB sources with luminosities Ly > 4 - 103¢
erg s~! over the distance from the Sun. For the ASM completeness flux limit of 0.2 cts
s71, sources with Ly > 4-10% erg s=! should be visible up to a distance of ~ 20 kpc.
However, comparison with the expected distribution computed using the LMXB volume
density distribution constructed in chapter 3.1.5 shows an increasing deficiency of sources
at distances =10 — 15 kpc. In total ~ 14 sources in the distance range of 10-20 kpc
are “missing”. These “missing” sources should be hidden among the ~ 20 unclassified
sources in the ASM catalogue for which no optical identification/distance determinations

are available.

Recent observations by Kuijken & Rich (2001) lend support to this interpretation. They
measured proper motions of blue and red giants in direction to the Galactic centre. The
red giants, concentrated in the Galactic bulge, have a velocity dispersion in Galactic coor-
dinates, b'! versus I/, symmetric around zero. However, blue giants, located in the disk,
have a velocity dispersion asymmetric around zero with respect to /! which means that
there is a net motion of the observed blue giants in one direction. Interpreting this as the
motion of the disk around the Galactic centre, it also means that there is a deficit of the
observed blue giants on the far side of the Galaxy (cf. Fig. 3.5).

This comparison (Fig. 3.5) shows that our sample of optical identifications/distance
measurements for LMXB sources is complete up to a distance of ~ 10 kpc. The significantly
smaller number of HMXBs above the ASM completeness flux limit did not permit us to
perform a similar analysis for HMXB sources. However, one might expect that due to the
higher luminosity of the optical companion the limiting distance for HMXBs is not smaller
than for LMXBs. We therefore accepted a value of D,,,, = 10 kpc as a maximum source
distance for the luminosity function calculation for both types of sources described in the
next chapter.
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L R>0.2 ¢/s - FIGURE 3.5.: Distribution of the
L>4-10% erg/s LMXB s011‘rces over' distance from
- < the Sun (thick grey histogram). Only
sources with luminosity Ly > 4-1036
erg s—! are plotted. Given the ASM
completeness flux limit of 0.2 cts s~1,
sources with Lx > 4 - 1036 erg s7!
should be visible from the distance
of upto ~ 20 kpc. The thin solid
histograms shows the expected dis-
tribution of the sources in the model
constructed in chapter 3.1.5. Devia-
tion of the observed distribution from
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distance > 10 — 15 kpc.
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3.2. Luminosity function

Due to the flux limited nature of the ASM sample and incompleteness of the optical
identifications/distance measurements beyond ~ 10 kpc, the apparent luminosity function
which can be derived straightforwardly from the ASM flux measurements and the source
distances (thin line histograms in Fig. 3.7 and 3.8) needs to be corrected for the fraction
of the Galaxy observable by ASM. This correction can be performed using the model of
the spatial distribution of X-ray binaries constructed in the previous sub-chapters:

dN (dN>ObS , M(< D(L)) (3.8)

dL — \dL Mot

where % is the true luminosity function, (%)Obs — apparent luminosity function con-

structed using ASM flux measurements and the source distances, M (< D) — mass of the

Galaxy inside distance D from the Sun computed using the volume density distributions

for HMXB and LMXB sources from the chapter 3.1, M;,; — total mass of the Galaxy, D(L)
is defined by:

L

D(L)=min (| ———, Dz |, 3.9

R O 6

where Fj;, is the limiting (minimum) flux and D,,,, — the maximum distance from the Sun

of the sources used for constructing the luminosity function. As discussed in the previous

chapters we accepted the following selection criteria: Fj;,, = 0.2 cts s™! ~ 6.4 - 107! erg
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s™' cm ™7, i.e. equal to the completeness flux limit of the ASM catalogue, and D,,q, = 10
kpc — a completeness limit of distance measurements estimated in chapter 3.1.6.

Obviously, for a given flux limit Fj;,, the mass fraction of the Galaxy W is a
decreasing function of the source luminosity as shown in Fig. 3.6. For the ASM ‘sensitiv-
ity /completeness limit of ~ 6.4-107 erg s~ cm ™2 the entire volume inside D,,,, = 10 kpc
from the Sun is observable down to a luminosity of ~ 10%¢ erg s~! (the flat part of the curves
in Fig. 3.6) below which the mass fraction of the observable part of the Galaxy begins to
decrease. As the spatial distributions of HMXB and LMXB sources differ significantly, the
volume correction and the luminosity function were calculated separately for HMXBs and
LMXBs. The apparent and volume corrected (true) cumulative luminosity functions are
presented in Fig. 3.7. Fig. 3.8 shows the corresponding differential distributions binned
logarithmically over luminosity.

The cumulative luminosity function of HMXBs (Fig. 3.7, right panel) does not seem
to contradict to a power law distribution down to a luminosity of ~ 2 - 103% erg s~ with
some indication of flattening at lower luminosity. However, limited sensitivity of ASM
and correspondingly large values of the correction factor (Fig. 3.6) at low luminosities do
not allow one to draw a definite conclusion regarding the shape of the luminosity function
at these low luminosities (see comparison with ASCA source counts in chapter 4.1). We
therefore fitted the luminosity function of HMXBs in the L > 2-10% erg s~! range with a
power law distribution. Using a Maximum-Likelihood method the best fit parameters are:

L
N(>L)=20- (—10366rg —) (3.10)

where L is the source luminosity in erg s~! and N(> L) — total number of sources on the
sky with luminosity greater than L.
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FIGURE 3.7.: The apparent (thin histogram) and volume corrected (thick histogram) cumulative
luminosity function for LMXBs and HMXBs. The solid lines are the best fits to the data.
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FIGURE 3.8.: The apparent (thin histogram) and volume corrected (thick histogram) differential
luminosity function for LMXBs and HMXBs binned into bins with logarithmic with of 0.5. The
solid lines are the best fits to the cumulative distributions. The fall-over of the apparent distri-
butions below ~ 1030 erg s~ are due to the flux limited nature of the ASM sample (see Fig.
3.6)
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The shape of both cumulative and differential luminosity function for LMXBs (Figs. 3.7,
3.8, left panels) indicates the presence of a high luminosity cut-off. We fitted the unbinned
cumulative distribution with the functional form

N>L)=A-(L*—-L,2.). (3.11)

max

corresponding to a power law differential luminosity function with a sharp cut-off at L,,..
The value of the cutoff was set equal to to 2.7 - 10%® erg s~ which corresponds to the
luminosity of the most luminous source within 10 kpc, Sco X-1. The best fit values of
other parameters are:

L

)—0.26:|:0.08 _ 270—0.26)' (3.12)

Note that the smaller number of sources and the steeper slope of luminosity function

make the HMXB data insensitive to a high luminosity cut-off above ~ few x 103¢ erg s=.

3.2.1. Effect of the Galaxy model on the luminosity function

From Eq. (3.8) it is clear that the luminosity function depends on the spatial distribution
of XRBs in the Galaxy. As discussed above, using the distance measurements available,
we were able to determine some of the parameters of their distribution. But the data are
not sufficient to determine the entire distribution unambiguously. Thus we had to assume
a spatial distribution of XRBs in the Galaxy. In order to investigate the effect of the
adopted spatial distribution of X-ray sources on the derived luminosity function we varied
our model and computed the respective luminosity functions.

For our analysis we used three different distributions for LMXBs and HMXBs. In the
case of HMXBs, only the disk component was included in each of the three distributions.
The modulation of the disk distribution by the spiral pattern, when present, was 100% for
HMXB and 20% for LMXB. The models are:

e Model A: Our primary model constructed in chapter 3.1 and used to derive the lu-
minosity function above (shown as a solid histogram in Fig. 3.9).

e Model B: The same as the model A, except that the inner cut-off of the disk was
set to r,, = 4 kpc in accordance with the result of Dehnen & Binney (1998)(dotted
histogram in Fig. 3.9).

e Model C: The spheroid component is the same as in Model A. The disk radial distri-
bution is without the inner cut-off, i.e. r,, = 0 and without modulation by the spiral
structure. No bulge component is included for either LMXBs or HMXBs. The re-
sulting density distribution is similar to that derived by van Paradijs & White (1995)
for NS LMXBs (dashed histogram in Fig. 3.9).
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FI1GURE 3.9.: Dependence of the luminosity function on the adopted model of the spatial distri-
bution of XRBs. The figures show the luminosity functions of LMXBs (left panel) and HMXBs
(right panel) for three different Galaxy models. The solid, dotted and dashed lines in both panels
correspond to the models A, B and C.

The resulting luminosity function for each of the three models are shown in Fig. 3.9.
It is obvious that there is no strong dependence of the luminosity function on the mass
distribution. The slopes vary in the range from 1.28 — 1.30 for LMXBs and 1.64 — 1.72
for HMXBs. The total number of sources varies from 88 to 90 for LMXBs and from 21
to 26 for HMXBs. It is worth noting that the spiral pattern is no significant factor in
the determination of the luminosity function of HMXBs although the spatial distribution
shows clear signs of them.

3.2.2. Total X-ray luminosity of Galactic X-ray binaries

The total luminosity of all X-ray binaries in the Galaxy is calculated in the following way.
Down to a luminosity of 103¢ erg s™! we sum the measured luminosities of the individual
sources to obtain a more precise number. For the lower luminosities that contribute only
a small fraction to the total luminosity we use the analytical description of the luminosity
function given by Eqgs. (3.10) and (3.12).

The integrated luminosity of HMXBs and LMXBs in the 2-10 keV ASM band calculated
in such way are ~ 2 - 10% erg s7! and ~ 2.5 - 103 erg s!, respectively. Note that these
numbers refer to the luminosity averaged over the period from 1996-2000. The variability
of individual sources or an outburst of a bright transient can change the luminosity by a
factor of up to ~ 2—3. Due to the shallow slopes of the luminosity functions the integrated
X-ray emission of the Milky Way is dominated by the ~ 5 — 10 most luminous sources



34 3. Milky Way Luminosity functions

Source Lx [10%erg s7!] dist. | Ref.
avg. min. max.( | [kpc]

Cir X-1 14 03 10 | 109 |1

GRS 1915+105 | 3.7 1 11 125 | 2 TABLE 3.2.: List of the

Sco X-1 2.7 2 4.5 28 |3 most  luminous LMXB

Cyg X-2 1.8 0.9 3.4 11.3 | 1,4-7 sources contributing

GX 34942 1.6 1.1 2.7 9.2 | 1,78 ~ 90% to the integrated

GX 1742 15 11 24 | 95 [1,79, | luminosity of LMXBs in
10 the 2-10 keV band, aver-

GX 5-1 1.4 1 1.8 72 | 1,7 aged over 1996-2000. The

GX 340+0 1.3 0.9 1.8 | 110 | 1,7 12 most luminous sources

GX 9+1 0.75 05 10 | 7.2 |9 contribute ~ 80% of the

NGC 6624 047 015 08 | 80 |1011 | oresrated lumiosity

Ser X-1 043 026 06 | 84 |12 - min. and max. lu-

GX 1341 041 025 06 | 7.0 |13 minosity were estimated

X 1735-444 035 0.2 0.6 | 92 |1 by eye from the 1 day

XTE J1550-564 | 0.35  0.005 2.1 | 53 | 14 averaged light curves.

KS 1731-260 | 0.28  0.06 0.6 | 85 |15-17

X 1705-440 025 <0.04 06 | 74 |18

X 1624-490 024 <013 04 | 13519

References for the distances: (1) — van Paradijs & White (1995), (2) — Mirabel & Rodriguez (1994), (3)
— Bradshaw et al. (1999), (4) — Orosz & Kuulkers (1999), (5) — Cowley et al. (1979), (6) — Smale (1998),
(7) — Penninx (1989), (8) — Wachter & Margon (1996), (9) — Christian & Swank (1997), (10) — Djorgovski
(1993), (11) — Webbink (1985), (12) — Ebisuzaki et al. (1984), (13) — Bandyopadhyay et al. (1999), (14) —
Orosz et al. (2002), (15) — Barret et al. (1998), (16) — Smith et al. (1997), (17) — Sunyaev (1990), (18) —
Haberl & Titarchuk (1995)

(see Table 3.2.2 and 3.2.2). The maximum and minimum values for the luminosities were
estimated by eye from the 1 day averaged light curves. The values in the tables therefore
differ from the values in Table 3.2.3.

The majority of the brightest X-ray binaries are strongly variable on all time scales from
milliseconds to years—tens of years. Therefore the luminosity of our Galaxy as a whole
is also be subject to strong variability. This is important because with a powerful X-ray
telescope such as XEUS it will be possible to detect X-ray flux from distant galaxies on the
level of L ~ 10% erg s=! but only short time scale variability would permit to distinguish
the collective emission of X-ray binaries from the low luminosity, AGN-type activity of
the nucleus. Black holes are unable to produce strong variability with characteristic times

significantly shorter than a few 0.01s A]@BH (Sunyaev & Revnivtsev 2000). For super-massive
©

black holes the characteristic time is of order or above ~ 103s.

Normalised to the star formation rate which is about 4 My, yr~! in the Milky Way (McKee
& Williams 1997) galactic HMXBs emit about ~ 5-10%" erg s71 /(M yr~!). The luminosity
of LMXBs normalised to the stellar mass is about ~ 5-10%erg s~! Mgl, assuming a stellar
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Source Lx [10%%erg s dist. | Ref.

avg. min.(  max.(® [kpc] TABLE 3.3.: List of
Cyg X-3 0.5 0.08 1.4 9.0 |1 the most luminous HMXB
Cen X-3 0.15 <0.03 0.7 9.0 | 2-5 sources that contribute =
Cyg X-1 0.05 0.02 0.17 21 |6 40% to the integrated lu-
X 1657-415 0.043 <0.02 022 | 110 |7 minosity of HMXBs in the
V4641 Sgr 0.028 <0.02 7.3 99 |8 2-10 keV band, averaged
GX 301-2 0.02 <0005 04 | 53 |9 over 1996-2000.
XTE J1855-024 | 0.015 <0.01  0.11 | 10.0 | 10 ¥ min. and max. lu-
X1538-522 0.014 <0.008 0.08 | 64 |11 minosity were estimated
GS1843+009 | 0.0l <0.007 011 | 10.0 | 12 by eye from the 1 day
X1908-+075 0.008 < 0.006 005 | 64 |13, averaged light curves.

14

References for the distances: (1) — Predehl et al. (2000), (2) — Krzeminski (1974), (3) — Hutchings et al.
(1979), (4) — Motch et al. (1997),(5) — Bahcall (1978), (6) — Massey et al. (1995), (7) — Chakrabarty et al.
(1993), (8) — Orosz et al. (2000), (9) — Kaper et al. (1995), (10) — Corbet et al. (1999), (11) — Reynolds
et al. (1992), (12) — Israel et al. (2001), (13) — Wen et al. (2000), (14) — van Paradijs & White (1995)

mass of the Galaxy of about 5 - 101 M.

The contribution of Be X-ray binaries from the ASM sample to the integrated luminosity
of HMXBs is ~ 5%.

Note that poor knowledge of the shape of the luminosity function at low luminosities,
L <10% erg s~! should not influence the total luminosity considerably unless the luminosity
function steepens significantly at these low luminosities (see chapter 4.1).

The total number of X-ray binaries above 2 - 103 erg s=! obtained from the luminosity
functions is about ~ 190 of which ~ 55 are HMXBs and ~ 135 — LMXBs.

3.2.3. Luminosity function and )/ distribution of X-ray binaries

The X-ray luminosity function is obviously related to the distribution of X-ray binary
systems over the mass loss rate of the secondary, M. The simplest assumption would be
that both distributions have the same slope in the range corresponding to luminosities of
~ (0.01 — 1)Lgaq. At larger luminosities, L 2 Lg4q, the luminosity function has a break
or cut-off, well in accordance with theoretical expectation, that the luminosity due to
accretion cannot exceed the Eddington luminosity of the primary star by a large factor
(see discussion in chapter 4.2). The donor star in a binary system, on the other hand,
“does not know” about the Eddington critical luminosity, therefore the distribution of
binary systems over the mass loss rate of the secondary, M, is not expected to break near
the Eddington value for the compact object. Thus the distribution of binary systems over
M is expected to continue with the same slope well beyond the Eddington value.
Extremely super-Eddington values of the mass accretion rate M can result in quenching
of the X-ray source and/or its obscuration by the matter expelled from the system by
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radiation pressure (Shakura & Sunyaev 1973). This would lead to the appearance of a
peculiar object, dim in X-rays and extremely bright in the optical and UV band — similar
to SS 433 or the recent fast transient V4641 Sgr at the peak of its optical outburst. Such
objects would emit only a negligible fraction in the X-ray band and would contribute to
the lower luminosity end of the XRB luminosity function.

For moderately super-Eddington values of M <10— 100M g4, however, one might expect
the appearance of a near- or slightly super-Eddington source, therefore all such systems are
expected to cluster near Lgy4, see Fig. 6.6 and the accompanying discussion. For a given
slope of the luminosity function the number of such sources can be easily estimated. For
the observed parameters of the LMXB luminosity function (slope = 1.3, 42 sources with
36.5 < log(Lx) < 38) and assuming that the M distribution continues with the same slope
= 1.3, the total number of sources with M corresponding to the range of luminosities of
103 —10% and 103 —10% erg s~! is &~ 10 and ~ 6 correspondingly (a2 7 sources are expected
to have M corresponding to L > 10% erg s71). These estimates are in disagreement with
the actually observed number of sources with L > 10 erg s—!, which is equal to 8. In order
to reconcile the expected number of sources near L4 with the observations, a slope of the
M distribution of = 1.35 — 1.40 is required which is somewhat steeper than the observed
value of ~ 1.3. We note that the slope of ~ 1.35 is within ~ 1o of the the observed value.

Finally, there are several effects that can suppress the number of the low luminosity
sources, i.e. make the luminosity function flatter than the M distribution. The most
obvious and important are discussed below.

e In the case of HMXBs the magnetosphere of the strongly magnetised, rapidly rotating
neutron star can prevent the accretion at low M via the propeller effect (Illarionov
& Sunyaev 1975).

e Be-systems are characterised by regular outbursts corresponding to the passage of
the neutron star through the equatorial stellar wind. Therefore for such sources
the true value of the M in the binary system is measured by the peak luminosity
during the outbursts whereas the long term averaged luminosity, used to construct
the luminosity function, can give a significantly underestimated value.

e A common property of LMXBs, containing both neutron stars and black hole, is the
presence of relativistic jets which might carry away a sizable fraction of the energy
of accretion (Mirabel & Rodriguez 1999). The presence of jets correlates with the
X-ray spectral state: the jets are absent (and hence the true accretion efficiency is
higher) in the soft spectral state corresponding to higher values of M. The jets exist
only in the hard spectral state (Fender 2001), thus decreasing the accretion efficiency
at lower M.

e In the case of black hole binaries an ADAF can form at low accretion rate in which

case the accretion efficiency is proportional to M and the X-ray luminosity scales as
L oc M? (Narayan & Yi 1995).
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e At sufficiently low accretion rates a source becomes a transient with a recurrence time
varying from ~ 1 to = 50 years (White et al. 1984). This would decrease the number
of low and intermediate luminosity sources in the luminosity function constructed on
the several years baseline.

The number of luminous X-ray binaries in the Milky Way is insufficient to study the
shape of the luminosity function near Lggy in detail. On the other hand within next
several years CHANDRA X-ray observatory will study compact sources in a large number
of nearby, d <20 — 30 Mpc galaxies and the total number of the X-ray binaries detected
in other galaxies can easily reach several hundred or thousand. In this context it might
be interesting to construct a combined luminosity function of X-ray binaries in our and
other galaxies to study its exact shape at the high luminosity end and search for a possible
excess of sources near Lggq.
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4. Extension of luminosity functions

4.1. Low luminosity sources

4.1.1. Extension of Log(N)-Log(S) towards lower fluxes

Since the sensitivity of ASM is limited to relatively high flux sources it is interesting to
investigate the behaviour of the Log(N)-Log(S) at lower fluxes. Note that, given the slope
observed by ASM (1.2 and 1.61 for LMXBs and HMXBs), the Log(N)-Log(S) distribution
should flatten at low fluxes since the total number of sources in the Galaxy is finite.

In order to study the low flux regime below the ASM completeness limit of ~ 6.4 - 10!
erg s7! em™2, we use ASCA data from the Galactic Ridge Survey (Sugizaki et al. 2001)
covering ~ 40 square degrees with the limiting sensitivity of ~ 3 - 107 erg s™! cm™2.
Since most of the sources in the ASCA survey are unidentified we followed the criterion
suggested by Sugizaki et al. (2001) in order to discriminate X-ray binary candidates from
other sources: that X-ray binary candidates have either a spectral photon index I' < 1,
or a spectral photon index I' < 3 and a column density Ny < 0.8 - 10?2 cm~2. Excluding
otherwise identified sources with these spectral properties there remain 28 sources. We fit
the Log(N)-Log(S) of the selected sources with the procedure similar to that used for ASM
sources, modified to account for the flux dependent sky coverage of the ASCA survey (Fig.
7 in Sugizaki et al. (2001)). The resulting Log(N)-Log(S) is:

N(>S8)=94-107°. 5 042x008 (4.1)

where S is flux in units of 107!2 erg s cm™2. To compare ASCA data with an extrapola-
tion of the ASM number—flux relation one needs to account for the difference in their sky
coverage (|| <40° and |b| <0.3° for ASCA survey and entire sky for the ASM data). An
approximate value of the correction factor can be estimated as the fraction of the mass of
the Milky Way covered by the ASCA Galactic Ridge Survey with account for its sensitivity
and the particular pattern of its sky coverage (Fig. 1 in Sugizaki et al. (2001)). The mass
fraction was calculated using the Galaxy model described in chapter 3.1 and equals to ~
1:21. Converting the cumulative Log(N)-Log(S) to differential Log(N)-Log(S) for ASCA
X-ray binary candidates and all ASM X-ray binaries and multiplying the resulting ASCA
Log(N)-Log(S) by 21 we obtain the result shown in Fig. 4.1.

It is obvious that the agreement between ASM and ASCA data is sufficiently good.
The slopes are different at the ~ 20 level. On the other hand since the sources are all
unidentified and their distances unknown it is not possible to distinguish between high and
low mass X-ray binaries which have different slopes of their Log(N)-Log(S) distributions
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in the ASM sample. Indeed, due to the small range in Galactic latitude b’/ covered by the
ASCA survey and due to the fact that HMXBs have a 3 times smaller vertical scale height
(cf. chapter 3.1), the ratio of HMXBs to LMXBs should be different for the ASCA and
ASM samples. The fraction of HMXBs, having steeper Log(N)-Log(S), should be larger
in the ASCA sample and thus the resulting Log(N)-Log(S) should be somewhat steeper.
We conclude that the data of the ASCA Galactic Ridge Survey indicate that there are
no significant deviations in the Log(N)-Log(S) from the extrapolations of the ASM data
down to the sensitivity limit of the ASCA survey of ~5-107% erg s7! cm™2.

4.1.2. Low luminosity end of X-ray binary luminosity function

Knowledge of the Log(N)-Log(S) observed by ASCA and the spatial distribution of sources
in the Galaxy gives a possibility to constrain the low luminosity end of the luminosity
function. If the luminosity function observed with ASM continues to lower luminosities
then it should be possible to reproduce the Log(N)-Log(S) observed by ASCA according

to the formula
Lmaz dN M(< T)ASCA

N>S—/ il SV 2: S 5 42
( ) L dL Mtotal ( )

min

r= \/% (4.3)

with
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where N(> S) is the number of sources with a flux higher than S observed by ASCA,

d% s the differential luminosity function, and M(<r)asca

i M s the fraction of mass within a
radius 7 from the Earth within the field of view of the ASCA survey, L,,.. is the high
luminosity cut-off of the luminosity function (Egs. (3.10) and (3.12)). The Ly, is the low
luminosity cut-off of the luminosity function below which it is assumed to be equal to zero.
This quantity characterises roughly the luminosity level at which the luminosity function

deviates significantly from the extrapolation of the ASM power law.

FIGURE 4.2.: Comparison of the

number-flux relation observed in the
. R o S ASCA Galactic Ridge Survey (points)
| 1 and the predicted number—flux relation
L<10% * ASCA data | based on the extrapolation of the ASM
1 luminosity function to low luminosities
(lines). The vertical axis shows the num-
ber of sources in the entire field of the
ASCA survey. The ASCA number-flux
relation was corrected for the flux de-
pendent sky coverage (Fig. 7 in Su-
gizaki et al. (2001)). The predicted
| number—flux relations were computed ac-
cording to Eq. (4.2) using the extrapo-
lation of the ASM luminosity functions
and the volume density distributions of
HM\XB X-ray binaries described in chapter 3.1.
. . | The thick solid lines show the combined
Log(N)-Log(S) of LMXBs and HMXBs
for different values of the low luminos-
ity cut-off. The thin dashed lines show
the contributions of LMXBs and HMXBs
separately for the case without cut-off.
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The predicted Log(N)-Log(S) calculated from Eq. (4.2) is compared with the Log(N)-
Log(S) of X-ray binary candidates from the ASCA survey in Fig. 4.2. In plotting the
ASCA data (solid circles) we added five bright sources located in the ASCA field of view
that were excluded from the final catalogue in Sugizaki et al. (2001) and corrected for the
flux dependent sky coverage of the ASCA survey (Fig. 7 in Sugizaki et al. (2001)). The
predicted Log(N)-Log(S) was calculated according to Eq. (4.2) separately for HMXB
and LMXB using the extrapolation of the respective ASM luminosity functions. The
mass integral M (< r) in Eq. (4.2) was calculated taking approximately into account the
actual pattern of ASCA pointings and using the volume density distributions constructed
in chapter 3.1. The predicted combined Log(N)-Log(S) of HMXB and LMXB sources is
shown in Fig. 4.2 by the thick solid lines for different values of the low luminosity cut-off
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L,in- The thin solid and dashed lines show the contributions of HMXBs and LMXBs
respectively for the case without low luminosity cut-off.

It is clear from Fig. 4.2 that the predicted number—flux relation of X-ray binaries agrees
with the ASCA data very well. Given the volume density distributions of X-ray binaries
in the Galaxy, the low flux end of the ASCA Log(N)-Log(S) is sensitive to sources with
luminosities of ~ 10%* erg s™1. The good agreement with the predicted Log(N)-Log(S) dis-
tribution implies that the data do not require a low luminosity cut-off of the luminosity

function down to ~ 10%* erg s

4.1.3. Young objects in star forming regions

Recent observations with the CHANDRA X-ray observatory of the Orion Nebula cluster
allow one to estimate the contribution to the X-ray emission from young objects in the
star forming regions. Schulz et al. (2001) observed the Orion Trapezium region and found
111 sources above the sensitivity threshold of 6.6 - 10?8 erg s~!, assuming a distance of 440
pc. The total luminosity of their sample is about 5.6 - 1032 erg s=!. This luminosity is
dominated by the brightest source in the Orion Nebula cluster, ' Ori C, which provides
about 1.8 - 103 erg s~!. Extrapolating this result to the whole Orion Nebula Cluster
in which CHANDRA observed about 1000 sources we obtain a total luminosity of the
star cluster of about 4 - 10?3 erg s™!, counting the luminosity of #' Ori C only once and
multiplying the rest by 10, assuming the luminosity function of the Trapezium region is
representative for the whole Orion Nebula cluster. To estimate the X-ray luminosity of all
star forming regions in the Galaxy one can proceed in two ways. Taking the mass of the
molecular gas in the Orion cluster to be ~ 10°Mg, (Maddalena et al. 1986), and the total
mass of the molecular gas in the Galaxy to be ~ 10°M, (Williams & McKee 1997), the
total luminosity is ~ 4-10%7 erg s7*. On the other hand one can use the star formation rate
in the Orion Nebula cluster and the Galaxy as the determining factor. Taking the total
SFR in Orion to be > 107* Mg, yr~! (Hillenbrand 1997), and the total SFR in the Galaxy
to be 4 My, yr=! (McKee & Williams 1997), the total luminosity of young objects in the
star forming regions in the Galaxy is <1.6-10% erg s~!. Taking into account that the
latter value is an upper limit, both numbers agree sufficiently well. Therefore star forming
regions contribute less than ~ few per cent to the integrated X-ray emission of the Galaxy
but ~ 20% or more to the luminosity of HMXBs in the energy range from 2-10 keV. On
the other hand the spectrum of young stellar objects is much softer than the spectrum of
X-ray binaries.

4.2. High luminosity sources

In recent months the CHANDRA X-ray observatory was able to resolve single X-ray sources
in other galaxies that appear to radiate at or above the Eddington limit for a 1.4 My neu-

tron star, i.e. ~ 2-10% erg s7!. Similar behaviour is also observed in Galactic X-ray
binaries by ASM. The slightly different spectral band used in these CHANDRA obser-
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vations, usually 0.3-10 keV compared to 2-10 keV for ASM, does not lead to significant
differences in luminosity.

Table 3.2.3 lists the sources which were observed either by ASM or some other instrument
to emit at or above the Eddington limit for a 1.4 My neutron star. The spatial distribution
of these sources is shown in Fig. 4.3 and can be compared to the distributions of the
brightest sources observed by CHANDRA in other galaxies.

[ oo oe & & o L] ]
C o ° ]
b L \ ]
= ~10 0 10
g x [kpc]
>
~10 - oo o 40 .
L ° o i
E L. \ -
-10 0 10
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FIGURE 4.3.: The spatial distribution of Galactic X-ray binaries that have shown episodes of
Eddington or super-Eddington luminosity for a 1.4 Mg neutron star. The coordinate system is
the same as in Fig. 3.2. Filled circles indicate HMXBs, open squares indicate LMXBs. Note that
fact that the majority of the sources are located at y > 0 reflects the flux limited nature of the
ASM sample.

There are several reasons why sources can emit super-Eddington luminosity:

e For accreting black holes in high state radiation is coming from the quasi-flat accretion
disk where electron scattering gives the main contribution to the opacity. Under these
conditions the radiation is emitted according to

f(p) = (1+2.08u)p (4.4)

where 1 = cos(i) where i is the inclination angle. It is easy to show that the radiation
flux perpendicular to the plane of the disk exceeds the average value by 3 times (see
Shakura & Sunyaev (1973) for discussion).

e Some of the normal stars entering the X-ray binary phase are strongly evolved and
have an unusual chemical abundance, e.g. if a He-enriched star supplies matter the
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Eddington luminosity is twice higher than for hydrogen plasma due to the change in
cross-section per nucleus.

Just these two factors permit to surpass the classical Eddington limit by a factor of
~6.

7

The star supplying material to the neutron star or black hole “does not know” about
the existence of the Eddington luminosity limit due to accretion. Therefore some part
of the matter will outflow forming a supercritical disk. In the approach of Shakura
& Sunyaev (1973) it is possible to gain a factor of In(m) ~ 3 — 5 for m >> 1 with
m = ﬁ Paczynsky & Wiita (1980) and Abramowicz et al. (1988) constructed
the solution of slim disks which also permits luminosities higher than the Eddington

luminosity.

Many X-ray binaries show from time to time the acceleration of powerful jets (Mirabel
& Rodriguez 1999). These relativistic jets might produce strongly beamed X-ray
emission with flux strongly exceeding the average and Eddington critical value for
isotropic sources. See also the discussion by Koerding et al. (2001), Fabrika &
Mescheryakov (2000) and King et al. (2001).

In the case of accretion on to a neutron star with strong magnetic field the accretion
columns form near the surface of the neutron star in the polar regions. Such columns
can have a super-Eddington luminosity, because photons are emitted perpendicular to
the axis of the accretion column and the light pressure force is balanced by magnetic
field (Basko & Sunyaev 1976).

In Z-sources (luminous accreting neutron stars with low magnetic field) the boundary
layer width expands rapidly with increasing accretion rate reaching several star radii
(Popham & Sunyaev 2001). This quasi-flat continuation of accretion disk might also
have super-Eddington luminosity of the type of the slim disk.
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5. Data on star forming galaxies

5.1. Sample of galaxies

The list of galaxies used in the following analysis is given in Table 5.1 and Table 5.2 along
with their Hubble type, distances and other relevant parameters.

As our primary sample of local galaxies, used to study the HMXB luminosity function
and to calibrate the Lx—SFR relation, we chose a number of nearby late-type/star-burst
galaxies observed by CHANDRA. We based our selection primarily on two criteria. Firstly,
we selected galaxies that can be spatially resolved by CHANDRA sufficiently well so that
the contribution of a central AGN can be discriminated and the luminosity functions of
the compact sources can be constructed without severe confusion effects. We should note,
however, that for the most distant galaxies from our primary sample (e.g. NGC 3256),
the probability of source confusion might become non-negligible. Secondly, we limited our
sample to galaxies known to have high star formation rates, so that the population of X-ray
binaries is dominated by HMXBs and the contribution of low mass X-ray binaries can be
safely ignored (see sub-chapter 5.1.5 for more detailed discussion).

In order to probe the HMXB luminosity function in the low SFR regime, we used the
results of the X-ray binary population study in the Milky Way, chapters 2— 4, based on
RXTE/ASM observations and the luminosity function of high mass X-ray binaries in the
Small Magellanic Cloud obtained by ASCA (Yokogawa et al. 2000).

The galaxies from our primary sample are listed in Table 5.1.

In addition, in order to increase the local sample, we selected galaxies observed by other
X-ray missions, mainly ASCA, for which no luminosity function is available, but a total flux
measurement. The selection was based on the requirement that no AGN-related activity
had been detected and the SFR to total mass ratio is sufficiently high to neglect the LMXB
contribution. These galaxies were used to complement the primary sample in the analysis
of the Lx—SFR relation. They are listed in Table 5.2.

Finally, in order to study the Lx—SFR relation in distant galaxies at redshifts of z ~
0.2 — 1.3 we used a number of galaxies detected by CHANDRA in the Hubble Deep Field
North, see Table 6.1. The selection criteria are similar to those applied to the local sample
and are described in more detail in Sec. 6.6.
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5.1.1. Distances

To estimate X-ray luminosity and star formation rate, which is also based on flux mea-
surements in different spectral bands, and compare these values for different galaxies it is
necessary to have a consistent set of distances. For the galaxies from our sample, given in
Tables 5.1 and 5.2 cosmological effects are not important. The distances were calculated
using velocities from Sandage & Tammann (1980) corrected to the centre of mass of the
Local Group and assuming a Hubble constant value of Hy = 70 km/s/Mpc. The distances
are listed in Table 5.1 and Table 5.2. Note that these distances might differ from the values
used in the original publications on the X-ray luminosity functions and SFRs.

5.1.2. X-ray luminosity functions

For the X-ray luminosity functions we used published results of CHANDRA observations
of late-type/star-burst galaxies. References to the original publications are given in Table
5.1 and Table 5.2. The luminosities were rescaled to the distances described in the previous
sub-chapter. Note that, due to this correction, the total X-ray luminosities and luminosities
of the brightest sources might differ from the numbers given in the original publications.
The complete set of luminosity functions for all objects from the primary sample (Table
5.1) is plotted in Fig. 5.1 (left panel).

One of the most serious issues important for the following analysis is the completeness
level of the luminosity functions which is obviously different for different galaxies, due to
different exposure times and distances. In those cases when the completeness luminosity
was not given in the original publication, we used a conservative estimate based on the
luminosity at which the luminosity function starts to flatten.

Due to the relatively small field of view of CHANDRA and sufficiently high concentration
of X-ray binaries in the central parts of the galaxies the contribution of foreground and
background objects can be neglected for the purpose of our analysis (e.g. M 51 (Terashima
& Wilson 2002), M 83 (Soria & Wu 2002)). Two of the galaxies in our sample — Circinus and
NGC 3256 — are located at a Galactic latitude of |b;7| < 20. In these cases the contribution
of foreground optical stars in the Galaxy that are bright in X-rays can be discriminated
based on the softness of their spectra. Extrapolating the luminosity function of X-ray
binaries in the Milky Way, chapter 5.1.2, the probability can be estimated of occurrence of
a foreground source due to an unknown Galactic X-ray binary with a flux exceeding the
sensitivity limit of the corresponding CHANDRA observations. For the CHANDRA field
of view this probability is less than ~ 1073 and therefore can be neglected.

The luminosities of the compact sources were derived in the original publications in
slightly different energy bands, under different assumptions about spectral shape, and
with different absorption column densities. Although all these assumptions affect the
luminosity estimates, the resulting uncertainty is significantly smaller than those due to
distance uncertainty and uncertainties in the star formation rate estimates. Moreover, in
many cases, due to insufficient statistics of the data an attempt to do corrections for these
effects could result in additional uncertainties, larger than those due to a small difference
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FIGURE 5.1.: Left: The luminosity functions of compact X-ray sources in nearby galaxies from
the primary sample obtained by CHANDRA and listed in Table 5.1. The luminosity functions
are plotted assuming the distances from Table 5.1. Right: The luminosity functions for the same
galaxies scaled by the ratio of their star formation rate to the SFR of Antennae. The luminosity
functions in the right panel are plotted only above their corresponding completeness limits. It is
clear that despite large differences in the SFRs (by a factor of ~ 40 — 50) the scaled luminosity
functions occupy only a narrow band in the N(> L) — L plane.

in e.g. energy bands. Therefore we make no attempt to correct for these differences.
It should be mentioned however, that the most serious effect, up to a factor of a few
in luminosity might be connected with intrinsic absorption for the sources embedded in
dense star-forming regions (Zezas et al. 2002). Appropriately accounting for this requires
information about these sources, which is presently not available.

All the luminosity functions with exception of the Milky Way are “snapshots” of the
duration of several tens of kilo-seconds. On the other hand, similar to the Milky Way,
compact sources in other galaxies are known to be variable. E.g. NGC 3628 is dominated
by a single source, that is known to vary by about a factor of 30 (Strickland et al. 2001).
This may affect the shape of the individual luminosity functions. It should not however
affect our conclusions, since in the high SFR regime they are based on the average properties
of sufficiently many galaxies. As for the low SFR regime, the Milky Way data are an average
of the RXTE/ASM observations over four years therefore the contribution of “standard”
Galactic transient sources is averaged out.
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5.1.3. Star formation rate estimates

One of the main uncertainties involved is related to the SFR estimates. The conventional
SFR indicators rely on a number of assumptions regarding the environment in a galaxy,
such as dust content of the galaxy, or the shape of the initial mass function (IMF). Although
comparative analysis of different star formation indicators is beyond the scope of this
thesis, in order to roughly assess the amplitude of the uncertainties in the SFR estimates
we compared results of different star formation indicators for each galaxy from our sample
with special attention given to the galaxies from the primary sample. For all galaxies from
the primary sample we found at least 3 different measurements of star formation indicators
in the literature, namely UV, H,, FIR or thermal radio emission flux. The data along with
the corresponding references are listed in Table 5.3.

In order to convert the flux measurements to star formation rates we use the result of
an empirical cross-calibration of star formation rate indicators by Rosa-Gonzdalez et al.
(2002). The calibration is based on the canonical formulae by Kennicutt (1998) and takes
into account dust/extinction effects. We used the following flux—SFR relations:

SFRy, =1.1-107* . Ly lerg/s]
SFRyy =6.4-1072 - Lyy[erg/s/Hz]
SFRF[R =45-107%. LF[R[GI'g/S]
SFRyadio = 1.82-10728 - %L - L, [erg/s/Hz]

ot Ot Ot Ot
O N N
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(
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The last relation is from Condon (1992) and applies only to the thermal radio emission,
originating, presumably, in hot gas in HII regions associated with star formation (as we
used thermal 1.4 GHz flux estimates from Bell & Kennicutt (2001)).

The above relations refer to the SFR for stars more massive than ~ 5 Mg. The total star
formation rate, including low mass stars, could theoretically be obtained by extrapolating
these numbers assuming an initial mass function. Obviously, such a correction would rely
on the assumption that the IMF does not depend on the initial conditions in a galaxy and
would involve a significant additional uncertainty. On the other hand, this correction is
not needed for our study as the binary X-ray sources harbour a compact object —a NS or a
BH — which according to the modern picture of stellar evolution can evolve only from stars
with initial masses exceeding ~ 8 M. The SFR correction from M > 5 Mg to M > 8
Mg, is relatively small (~ 20%) and, most importantly, due to the similarity of the IMFs
for large masses it is significantly less subject to the uncertainty due to poor knowledge
of the slope of the IMF. Thus, for the purpose of our study it is entirely sufficient to use
the relations (5.1)—(5.4) without an additional correction. In the following, the term SFR
refers to the star formation rate of stars more massive than ~ 5 M.

Since the relations (5.1)—(5.4) are based on the average properties of star forming galax-
ies there is considerable scatter in the SFR estimates of a galaxy obtained using different
indicators (Table 5.3). On the other hand, the SFR estimates based on different measure-
ments of the same indicator are generally in a good agreement with each other. A detailed
study, which SFR indicator is most appropriate for a given galaxy is beyond the scope of
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this thesis. Therefore, we relied on the fact that for all galaxies from our primary sample
there are more than 3 measurements for different indicators.

Table 5.3.: Star formation rates for galaxies of the local sample from different indicators.

Source Fluxes SFRs adpt.
UV! H,?2 FIR?® radio* | Ref. | UV H, FIR radio| SFR
N3256 0.33 4.68 (a) 5.3 31.0
7.1 (b) 47.0
8.2 (c) 54.0 44
N4038/9 1.62 ) 7.9
(Antennae) | 3.22 1.36 450 1090 | (e) | 9.2 67 9.0 9.1
2.30 (f) 46 7.1
M 100 0.81 () 15
3.07 072  3.36 ()| 98 39 75
1.48 (f) 3.3 48
M 51 154 345 14.7 8.62 ()| 6.6 26 4.5 1.1
4.68 (d) 3.5
2.81 (g) 2.1 3.9
M 82 6.17 52.0 (h) 26 9.1
9.12 (d) 3.9
1.46 998 112.0 76.70 (e) | 04 43 196 5.6
53.0 (f) 9.2 3.6
M 83 13.50 (i) 2.6
0.45 () 0.1
32.4 1220 34.2 (e) | 3.6 23 27 2.6
N4579 0.36 Q) 2.6
0.32 () 2.4
0.43 (f) 1.3 2.5
M 74 1.23 () 2.3
6.85 1.25 2.92 ()| 76 24 23
1.51 (g) 2.9
1.59 () 1.2 2.2
Circinus 22.3 (c) 1.6
95  16.5 (k) 1.7 1.2 1.5
N4736 5.37 (d) 1.6
5.37 (i) 1.6
6.49 2.10 6.78 5.80 ()] 1.1 06 0.8 0.3 1.1
N4490 110  4.42 ) 11 18
2.31 (m) 0.9
85¢ | (n) 1.0 | 10
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Table 5.3.: (continued)

Source Fluxes SFRs adpt.
UVt H,? FIR? radio* | Ref. | UV H, FIR radio| SFR
N253 16.1 6.06 100.0 754 (e) ] 22 14 95 3.0
6.46 (d) 1.5
6.38 (o) 1.5
68.7 (c) 6.5
70.1 (f) 6.7 4.0
N1569 2.29 (d) 0.15
3.14 (0) 0.2
2.95 (p) 0.19
4.59 (q) 0.12 0.17
N3628 0.32 (p) 0.4
3.36 (f) 1.9
3.12 (r) 1.8
4.17 (k) 2.4 1.6
N4945 143 558 (k) 08 46
46.2 (c) 3.8
37.0 (1) 3.0 3.1
N7252 0.30 ) 7.6
0.31 (t) 7.8 7.7

Flux units: 1 — 1072% erg/s/cm?/Hz; 2 — 10711 erg/s/cm?; 3 — 1072 erg/s/cm?; * — 10725 erg/s/cm?/Hz

References: (a) Buat et al. (2002), (b) Lipari et al. (2000), (c¢) Negishi et al. (2001), (d) Young et al. (1996),
(e) Bell & Kennicutt (2001), (f) David et al. (1992), (g) Hoopes et al. (2001), (h) Armus et al. (1990), (i)
Roussel et al. (2001), (j) Rosa-Gonzdlez et al. (2002), (k) Lehnert & Heckman (1996), (1) Thronson et al.
(1989), (m) Viallefond et al. (1980), (n) Fabbiano et al. (1988), (o) Rownd & Young (1999), (p) Kennicutt
et al. (1994), (q) Israel (1988), (r) Rice et al. (1988), (s) Liu & Kennicutt (1995), (t) Georgakakis et al.
(2000)

¢ non-thermal flux, SFR conversion with formula 6.10

For each galaxy we disregarded the estimates significantly deviating from the majority
of other indicators, and averaged the latter. The final values of the star formation rates
we used in the following analysis are summarised in the last column of Table 5.3.

5.1.4. Contribution of a central AGN

As mentioned in Sec. 1 the emission of a central AGN can easily outshine the contribution
of X-ray binaries. However, due to the excellent angular resolution of CHANDRA it is
possible to exclude any contribution from the central AGN in nearby galaxies. In our
primary sample a central AGN is present in the Circinus galaxy and NGC 4579 for which
the point source associated with the nucleus of the galaxy was excluded from the luminosity
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function. Also NGC 4945 is a case where there is contribution to the X-ray emission from
an AGN. However the AGN is heavily obscured and the emission below about 10 keV of
the AGN negligible (Schurch et al. 2002).

5.1.5. Contribution of LMXBs

Due to the absence of optical identifications of a donor star in the X-ray binaries detected
by CHANDRA in other galaxies, except for LMC and SMC, there is no obvious way to
discriminate the contribution of low mass X-ray binaries. On the other hand the relative
contribution of LMXB sources can be estimated and, as it was mentioned above, it was one
of the requirements to minimise the LMXB contribution, that determined our selection of
the late-type/star-burst galaxies.

Due to the long evolution time scale of LMXBs we expect the population of LMXB
sources to be roughly proportional to the stellar mass of a galaxy, whereas the population
of short-living HMXBs should be defined by the very recent value of the star formation
rate. Therefore the relative importance of LMXB sources should be roughly characterised
by (inversely proportional to) the ratio of star formation rate to stellar mass of a galaxy.
Since the determination of stellar mass, especially for a star-burst galaxy, is very difficult
and uncertain we used values for the total mass of a galaxy estimated from dynamical
methods and assumed that the stellar mass is roughly proportional to the total mass. To
check our assumption we compare the dynamical mass with the K-band luminosity for
galaxies for which, first, enough data exist to construct a growth curve in the K-band
and, second, for which an extrapolation to the total K band flux can be made following
the approach of Spinoglio et al. (1995). The number of galaxies is small, the sample
consists of M 74, M 83, NGC 4736 and NGC 891, and the uncertainties associated with
this approach are big, i.e. of order a factor 3. But within this uncertainty there is a
correlation between the K-band luminosity and the dynamical mass estimate. However,
due to the more abundant data for and higher accuracy of dynamical masses we do not
use stellar mass estimates based on K-band luminosities in the following. The values of
the total dynamical mass, corresponding references, and the ratios of SFR to total mass
are given in Table 5.1 and Table 5.2.

The SFR to total mass ratios for late-type galaxies should be compared with that for
the Milky Way, for which the population of sufficiently luminous X-ray binaries is studied
rather well, chapter 3. We know that the Milky Way, having a ratio SFR/Mg,, ~ 5-107"
yr=t or SFR/Mgiepar ~ 5 - 10712 yr~1| is dominated by LMXB sources, HMXB sources
contributing ~ 10% to the total X-ray luminosity and ~ 15% to the total number (above
~ 1037 erg/s) of X-ray binaries. As can be seen from Table 5.1, concerning the galaxies
for which luminosity functions are available the minimal value of SFR/Mgy,, ~ 1.5 - 10~
yr~! is achieved for M 74 and NGC 4736, which exceeds by a factor of ~ 30 that of the
Milky Way. Therefore, even in the least favourable case of these two galaxies, we expect
the HMXB sources to exceed LMXBs by a factor of ~ 3 at least, both in number and in
luminosity.

A more detailed comparison is shown in Fig. 5.2, where we plot the expected contri-
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butions of LMXBs and HMXBs to the observed luminosity function for NGC 4736. The
luminosity function of HMXBs was obtained by scaling the Milky Way HMXB luminosity
function by the ratio of SFRs of NGC 4736 to the Milky Way. The LMXB contribution was
similarly estimated by scaling the Milky Way LMXB luminosity function by the ratio of
the corresponding total masses. As can be seen from Fig. 5.2, the contribution of LMXB
sources does not exceed ~ 30% at the lower luminosity end of the luminosity function.
If the fractions of NSs and BHs in low mass systems in late-type/star-burst galaxies are
similar to that in the Milky Way, the contribution of LMXBs should be negligible at lumi-
nosities above ~ 103 erg/sec, corresponding to the Eddington limit of a neutron star, to
which range most of the following analysis will be restricted.

For all galaxies from Tables 5.1 and 5.2 the lowest values for SFR/M are 4 - 107! and
9-107!2 for IC 342 and NGC 891, respectively. This means that the contribution of LMXBs
could make up a sizeable portion of their X-ray luminosity, ~50% for IC 342 and ~25%
for NGC 891. Therefore their data points should be considered as upper limits on the
integrated luminosity of HMXBs (shown in Fig. 6.5 as arrows).



6. High Mass X-ray Binaries as a star
formation indicator

As already mentioned, the simplest assumption about the connection of HMXBs and SFR
would be that the number of X-ray sources with a high mass companion is directly pro-
portional to the star formation rate in a galaxy. In Fig. 5.1 (right panel) we show the
luminosity functions of the galaxies from our primary sample scaled to the star formation
rate of the Antennae galaxies. Each luminosity function is plotted above its corresponding
completeness limit. It is obvious that after rescaling the luminosity functions occupy a
rather narrow band in the log(N)-log(L) plane and seem to be consistent with each other
within a factor of ~ 2 whereas the star formation rates differ by a factor of ~ 40 —50. This
similarity indicates that the number/luminosity function of HMXB sources might indeed
be proportional to the star formation rate. This conclusion is further supported by Fig.
6.1 which shows the number of sources with a luminosity above 2 - 10 erg/s versus the
SFR. The threshold luminosity was chosen at 2 - 10%® erg/s to have a sufficient number
of galaxies with a completeness limit equal or lower than that value and, on the other
hand, to have a sufficient number of sources for each individual galaxy. In addition, as
was discussed in Sec. 5.1.5, this choice of the threshold luminosity might help to minimise
the contribution of LMXB sources. The errors for the number of sources were computed
assuming a Poissonian distribution.

For the SFR values we assumed a 30% uncertainty. Although the errors are rather big,
the correlation of the number of sources with SFR is obvious. The slope of the correlation,
determined from a least-squares fit in the form N oc SFR?%, is a = 1.06 £ 0.07, i.e. it is
consistent with unity. A fit of this correlation with a straight line N o« SF'R (shown in
the figure by solid line) gives:

N(L > 2-10%erg/s) = (2.9 £0.23) - SFR[Ms/y1] (6.1)

According to this fit we should expect less than 1 source in the Milky Way, having a SFR
of 0.25 M, /yr, which is in agreement with the fact that no source above this luminosity is
observed, see chapter 5.1.2.

6.1. Universal HMXB Luminosity Function ?

In order to check the assumption that all the individual luminosity functions have identical
or similar shape with the normalisation being proportional to the SFR, we compare the
luminosity function of the Antennae galaxies, having a high star formation rate (~ 7
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Mg, /yr), with the collective luminosity function of galaxies with medium SFRs (in the range
of ~1.0-3.5 Mg /yr). For the later we summed the luminosity functions of M 82, NGC 4579,
NGC 4736 and Circinus, having a combined SFR of ~ 8.8 Mg /yr. The two luminosity
functions (shown in Fig. 6.2) agree very well at Ly < 10% erg/s with possible differences
at higher luminosities. In a strict statistical sense, a Kolmogorov-Smirnov test gives a 15%
probability that the luminosity functions are derived from the same distribution, thus,
neither confirming convincingly, nor rejecting the null hypothesis. However, it should
be emphasised, that whereas the shape of a single slope power law luminosity function
is not affected at all by the uncertainty in the distance, more complicated forms of a
luminosity function, e.g. a power law with cut-off, would be sensitive to errors in the
distance determination. The effect might be even stronger for the combined luminosity
functions of several galaxies, located at different distances and each having different errors
in the distance estimate. In the case of a power law with high luminosity cut-off, the effect
would be strongest at the high luminosity end and will effectively dilute the cut-off, as
probably is observed. Therefore, we can presently not draw a definitive conclusion about
the existence of a universal luminosity function of HMXBs, from which all luminosity
functions of the individual galaxies are strictly derived. For instance, subtle effects similar
to the effect of flattening of the luminosity function with increase of SFR suggested by
Kilgard et al. (2001); Ghosh & White (2001); Ptak et al. (2001) can not be excluded based
on the presently available sample of galaxies and sensitivities achieved. We can conclude,
however, that there is no evidence for strong non-linear dependences of the luminosity
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function on the SFR.

As the next step we compare the luminosity functions of actively star forming galaxies
with that of low SFR galaxies. Unfortunately, the X-ray binary population of low SFR
galaxies is usually dominated by LMXB systems. One of the cases in which the luminosity
function of HMXB sources can be reliably obtained is the Milky Way galaxy, for which
all sufficiently bright X-ray binaries are optically identified. Another case is the Small
Magellanic Cloud, which has a SFR value similar to our Galaxy, but is ~ 300 — 500
less massive and, correspondingly, has very few, if any, LMXB sources (Yokogawa et al.
2000). Moreover, the SMC is close enough to have optical identifications of HMXBs which
makes a distinction like in the Milky Way possible. In order to do the comparison, we
combined the luminosity functions of all actively star forming galaxies from our sample with
a completeness limit lower than 2 - 10%® erg/sec — M 82, Antennae, NGC 4579, NGC 4736
and Circinus. These galaxies have a total SFR of ~ 16 Mg /yr, which exceeds the Milky
Way SFR (~ 0.25 Mg /yr) by a factor of ~ 65. Fig. 6.3 shows the combined luminosity
function of the above mentioned star forming galaxies and the luminosity functions of
Galactic and SMC HMXBs scaled according to the ratios of SFRs. Shown in Fig. 6.3 by
a solid line is the fit to the luminosity function of the high SFR galaxies only (see below),
extrapolated to lower luminosities. It is obvious that the luminosity functions of Galactic
and SMC HMXBs agree surprisingly well with an extrapolation of the combined luminosity
function of the star-burst galaxies.

Thus we demonstrated that the presently available data are consistent with the assump-
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FIGURE 6.3.: Left: Combined luminosity function of compact X-ray sources in the star-burst
galaxies M82, NGC 4038/9, NGC 4579, NGC 4736 and Circinus with a total SFR of 16 Mg /yr
(histogram above 2 - 103® erg/s) and the luminosity functions of NGC 1569 and HMXBs in the
Milky Way and Small Magellanic Clouds (three histograms below 2 - 103 erg/s). The thin solid
line is the best fit to the combined luminosity function of the star-burst galaxies only, given by
Eq. 6.3. Right: Differential luminosity function obtained by combining the data for all galaxies
from the primary sample, except for NGC 3256 (see text). The straight line is the best fit to
the luminosity function of star forming galaxies given by Eq. 6.2. — the same as in the left hand
panel. Note, that due to different construction algorithms, the luminosity functions shown in the
left and right panels are based on different but overlapping samples of galaxies (see discussion
in the text). The grey area is the 90% confidence level interval we obtained from a Monte-Carlo
simulation taking into account uncertainties in the SFR and distances. For details see discussion
in the text.

tion that the approzrimate shape and normalisation of the luminosity function for HMXBs
in a galaxy with a known star formation rate can be derived from a “universal” luminosity
function whose shape is fixed and whose normalisation is proportional to star formation
rate. Due to a number of uncertainties involved, the accuracy of this approximation is dif-
ficult to assess. Based on our sample of galaxies we can conclude that it might be accurate
within ~ 50%.

In order to obtain the universal luminosity function of HMXBs we fit the combined lumi-
nosity function of M 82, Antennae, NGC 4579, NGC 4736 and Circinus using a Maximum-
Likelihood method with a power law with a cut-off at L. = 2.1 - 10%° erg/s and normalise
the result to the combined SFR of the galaxies. The best fit luminosity function (solid line
in Fig.6.3) in the differential form is given by:

dN
dLsg

= (3.3%03) - SFR - Lyg =92 for L < L, (6.2)
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where Lsg = L/10% erg/sec and SFR is measured in units of My /yr. The errors are
lo estimates for one parameter of interest. The rather large errors for normalisation are
due to the correlation between slope and normalisation of the luminosity function, with
a higher value of normalisation corresponding to a steeper slope. The cumulative form of
the luminosity function, corresponding to the best values of the slope and normalisation
is:

N(>L)=54-SFR- (L% —2107%61), (6.3)

According to a Kolmogorov-Smirnov test the data are consistent with the best fit model
at a confidence level of 90%.

As an additional test we checked all individual luminosity functions against our best fit
using a Kolmogorov-Smirnov test. Taking into account the respective completeness limits,
the shapes of all individual luminosity functions are compatible with the assumption of
a common ’origin’. In Fig. 6.4 we show the individual luminosity functions along with
the universal luminosity function given by Eq.(6.2) with the normalisation determined
according to the corresponding star formation rates derived from the conventional SFR
indicators (Table 5.1).

Finally, we construct the differential luminosity function combining the data for all
galaxies from the primary sample, except for NGC 3256 (having somewhat uncertain com-
pleteness limit). To do so we bin all the sources above the corresponding completeness
limits in logarithmically spaced bins and normalise the result by the combined SFR of all
galaxies contributing to a given bin. Such a method has the advantage of using all the
available data. A disadvantage is that due to significantly different luminosity ranges of
the individual luminosity functions (especially SMC and Milky Way on one side and star
forming galaxies on the other) uncertainties in the conventional SFR estimates may lead
to the appearance of artificial features in the combined luminosity function. With that in
mind, we plot the differential luminosity function in the right panel of Fig. 6.3 along with
the best fit power law from Eq.(6.2).

In order to investigate the influence of systematic uncertainties in SFR and distance
we performed a Monte-Carlo simulation taking into account these two effects. The grey
area in the right panel of Fig. 6.3 shows the 90% confidence interval obtained from this
simulation. In the simulation we randomly varied the distances of galaxies, assuming the
errors on the distance to be distributed according to a Gaussian with a mean of 0 and a
width of 20% of the distance of a galaxy which corresponds to an uncertainty in luminosity
of ~ 40%. Correspondingly the SFR, affected in the same way as the X-ray luminosity
by uncertainties in the distance, was changed. Additionally the SFR was randomly varied
also assuming a Gaussian error distribution with a mean of 0 and a width of 30% of the
SFR, as assumed for Fig. 6.1. For the Milky Way we varied in each Monte-Carlo run the
distance to each HMXB independently with a Gaussian with a mean of 0 and a width of
20% of the distance.

Noteworthy is the fact that the luminosity function is sufficiently close to a single slope
power law in a broad luminosity range covering more than five orders of magnitude. If the
absence of significant features is confirmed this allows to constrain the relative abundance
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FIGURE 6.4.: Comparison of the “universal” luminosity function defined by Eq. 6.2 (thin solid
lines) with individual luminosity functions of compact X-ray sources in the galaxies from Table
5.1 (histograms). The normalisation of the “universal” luminosity function in each panel was
calculated using corresponding SFR values from Table 5.1. For M83 the luminosity function
of the compact sources in the nuclear region only is plotted, whereas the normalisation of the
“universal” luminosity function was computed using the overall SFR, for the galaxy. Therefore
the thin line should be considered as an upper limit. The dotted lines are fits to the normalisation
of the observed luminosity functions in the cases where completeness or coverage do not represent
the same area as the SFR measurements.
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of NS and BH binaries and/or the properties of accreting compact objects at supercritical
accretion rates (see discussion in Sec. 6.7.1).

However, it should be emphasised that there is hardly any overlap in the luminosity
functions for low and high SFR galaxies, as is obvious from Fig. 5.1 and 6.3. It happens
that this gap is around the Eddington luminosity of a NS, Lgg4ens, which should be a
dividing line between NS and BH binaries. From simple assumptions it would be expected
that the luminosity functions below Lgg44 ng are dominated by NS whereas above Lggqns
BH binaries should dominate. This would imply a break in the luminosity function around
Lgqq,ns because of different abundances of NSs and BHs. Due to the uncertainties in SFR
measurements it is possible that a break, that would theoretically be expected around
Lgaans, could be hidden by this gap. Even upper limits (not more than twice) are of
importance and could give some additional information about the relative strength of the
two populations of accreting binaries (see discussion in Sec. 6.7). Observations of star
forming galaxies with sufficient sensitivity, i.e. with a completeness limit well below 1038
erg/s will be able to resolve this question.

6.2. High Luminosity cut-off

The combined luminosity function shown in the left panel of Fig. 6.3 indicates a possible
presence of a cut-off at L, ~ 210" erg/s. From a statistical point of view, when analysing
the combined luminosity function of the high SFR galaxies only, the significance of the
cut-off is not very high, with a single slope power law with slope 0.74 for the cumulative
luminosity function also giving an acceptable fit, although with a somewhat lower proba-
bility of 54% according to a Kolmogorov—Smirnov test. However, an independent strong
evidence for the existence of a cut-off around ~ few - 100 erg/s is provided by the Lx—SFR
relation as discussed in the next sub-chapters.

The existence of such a cut-off, if it is real and if it is a universal feature of the HMXB
luminosity function, can have significant implications to our understanding of the so-called
ultra-luminous X-ray sources. Assuming that these very luminous objects are intermediate
mass BHs accreting at the Eddington limit, the value of the cut-off gives an upper limit
on the mass of the black hole, ~ 100 M. These apparently super-Eddington luminosities
can also be the result of other effects, like a strong magnetic field in NSs which may allow
radiation to escape without interacting with the accreting material (Basko & Sunyaev
1976), emission from a supercritical accretion disk (Shakura & Sunyaev 1973; Paczynsky
& Wiita 1980), beamed emission (King et al. 2001), or the emission of a jet as suggested by
Kording et al. (2002). Moreover, in BHs in high state radiation is coming from the quasi-
flat accretion disk where electron scattering gives the main contribution to the opacity. It
is easy to show that the radiation flux perpendicular to the plane of the disk exceeds the
average value by up to 3 times (Shakura & Sunyaev 1973). Also the Eddington luminosity
is dependent on chemical abundance which allows a twice higher luminosity for accretion
of helium. These last two effects alone can provide a factor of 6 above the canonical
Eddington luminosity.
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It should be mentioned that, based on the combined luminosity function only, we can
not exclude the possibility that the cut-off is primarily due to the Antennae galaxies which
contributes about half of the sources above 103 erg/s and shows a prominent cut-off in its
luminosity function. On the other hand, further indication for a cut-off is provided by the
luminosity function of NGC 3256. Conventional star formation indicators give a value of
SFR of ~ 45 M, /yr, however its luminosity function also shows a cut-off at ~ 10 erg/s.
Unfortunately, due to the large distance (35 Mpc) and a comparatively short exposure time
of the CHANDRA observation, ~ 28 ks, the luminosity function of NGC 3256 becomes
incomplete at luminosities shortly below the brightest source and therefore does not allow
for a detailed investigation.

6.3. Total X-ray luminosity as SFR indicator

CHANDRA and future X-ray missions with angular resolution of the order of ~ 1” would
be able to spatially resolve X-ray binaries only in nearby galaxies (d <~ 50 — 100 Mpc).
For more distant galaxies only the total luminosity of a galaxy due to HMXBs can be used
for X-ray diagnostics of star formation.

Fig. 6.5 shows the total luminosity of X-ray binaries (above 10% erg/s) plotted versus
SFR. The galaxies from the primary sample (listed in Table 5.1) are shown by filled circles.
The galaxies, for which only total luminosity is available (Table 5.2) are shown as filled
triangles. The luminosities of the galaxies from the primary sample were calculated by
summing the luminosities of individual sources down to the completeness limit of the
corresponding luminosity function. The contribution of the sources below the completeness
limit was approximately accounted for by integrating a power law distribution with slope
1.6 and normalisation obtained from the fit to the observed luminosity function. Note,
that due to the shallow slope of the luminosity function the total luminosity depends only
weakly on the lower integration limit.

As an additional data point we take luminosity and SFR for the Large Magellanic Cloud.
The SFR is similar to the Milky Way SFR (Holtzman et al. 1999). Since no luminosity
function is presently available for LMC we estimated its integrated X-ray luminosity as a
sum of the time averaged luminosities of the three brightest HMXB sources (LMC X-1,
X-3, X-4) as measured by ASM, see Table 3.2.3, Ly_19 rov &~ 3.4 - 10 erg/s. Contribution
of the weaker sources should not change this estimate significantly, since the luminosity of
the next brightest source is by a factor of ~ 30 — 50 smaller (Sunyaev et al. 1990).

6.4. Theoretical L y—SFR relation

At first glance, the relation between collective luminosity of HMXBs and SFR can be easily
derived integrating Eq. (6.2) for the SFR dependent luminosity function. Therefore, as the
population of HMXB sources in a galaxy is directly proportional to SFR, one might expect
that the X-ray luminosity of galaxies due to HMXB, Ly, should be linearly proportional
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to SFR. However this problem contains some subtleties related to the statistical properties
of the power law luminosity distribution of discrete sources which appear not to have been
recognised previously (at least in astrophysical context). The difference between the most
probable value of the total luminosity of HMXB sources in a galaxy (the mode of the
distribution) and the ensemble average value (expectation mean, obtained by integrating
Eq. (6.2)) results in the non-linear Lx—SFR dependence in the low SFR regime. This
effect will be discussed more detailed and rigorously in chapter 6.8, here we give only a
short introduction. A somewhat similar problem was considered by Kalogera et al. (2001)
in the context of pulsar counts and the faint end of the pulsar luminosity function.

For illustration only, let us consider a population of discrete sources with a Gaussian
luminosity function. As is well known, in this case the sum of their luminosities — the
integrated luminosity of the parent galaxy, also obeys a Gaussian distribution for which the
mean luminosity and dispersion can be computed straightforwardly. An essential property
of this simple case is that for an ensemble of galaxies, each having a population of such
sources, the most probable value of the integrated luminosity of an arbitrarily chosen galaxy
(the mode of the distribution) equals to the mean luminosity (averaged over the ensemble
of galaxies). The situation might be different in the case of a population of discrete sources
with a power law (or similarly skewed) luminosity function. In this case an ensemble of
galaxies would have a non-Gaussian probability distribution of the integrated luminosity.
Due to skewness of the probability distribution in this case, the most probable value of
the integrated luminosity of an arbitrarily chosen galaxy does not necessarily coincide with
the mean value (the ensemble average). The effect is caused by the fact that depending
on the slope of the luminosity function and its normalisation the integrated luminosity of
the galaxy might be defined by a small number of brightest sources even when the total
number of sources is large. Of course, in the limit of large number of sources in the high
luminosity end of the luminosity function the distribution becomes asymptotically close
to Gaussian and, correspondingly, the difference between the most probable value and the
ensemble average vanishes. In this limit the relation between the integrated luminosity of
HMXBs and SFR can be derived straightforwardly integrating Eq.(6.2) for L, = 2.1 - 101

erg/s
Lx =6.7-10* - SFR[M/yr] erg/s (6.4)

It should be emphasised that the ensemble average integrated luminosity (i.e. averaged over
many galaxies with similar SFR) is always described by the above equation, independent of
the number of sources and shape of the luminosity function. This equality is maintained due
to the outlier galaxies, whose luminosity exceeds significantly both the most probable and
average values. These outlier galaxies will result in enhanced and asymmetric dispersion
in the low SFR-regime.

The following simple consideration leads to an approximate analytical expression for
the most probable value of the integrated luminosity. Assuming a power law luminosity
function dN/dL = A- SFR- L~® with 1 < a < 2, one might expect, that the brightest
source would most likely have a luminosity L., close to the value ~ L; such that N(>



68 6. High Mass X-ray Binaries as a star formation indicator

Ll) ~ 1, i.e.
L, < SFRa-T (6.5)

In the presence of a cut-off L. in the luminosity function, the luminosity of the brightest
source, of course, can not exceed the cut-off luminosity: L., = min(Lq, L.). The most
probable value of the total luminosity can be computed integrating the luminosity function
from Lin t0 Liee = min(Lq, L.):

min(L1,Lc) AN
L otal — —L dL, 6.6
total /me 7L (6.6)
which leads to
A-SFR
Ltotal ~ 2— : min(Lla Lc)Q_a (67)
—

for 1 <a < 2and Ly, L. >> L.

Obviously there are two limiting cases of the L x—SFR dependence of the total luminosity
on SFR, depending on the relation between L. and L, i.e. on the expected number of
sources in the high end of the luminosity function, near its cut-off. In the limit of low
SFR (small number of sources) L; < L. and the luminosity of the brightest source would

increase with SFR: L0z ~ L1 o< SF Rﬁ. Therefore the Lx—SFR dependence might be
strongly non-linear:

Liota o SFR&-T (6.8)

e.g. for o = 1.5 the relation is quadratic Ly o< SER?. For sufficiently large values of
SFR Ly > L., i.e. N(> L.) > 1 implying a large number of sources in the high luminosity
end of the luminosity function and, correspondingly, Gaussian probability distribution of
the integrated luminosity. In this case L,,q. ~ L. = const and does not depend on SFR
anymore and the dependence is linear, in accord with Eq.(6.4).

Importantly, the entire existence of the linear regime in the Lx—SFR relation is a direct
consequence of the existence of a cut-off in the luminosity function. For a sufficiently flat
luminosity function, 1 < a < 2, the collective luminosity of the sources grows faster than
linear because brighter and brighter sources define the total luminosity as the star formation
rate increases. Only in the presence of the maximum possible luminosity of the sources, L.
(for instance Eddington limit for NSs) the regime can be reached, when N (> L.) becomes
larger than unity and subsequent increase of the star formation rate results in the linear
growth of the total luminosity. The latter, linear, regime of the Lx—SFR relation was
studied independently by Ranalli et al. (2003) based on ASCA and BeppoSAX data. Note
that their equation (12) agrees with our Eq.(6.4) within 15%.

The position of the break in the Lx—SFR relation depends on the slope of the luminosity
function and the value of the cut-off luminosity:

SFRprear o< Lo (6.9)
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FIGURE 6.5.: The Lx—SFR rela-
tion. The filled circles and trian-
gles are nearby galaxies from Ta-
ble 5.1 (primary sample) and Table
5.2 (secondary sample), the open cir-
cles are distant star forming galax-
ies from the HDF North and Lynx
field. The arrows are the upper lim-
its for the X-ray luminosity due to
HMXBs for IC 342 and NGC 891.
The thick solid line shows the ex-
pected relation between SFR and the
most probable value of the total lu-
minosity computed for the best fit
parameters of the HMXB luminos-
ity function. Note, that in the low
SFR regime the probability to find
a galaxy below the solid curve is ~
10—15%. The shaded area shows the
i L 68% confidence region including both
1 10 100 intrinsic variance of the Lx—SFR re-
SFR, M,/yr lation and uncertainty of the best fit
parameters of the HMXB luminos-
ity function (Eq.(6.2)). The dashed
line shows the linear Lx—SFR rela-

tion given by Eq.(6.4).

1042
e » — local sample

« — HDF—-North & Lynx

1041

1040

Luminosity, erg/s

1039

1038

Combined with the slope of the Lx—SFR relation in the low SFR regime (Eq.(6.8)) and
the normalisation of the linear dependence in the high SFR limit this opens a possibility to
constrain the parameters of the luminosity function studying the Lx—SFR relation alone,
without actually constructing luminosity functions, e.g. in distant unresolved galaxies.

6.5. Lx—SFR relation: comparison with the data

The solid line in Fig.6.5 shows the result of the exact calculation of the Lx—SFR relation
from chapter 6.8. The relation was computed for the best fit parameters of the HMXB
luminosity function determined from the analysis of five mostly well studied galaxies from
the primary sample (chapter 6.1 and Eq.(6.2)). Note, that due to the skewness of the prob-
ability distribution for Ly in the non-linear, low SFR regime the theoretical probability
to find a galaxy below the most probable value (the solid curve in Fig.6.5) is &~ 12— 16% at
SFR = 0.2-1.5 M /yr and increases to =~ 30% at SFR = 4-5 Mg /yr, near the break of the
Lx—SFR relation. In the linear regime (SFR > 10 M /yr) it asymptotically approaches
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~ 50%, as expected. The shaded area around the solid curve corresponds to the 68%
confidence level including both intrinsic variance of the Lx—SFR relation and uncertainty
of the best fit parameters of the HMXB luminosity function (Eq.(6.2)).

Fig.6.5 demonstrates sufficiently good agreement between the data and the theoretical
Lx—SFR relation. Importantly, the predicted relation agrees with the data both in the high
and low SFR regime, thus showing that the data including the high redshift galaxies from
Hubble Deep Field North (see the following sub-chapter), are consistent with the HMXB
luminosity function parameters, derived from significantly fewer galaxies than plotted in
Fig.6.5.

The existence of the linear part at SFR > 5-10 Mg, /yr gives an independent confirmation
of the reality of the cut-off in the luminosity function of HMXBs (cf. Sec. 6.2). The position
of the break and normalisation of the linear part in the Ly—SFR relation confirms that
the maximum luminosity of the HMXB sources (cut-off in the HMXB luminosity function)
is of the order of L. ~ 10" — 10! erg/s (see chapter 6.8 for more details). Despite the
number of theoretical ideas being discussed, the exact reason for the cut-off in the HMXB
luminosity function is not clear and significant variations of L. among galaxies, related
or not to the galactic parameters, such as metalicity or star formation rate can not be
excluded a priori. However, significant variations in L. from galaxy to galaxy would result
in large dispersion in the break position and in the linear part of the Lx—SFR relation. As
such large dispersion is not observed, one might conclude that there is no large variation
of the cut-off luminosity between galaxies and, in particular, there is no strong dependence
of the cut-off luminosity on SFR.

6.6. Hubble Deep Field North

In order to check whether the correlation, which is clearly seen from Fig. 6.5 for nearby
galaxies, holds for more distant galaxies as well we used the data of the CHANDRA
observation of the Hubble Deep Field North (Brandt et al. 2001). We cross-correlated
the list of the X-ray sources detected by CHANDRA with the catalogue of radio sources
detected by VLA at 1.4 GHz (Richards 2000). Using optical identifications of Richards
et al. (1998) and redshifts from Cohen et al. (2000) we compiled a list of galaxies detected
by CHANDRA and classified as spiral or irregular/merger galaxies by Richards et al.
(1998) and not known to show AGN activity. The K-correction for radio luminosity was
done assuming a power law spectrum and using the radio spectral indices from Richards
(2000). The X-ray luminosity was K-corrected and transformed to the 2-10 keV energy
range using photon indices from Brandt et al. (2001). The final list of galaxies selected is
given in Table 6.1. An additional data point, X-ray flux and redshift, is taken from the
observation of the Lynx Field by Stern et al. (2002). The radio flux is obtained from a
cross-correlation of the X-ray positions with Oort (1987).

The star formation rates were calculated assuming that the non-thermal synchrotron
emission due to electrons accelerated in supernovae dominates the observed 1.4 GHz lumi-
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TABLE 6.1.: Sample galaxies from the Hubble Deep Field North and Lynx Field.

Source redshift | Fi4 gu. SFR S0.5-8 kel Ly
[udy] | Mo/yr] | 107" erg/s/cm?] | [10% erg/s]
123634.5+621213 0.458 233 28 0.43 14.4
123634.5+621241 1.219 230 213 0.3 75.9
123649.7+621313 0.475 49 8 0.15 2.5
123651.1+621030 0.410 95 9 0.3 9.3
123653.4+621139 1.275 66 69 0.22 60.6
123708.34+621055 0.423 45 4 0.18 5.9
123716.3+621512 0.232 187 5 0.18 1.8
084857.7+445608 0.622 320 71 1.46 102

For two galaxies, 123634.5+621213 and 123651.14-621030, there exist stellar mass estimates obtained
with the method of Brinchmann & Ellis (2000) of 4.2 - 101! M, and 7 - 10!° Mg, respectively, which show
that the galaxies are dominated by HMXBs (J. Brinchmann, private communication).

nosity and using the following relation from Condon (1992):
SFRyagio =1.9-107% - &, - L,[erg/s/Hz], (6.10)

where « is the slope of the non-thermal radio emission.
The galaxies from HDF North and Lynx are shown in Fig.6.5 by open circles. A suffi-
ciently good agreement with the theoretical Lx—SFR relation is obvious.

6.7. Discussion

6.7.1. Neutron stars, stellar mass black holes and intermediate mass
black holes

Two well known and one possible types of accreting objects should contribute to the X-ray
luminosity function of sources in star forming galaxies:

1. neutron stars (M ~ 1.4 My),

2. stellar mass black holes (3 < M /M, < 20) born due to collapse of high mass stars,
and

3. intermediate mass (50 < M /Mg < 10°) black holes of unknown origin.

Each class of accreting objects is expected to have a maximum possible luminosity, close or
exceeding by a factor of several the corresponding Eddington luminosity. In a general case
we should expect that each of these three types of accreting objects should have its own
luminosity function depending on the mass distribution inside each class (more narrow for
NSs, more broad for BHs and probably very broad for intermediate mass BHs), properties
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of the binary and mass loss type and rate from the normal star. Therefore, the combined
luminosity function of a galaxy, containing all three types of objects should have several
breaks or steps (see Fig. 6.6) which are not present in Fig. 6.3. Such breaks should
be connected with the fact that, for example, below the Eddington limit for a NS (or at
somewhat higher luminosity) more abundant NS X-ray binaries might dominate in the
number of objects, whereas at higher luminosities only black holes should contribute due
to their higher masses and broader mass distribution. Until now CHANDRA data did not
show any evidence for a break in the luminosity function expected in the vicinity or above
of Eddington luminosity for NS mass. However, such a break must exist, the only question
is how pronounced and broad it is.

It is believed that stars with masses higher than 60-100 M. are unstable. Therefore
there should be an upper limit on the mass of BHs born as a result of stellar collapse.
Until now the most massive known stellar mass BH in our Galaxy, GRS 19154105, has
a mass of ~15 My (Greiner et al. 2001). It is natural that the Eddington luminosity of
these objects, amplified several times by angular distribution of radiation and chemical
abundance effects, should result in the maximum luminosity of X-ray sources of this type.
It is important to mention that 3 years of RXTE/ASM observations revealed from time
to time super-Eddington luminosities of some Galactic X-ray binaries on the level of 3-12
Lgdins, see Table 3.2.3.

The hypothetical intermediate mass BHs, probably reaching masses of ~ 1075 M, might
be associated with extremely high star formation rates (BHs merging in dense stellar cluster
etc.) and are expected to be significantly less frequent than ~stellar mass BHs. Therefore
the transition from the ~stellar mass BH HMXB luminosity function to intermediate mass
BHs should be visible in the cumulative luminosity function. Merging BHs are one possible
way of rapid growth of super-massive BHs that exist in practically all galaxies. To accrete
efficiently intermediate mass BHs should form close binary systems with normal stars or
be in dense molecular clouds.

If the cut-off in the luminosity function, observed at ~ few 10%° erg/s corresponds to
the maximum possible luminosity of ~stellar mass BHs and if at L > L. the population
of hypothetical intermediate mass BHs emerges, it should lead to a drastic change in the
slope of the Lx—SFR relation at extreme values of SFR. Therefore, observations of distant
star forming galaxies with very high SFR might be one of the best and easiest ways to
probe the population of intermediate mass black holes.

Three component luminosity function

In Fig. 6.6 we present the result of a simple picture of what type of universal luminosity
function a very simple model of HMXB population synthesis could produce. This picture
is obviously oversimplified but we present it here to show that the simple picture cannot
reproduce the smooth luminosity function we get from CHANDRA observations of star
forming galaxies.

The initial set-up includes parameterisation of the mass distributions of NSs and BHs, the
distribution of mass transfer rates in binary systems, and a prescription for the conversion
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FIGURE 6.6.: The upper main figure shows
the contributions of neutron stars (thin solid
line), stellar (dashed line) and intermediate
100 i‘?%‘ ““‘1“(‘)37‘ Hml”(‘)as‘ Hml”[‘)ag‘ ““‘1“(‘)40‘ \\\\\1\\(‘)41 (dot-dashed line) mass BHs to the differen-

tial luminosity function. The thick grey solid
< line is the total differential luminosity func-
tion. For details of the parameters see dis-
cussion in the text. The figure in the lower
left shows the luminosity around the Ed-
dington limit for a NS. The luminosity func-
tions shown include the simplest assumption
that all systems with accretion rates above
Eddington radiate at the Eddington lumi-
nosity (bottom), two effects allowing super-
Eddington luminosities (middle), and addi-
tionally a 20% uncertainty in the distance es-
timate (top). The curves are scaled for clar-
ification. The figure in the lower right shows
the luminosity around the Eddington limits
1 0.0for 3-20 M BHs. The luminosity functions
1 shown include no effect (bottom), and two ef-
| Ll Ll fects allowing super-Eddington luminosities
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factor of 2.

of mass transfer rates to X-ray luminosities.

The probability distribution of NS masses was chosen to be a Gaussian distribution
with a mean of 1.4 Mg and a o of 0.2 M. The mass distribution of BHs was chosen to
be a power law with a slope of 1.1. These numbers are similar to results of theoretical
computations performed by Fryer & Kalogera (2001). The mass distribution for BHs is
bimodal, for stellar mass black holes it ranges from 3-20 Mg, and secondly, we include
intermediate mass BHs ranging from 102 — 10° M. We made the simple assumption that
their mass distribution has the same slope as for stellar mass BHs.

Normalisations for the probability distributions were chosen such that the number of
stellar mass BHs is a factor of 20 smaller than the number of NSs. This is roughly the
ratio observed for HMXBs in our Galaxy (Portegies Zwart & Yungelson 1998; Iben et al.
1995; Grimm et al. 2002). However the ratio of stars with M > 25M,, BH progenitors, to
stars with 25M, > M > 8M,,, NS progenitors, is close to 1/2 according to the Salpeter
IMF. Therefore in principle the stellar mass BH curve in Fig. 6.6 might be much closer to
the NS curve. The number of intermediate mass BHs is assumed to be a factor of 100 less
than the number of stellar mass BHs in HMXBs.
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The probability distribution of mass transfer rates in binary systems is set to be a power
law with a slope of -1.6, reproducing the observed luminosity function of HMXBs assuming
a linear relation between luminosity and mass accretion rate. The limits are 0.1 to 107 in
units of 101® g/s. Mass transfer was assumed to be conservative over the whole range, i.e.
no mass is lost from the system except for super-Eddington sources and wind accretion.
The formulae for conversion of mass accretion rate to X-ray luminosity are

L= n- Maccretion ' 027 (611)

where n = 0.1 for BHs and n = 0.15 for NSs. The mass loss rate from the normal star
has no strict limit, however the X-ray luminosity reaches a maximum at the Eddington
luminosity and objects with much higher mass accretion rate will end up at the Eddington
luminosity introducing a peak in the luminosity function.

For illustration we present two sub-figures in Fig. 6.6 to show the evolution from sharp
features to a smoother curve with the introduction of smearing effects on the luminosity
which is shown in the main part of the figure. The first effect is He-accretion when the
HMXB is fed by a helium rich star which we take to be the case in about 10% of the sources.
Secondly, in the case of BHs a quasi-flat accretion disk with an electron scattering atmo-
sphere (Sobolev 1949; Chandrasekhar 1950) radiates according to (1 + 2.08 - cos(7)) cos(i)
where 7 is the inclination angle, producing 2.6 times higher flux in the direction perpen-
dicular to the disk plane than average (Shakura & Sunyaev 1973). Sunyaev & Titarchuk
(1985) confirmed that this ratio is similar or higher for radiation comptonised in the ac-
cretion disk. For slim disks (Paczynsky & Wiita 1980) this ratio should be even higher.
Moreover to demonstrate the influence of distance uncertainties we assumed a variation in
distances of 20%. All these effects together give a considerably smoother curve and permit
up to 6 times higher luminosities.

These are only the most simple effects that permit to surpass the Eddington limit. Of
course other more sophisticated models like jet emission (Kording et al. 2002) or beamed
emission (King et al. 2001) or models taking into account strong magnetic fields in X-ray
pulsars (Basko & Sunyaev 1976) also can be employed to explain the observed luminosity
function.

Wind driven accreting systems

Our experience with HMXBs in our Galaxy and LMC shows that in many sources accretion
happens via capture from a strong stellar wind (Cen X-3, Cyg X-1, 4U 1700437, 4U 0900-
40, and possibly SMC X-1, LMC X-1 and LMC X-4) As we see the majority of Galactic
HMXBs are fed by stellar wind accretion. There is a very important difference between

wind accretion onto NSs and BHs. The capture radius, 7copture = Qf—QM, is proportional
0

to the mass of the accreting object and therefore in similar systems BHs should have M?
times larger accretion rates than NSs for the same wind parameters. The dependence of
the Roche geometry on the mass ratio make the dependence on Mgy a little weaker.

Mpy
Mys

Mcapture X Mwind : ( )ﬁv (612)
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where (3 is between 1.5 and 2. This reason might increase the relative BH contribution to
the luminosity function in star forming galaxies. It is important that

) 2
Mcapture ‘n-c

Lgdq

X Muying - Mo (6.13)
For 3 > 1 it is preferable for BHs to have higher luminosities than for NSs.

Comparison of simulated and observed luminosity function

The discrepancy between the observed luminosity function in the right panel of Fig. 6.3
and our simple model in Fig. 6.6 is obvious. We do not see features in the observed
differential luminosity function in the vicinity of Lpgg for NSs, neither a peak % ~ O(2)
nor a sharp decline at L > Lggg as in the model luminosity function. Furthermore our
model luminosity function lacks sources in the luminosity range 10%° — 100 erg/s. It
seems we should assume that accreting stellar mass BHs in star forming regions are more
abundant than in the Milky Way.

It is important to note that having all our corrections we are getting objects close to the
limit of maximum luminosity of the observed luminosity functions.

In Fig. 6.6 is plotted the total accretion luminosity whereas CHANDRA observes only
in the range from 1-10 keV. However X-ray pulsars emit the bulk of their luminosity in
the range from 20-40 keV. This effect may further decrease the importance of the peak
at 21038 erg/s. Since in elliptical galaxies old X-ray binaries with weak magnetic fields,
thus having much softer spectra than X-ray pulsars, should dominate the population one
should expect the importance of the peak to be larger in ellipticals.

Our simple analysis demonstrates how difficult it is to construct a very smooth lumi-
nosity function with the same slope over a broad luminosity range, 10%® — 1010 erg/s, and
without sharp features in the vicinity of Eddington luminosities. Because so many differ-
ent processes are involved in different parts of this huge luminosity range. Our universal
luminosity function based on CHANDRA, ASCA and RXTE data has no strong features.
The absence of features around the Eddington luminosity for NSs should be explained but
it is also necessary to explain the absence of the abrupt change in the luminosity function
at higher luminosities when less numerous BHs dominate the luminosity function.

The most obvious shortcomings of this naive model are the mass distributions of BHs and
NSs, the normalisations for BHs, especially for intermediate mass BHs, and the assumptions
of conservative mass transfer and that all super-Eddington sources radiate at Eddington
luminosity in X-rays. It is also very difficult to assume that intermediate mass BHs form
a continuous mass function with stellar mass BHs without a strong break around 20-50
Mg. They should have their own luminosity function with different normalisation and
slope. Another problem is connected with the formation of binaries with normal stars
feeding intermediate mass BHs and making them bright X-ray sources. The observation
of HMXBs in other galaxies will allow to put constraints on the combination of these
parameters.
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luminosity function (ULF) is connected with the interpretation of the following experi-
mental facts:

e RXTE/ASM, ASCA and CHANDRA give us information about the low luminosity
part of the ULF (Ly < 10% erg/s) based on the Milky Way, SMC and NGC 1569.

e CHANDRA data on the other galaxies in Table 5.1 give information about the high
luminosity part of the ULF (Lx > 10% erg/s).

e UV, FIR and radio methods of SFR determination in both local and more distant
samples of galaxies have significant systematic uncertainties, see Table 5.3.

To resolve these uncertainties arising very close to the Eddington luminosity for a NS we
need to additional data permitting to get the slope of the luminosity function in Antennae-
type galaxies at luminosities significantly below 103 erg/s. Furthermore we need to increase
the sample of nearby galaxies where we can extend the luminosity function well above 1038
erg/s. Only this will give full confidence that there is no change in the normalisation in
the ULF near 10% erg/s.

6.7.2. Further astrophysically important information

The good correlation between SFR and total X-ray luminosity due to HMXBs and the total
number of HMXBs can obviously become a powerful and independent way to measure SFR
in distant galaxies. In addition, this correlation is providing us with further astrophysically
important information:

e These data are showing that NSs and BHs are produced in star forming regions very
efficiently and in very short time, confirming the main predictions of stellar evolution.

e The luminosity function of HMXBs does not seem to depend strongly on the trigger
of the star formation event which might be completely different for the Milky Way
and e.g. the Antennae where it is the result of tidal interaction of two galaxies.

e The good agreement of the X-ray luminosity — SFR relation of HDF galaxies with
the theoretical prediction proves that the HMXB formation scenario at high redshifts
does not differ significantly from nearby HMXB formation.

e The luminosity function provides information that neutron stars and BHs have a
similar distribution of accretion rates in all galaxies of the sample available for study
today.

e The luminosity function of HMXBs does not seem to depend strongly on the chemical
abundances in the host galaxy.

e The existence of well separated X-ray sources is a way to look for small satellites of
massive galaxies, like SMC.
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The integral X-ray luminosity and X-ray source counts are unique sources of information
on binaries in distant galazies. Other methods of investigation of SFR (UV, IR, radio)
rely on the luminosity distribution and number of the brightest stars, without a significant
dependence on the amount of binaries in a high mass star population. On the other hand
the existence of an observed population of HMXBs in another galaxy is possible only in
the case if there are conditions for formation of close binaries with certain mass loss from a
normal companion and efficient capture of out-flowing stellar wind or Roche lobe overflow
by an accreting object. Detailed observations of X-ray sources in our own Galaxy have
shown how small the allowed parameter space is — this is the reason why the number of
X-ray sources in the Galaxy is so small (Illarionov & Sunyaev 1975) in comparison with
the total number of NSs and BHs and the total number of O and B stars. Therefore:

e The existence of a universal luminosity function of HMXBs proves that the formation
of close massive X-ray binaries and their distribution on mass ratio, separation and
mass exchange rate is similar in all regions of active star formation up to redshifts
z~1.
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6.8. Collective luminosity of a population of discrete
sources

Consider a population of discrete sources of a certain type (e.g. X-ray binaries) in a
galaxy. For the sake of this discussion we will be referring to high mass X-ray binaries in
star forming galaxies since we have applied this consideration to this kind of sources in the
previous chapter. Suppose that the luminosity function of HMXB sources in each galaxy
is

dN
i A(SFR) x f(L), (6.14)
where the shape f(L) is the same for all galaxies and the normalisation A is proportional
to the star formation rate (SFR) of a galaxy. In this case the expectation value for the
total number of sources in a galaxy,

T dN
< Ntotal >= / Ed[/ X A(SFR), (615)
0

is directly proportional to its star formation rate. Apart from effects of counting statistics,
the number of HMXB sources found in any arbitrarily chosen galaxy will be equal to the
above expectation value. The skewness of the Poisson distribution is relatively unimportant
in this context as soon as the total number of sources exceeds ~ 5 — 10.

The problem considered here is the behaviour of the total (collective) luminosity of the
high mass X-ray binaries in a galaxy,

k=N
Liotar = Y _ L, (6.16)
k=1

as a function of the star formation rate of the parent galaxy.

At first glance the collective luminosity of HMXB sources in a galaxy with a known star
formation rate is given by its expectation value < L;,, > which can easily be derived
integrating the luminosity function:

T dN
< Ltotal > LEdL X A(SFR) (617)
0

Hence one might expect that the collective luminosity of a HMXB population in an arbi-
trarily chosen galaxy should be directly proportional to the galaxy’s star formation rate.
However, the problem involves some subtleties related to the statistical properties of the
power law distribution of the sources, which appear not to have been recognised previously
(at least in astrophysical context).

In the following we assume that the probability distribution is a power law with a slope
« and a normalisation A, which for the sake of the argument is proportional to the star
formation rate (SFR). The main result, however is valid also for other, highly skewed
probability distributions.
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The main surprise of the study presented here is that in the low SFR regime (small
values of A, ie. “small” number of sources) the relation between SFR of the parent
galaxy and collective luminosity of its HMXB sources is non-linear — with increase of the
star formation rate the luminosity grows faster that linear. The relation becomes linear
only for sufficiently high star formation rates, when the total number of sources becomes
sufficiently large.

The non-linear Lx —SF R dependence is caused by the non-Gaussianity and large degree
of the skewness of the probability distribution of the collective luminosity p(Liotar). The
effect of the skewness of p(Lyptq) is that the most probable value of the total luminosity of
the HMXB population observed in an arbitrarily chosen galaxy (the mode of the p(Loar)
distribution) might deviate significantly from the expectation value given by Eq. 6.17. Of
course the mean value of Ly (i.e. averaged over many galaxies with similar star formation
rates) equals to the expectation value given by Eq.6.17 and obeys the linear dependence on
the star formation rate. This equality is maintained due to the outliers whose luminosities
exceed significantly both the most probable and the expectation values. In addition these
outliers will result in enhanced and non-symmetric dispersion in the non-linear (low SFR)
regime.

The position of the break in the Lx — SF'R relation, i.e. the change from the non-linear
to linear regime, depends on the parameters of the luminosity function and can occur for
a total number of sources as large as > 10? — 10% and larger.

Interestingly the entire existence of a linear regime in the Lx — SF'R relation is a direct
consequence of the existence of a cut-off in the luminosity function. For a sufficiently flat
luminosity function, a power law slope 1 < a < 2, the collective luminosity of the sources
grows faster than linear because not only more but also brighter sources contribute to the
total luminosity as the star formation rate increases. Only in the presence of a maximum
possible luminosity for the sources, L., for instance the Eddington luminosity of a neutron
star, the regime can be reached, when N (> L.) becomes larger than unity and subsequent
increases of the star formation rate result in a linear growth of the total luminosity.

We used high mass X-ray binary populations in star forming galaxies as an example
in the above discussion. The effect considered here is however of broader general interest
and might work in many different situations related to computing/measuring integrated
properties of a limited number of discrete sources.

6.8.1. Analytical treatment

We consider a population of sources with a power law luminosity function between L; and
LQI
dN

dar

The expectation value of the total luminosity is:

AL~ (6.18)

A
< Liotar >= o (L5 —Li*). (6.19)
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For fixed A and « the probability to have n sources in any given realization obeys the
Poisson distribution P(n, 1) = £re™# with mean value p of

A —a —a
h=1a (L= L) (6.20)
As the number of sources must be integer, the probability distribution for the total lumi-
nosity of the source population L., is given by

o

=00

p(Ltotala Aa a) = P(k7 /L)pn(LtOtalv Oé), (621)
k=0

where p,, (Liorar, @) is the probability distribution of the total luminosity of n sources, where
n is fixed.

In the majority of practically interesting cases, the total number of sources is sufficiently
large, 1 > 1, and the summation over the Poisson distribution in Eq.6.22 can be neglected.

p(Ltotaly A, Oé) ~ pn<Ltotala Oé), n=mu > 17 (622)

where n = p is given by Eq.6.20.

For n sources with the luminosities distributed according to Eq.6.18, the probability
distribution for the total luminosity Lip = Zzz? L, can be calculated recursively as a
sequence of convolutions:

pn(Ltomb Oé) = / pn71<x7 Oé) : pl(Ltotal — T, Oé)d.’I?, (623)
0
where pj(z,«) is the probability distribution for the luminosity of one source, which is

given by Eq.6.18 with appropriate normalisation:

11—«
La)=—— " [ 6.24
pl( a) L%—O{ - L%—O& ( )

A more convenient method for the computation of p,,( Litar, ) is to use the characteristic
function of p; and the convolution theorem:

Pn =p" (6.25)
pi(t) = f_t;o pi(z) exp™” dx (6.26)
pa(r) = [T2p,(t) exp da (6.27)

The probability distribution py,(Liegar, ¢) for various values of  and n are shown in Fig.
6.7. For convenience the abscissa on these plots is the average luminosity Lyoq/n-

As is obvious from Fig. 6.7 the skewness of the probability distribution p,(Liogar, )
leads to a deviation of its most probable value (the mode of the distribution) [N/toml from
the expectation value < Ly, >, indicated in each panel by the vertical dashed line. The
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FIGURE 6.7.: Probability distributions of the average luminosity of N discrete sources with a
luminosity function dN/dL = A - L~ for various values of the luminosity function slope «. The
ratio of cut-off luminosities was fixed at % = 10%. The value of « is indicated in each panel.
Each curve is marked according to the number of sources N. The vertical dashed line shows
the expected value of the sample averaged luminosity. Note that: (i) The sample average is
observed for arbitrarily small number of sources, i.e. [ p(L)LdL/N is always equal to the sample
average; (ii) For small values of N the maximum probable value of luminosity deviates from the
sample average; (iii) The skewness of the probability distribution at small N results in relatively
infrequent large values of the average luminosity. For illustration the probability distributions for
flat, o = 0, are shown in the bottom-right panel. As expected in this case the maximum probable
luminosity and the sample average coincide exactly for any V.
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effect is strongest for @ > 1 and vanishes for sufficiently shallow luminosity functions with
«a < 1. This can be understood as in the case of a < 1 both the total number of sources and
the total luminosity are defined by the upper integration limit (high luminosity cut-off) Ls.
Correspondingly, e.g. for a = 0.5, the maximum of the probability distribution p,(Liotar)
does not deviate noticeably from the expectation value < Ly >. For illustration we also
show the case of the flat luminosity function, o = 0, in which case Lyt coincides with
< Lot >. Naturally for any value of « the distribution p,,(Lista;) becomes Gaussian in
the limit of n — oo in accord with the Central Limit Theorem.

The dependence of the most probable value of the total luminosity itaml on the total
number of sources n for different values of « and the ratio ﬁ—f is shown in Figs. 6.9 and 6.8.
Interestingly for a slope of the luminosity function in the range 1 < o < 2 the dependence of
Liotar VS. 1 shows a relatively sharp break, separating the non-linear part from the linear.
The position of the break in the f,tomrn plane depends on the slope of the luminosity
function and the ratio of the maximum to minimum luminosity f—f These dependences as

well as the asymptotic behaviour of ztotal will be considered in the following.

104 T T TTT T T TTT

a= 15 >
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FIGURE 6.8.: The most probable
value of the total luminosity Liotar
and the 67% probability area ver-
sus number of sources for a slope
a=15and 2 = 10°, L; = 1. The
results are from the exact calcula-
tion using Eq.(6.27). The behaviour
of Lypta; is shown by the solid line,
the dashed area corresponds to the
67% probability area, and the dashed
line shows the linear behaviour of
A 1 Liotal =< Liotal >-
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As was mentioned above, the mean luminosity defined as an average of L, over source
samples with the same luminosity function (e.g. average of the total luminosity of many
star-forming galaxies with the same value of star formation rate) equals to the expectation
value < Ly > for any number of sources, i.e. is always proportional to the normalisation
of the luminosity function. This equality is achieved due to the existence of outliers,
having a value of Ly, significantly exceeding both Liotar and < Liopal >, in accordance
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with the skewness of the probability distribution p,,(Liote;) for small n. This leads naturally
to enhanced and asymmetric dispersion of the observed values of Ly in the non-linear
regime, as illustrated in Fig. 6.8.
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FIGURE 6.9.: The ratio of the most probable value of total luminosity Etotal to its expectation
value L;yq versus number of sources for different values of the luminosity function slope a and
the ratio é—f The results of the exact calculation using Eq. 6.27 are shown by the dots and
triangles. The solid line shows the approximate relation from Eqs. 6.31 and 6.36.

The following simple arguments lead to an approximate expression for the most probable



84 6. High Mass X-ray Binaries as a star formation indicator

luminosity.

For a given probability distribution of the luminosity of one sources p; (L) (Eq.6.24) and
a given number of sources in the sample, the probability distribution for the maximum
luminosity, L., in the sample is defined, apart from the normalisation, by:

Prmaz(Linaz) < [P1(L < Linae))" ™ P1(Linaz), (6.28)

where py(L < Lpq,) denotes the cumulative probability

L’VV“Z"L’
pl(L < Lmax) = / pl(L)dL (629)
0

The probability distribution pae(Lmaez) is shown in Fig. 6.10 and illustrates the intuitively
obvious fact that, if the number of sources is sufficiently small, the brightest sources would
most likely not reach the highest possible value of Ly. Similarly the probability distribution
of the minimum luminosity in the sample is:

Prmin(Lmin) ¢ [p1(L > Linin)]™™ " 91 (Lomin)- (6.30)

Contrary t0 Pmaz(Lmaz), Pmin(Lmin) declines steeply at L > Ly for any n — as the p;(L)
distribution is a decreasing function with luminosity. With an accuracy sufficient for this
approximation it can be assumed that pin(Lmin) = 0(Lmin — L1), 1.6 Lyin = L.

1072 E T L T L T L \:

i N=5 f
107 = = FIGURE 6.10.: Probability distribu-
. 1 tion of the maximum luminosity in
- 1 a sample for a luminosity function
- 7 with a slope a = 1.5 and L; = 1,
:“210—4 Lo = 1000 for various values of the
i number of sources in the sample N.

The probability is computed accord-
ing to Eq. 6.28. Evidently for small
number of sources it is not likely to
observe the brightest source at the
maximum possible luminosity La.
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The total luminosity of n sources distributed according to the power law with slope «a
between Ly and L,,,, is given by

l—a LEo—L7°

max

2—a Ll-a_—[;7

max

Ltotal(Lmawa «, n) =n: (631)

Knowing the probability distribution for L,,,, the probability distribution p,(Liya) can
be calculated as:
stotal ) -

dLma:c

pn(Ltotal) ~ Pmax [Lmaw(Ltotal)] : ( (632)
where L0 (Liotar) is the inverse function to Eq. 6.31.
The maximum probable value value of the total luminosity of a sample of n sources is
defined by the condition
dpn(Ltotal>
stotal

With Egs.6.28, 6.31 and 6.32 the above equation can be transformed to:

= 0. (6.33)

(@—2)* — (a—2)A+a/n+an)*+ (a— 1)1 +n)é* +[1+ (o — 1)n]é* =0, (6.34)

with
Lmax

Ly’

€= (6.35)

or, equivalently,

_(a— 2)E% + 2+ a — a?)EM + (o — 1) — &2
n = (o — )[(a — 2)a — (o — 1)é™ + £2] (6.36)

Because of the simplifying assumption pyin(Limin) = 0(Lmin — L1) the probability dis-
tribution defined by Eqgs.6.28, 6.31 and 6.32 is valid only for Ly << Liota >. Indeed
this assumption implies that the maximum value of L;,,; is achieved when the luminosi-
ties of the faintest and brightest sources in the sample are L,,;,, = L1 and L. = Lo
and, therefore it can not exceed < Ly >. This however is sufficient for our purpose as
Lz ~ Lo corresponds to the break in the Etotal — n relation (Figs. 6.9 and 6.8) above
which [N/total =< Ltoml >.

The dependence of the maximum probable total luminosity of the sample Liotar o1 the
number of sources n can be conveniently computed parametrically using Eqs. 6.36 and
6.31. The practical recipe is for a set of values from L,,4., L1 < Ly < Lo, to compute
N(Lmaz) from Eq.6.36 and Ly,op(n, @) = Liotar( Limaz, 1, ) from Eq.6.28. The pairs of values
(n, Liota;) define the I:total —n relation before and up to the break, whereas above the break
Etatal =< Lot > and can be computed from Eq. 6.31 with L,,,, = Lo and n > npreqk-

The approximation defined by Eqgs. 6.36 and 6.31 is compared with the results of the
exact calculation in Fig. 6.9. It is accurate to within ~ several per cent everywhere, except
the break region where its accuracy is ~ 10-20%.
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Using the approximate solution for Etoml obtained above we consider asymptotical the
behaviour of the Ztotal — n relation, concentrating on the most interesting case of @ > 1
and in the limit of L; < Ls.

The number of sources ny.cqr, corresponding to the break in the fjtoml — n relation, can

be obtained from Eq. 6.36, substituting ¢ = f—f and using the fact that £ < 1:

1 Lg a—1
reake N ——— - | — 6.37
Ttbreak o — 1 <L1) ( )
Expressed in terms of the normalisation A of the luminosity function Eq.6.18 it is:
Aprear = LS (6.38)

As is intuitively expected, the break position expressed in terms of the normalisation of the
luminosity function does not depend on the low luminosity cut-off L; and is defined only by
the slope and the high luminosity cut-off of the luminosity function. The total luminosity
at the break, however, depends on the low luminosity cut-off for steep luminosity function
with a > 2:

rob P
Lgreak: ~ 2L_2 . (Q)a—Qif a > 2 (639)

{—2if1<0z<2
Ly

This can be understood as, the total luminosity for o > 2 is defined by the sources near
the low luminosity cut-off.



7. Summary

We studied the population of X-ray binaries in the Milky Way in previously unachievable
detail thanks to the great advances in observations of these sources in all wavebands. A
more detailed understanding of the properties of X-ray binaries will play an important role
in the investigation of the X-ray binary population in other galaxies. The most important
results of our analysis are the following:

e In good agreement with theoretical expectations and earlier results (van Paradijs &
White 1995; White & van Paradijs 1996; Koyama et al. 1990; Nagase 1989) we found
significant differences in the spatial (3-D) distribution of high and low mass X-ray
binaries. HMXBs are more concentrated towards the Galactic Plane with a vertical
scale height of 150 pc, tend to avoid the Galactic Bulge and central ~ 3 — 4 kpc
of the Galaxy and show clear signatures of the spiral structure. The distribution of
LMXB sources, on the contrary, peaks strongly at the Galactic Bulge and shows a
pronounced minimum at ~ 3—4 kpc. Some signatures of the Galactic spiral structure
are also present. The vertical distribution of LMXB sources is significantly broader,
with a scale height of 410 pc.

e We constructed the long-term averaged Log(N)-Log(S) distribution of high and low
mass X-ray binaries in the 2-10 keV energy range using the data of the ASM instru-
ment aboard RXTE from 1996-2000 to the limiting sensitivity of ~ 6.4 - 107! erg
s ! em™2. The Log(N)-Log(S) distribution of HMXBs is well described by a simple
power law with a slope of the differential distribution of 1.61015 down to a flux
limit of &~ 6.4 - 107" erg s™! cm™2. The differential Log(N)-Log(S) distribution of
LMXBs has a slope of —1.2 £+ 0.06 and requires a high-flux cutoff at ~ 110 ASM
cts s71, ~ 3.5-107% erg s! ecm™2. A comparison with data of the ASCA Galactic
Ridge Survey (Sugizaki et al. 2001) which covered ~ 40 square degrees with ~ 100
times better sensitivity did not reveal any evidence of significant departures of the
Log(N)-Log(S) from an extrapolation of the ASM data down to ~ 510713 erg s7*
cm 2.

e Using the source distances available and assuming a model for the volume density
distribution we constructed luminosity functions for HMXBs and LMXBs in the 2-10
keV energy range. The sensitivity limit of the ASM catalogue allows one to study the
XRB luminosity functions down to a luminosity of ~ 2-10% erg s=!. The differential
luminosity functions can be described by a power law with slopes of 1.64 and 1.27
for HMXBs and LMXBs respectively. For LMXB sources a cut-off at ~ 2.7-10% erg
s71 is required. The HMXB data are insufficient to detect a high luminosity cut-off
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above ~ few x 10%¢ erg s7!. A comparison with the data of ASCA Galactic Ridge
Survey did not find evidence for significant departures from these power laws down
to luminosities of ~ 1034 erg s~

The complete catalogue of our sample of X-ray binaries is given in the appendix,
chapter 8. Properties of the brightest sources are summarised in Tables 3.2.2, 3.2.2,
3.2.3.

The integrated luminosity of X-ray binaries in the Milky Way in the 2-10 keV band
averaged over 1996-2000 is ~ 2 — 3 - 103 erg s~! to which LMXB sources contribute
~ 90%. Normalised to the Galactic stellar mass and the Galactic star formation rate,
the integrated luminosity of LMXBs (~ 2.5 - 10% erg s7!) and HMXBs (~ 2 - 10%*
erg s71) correspond to ~ 5 - 10% erg s7! Mz! and ~ 5-10%7 erg s71/(Mg yr~}),
respectively. The total number of the X-ray binaries brighter than 2 - 10%° erg s7! is
~ 190 of which ~ 55 are high mass and ~ 135 are low mass binaries. Extrapolating
the luminosity functions towards low luminosities we estimate the total number of
the X-ray binaries brighter than 10** erg s™* as ~ 705 (~ 325 LMXB and ~ 380
HMXB sources). These estimates might be subject to the uncertainty of a factor of
~ 2 due to insufficient knowledge of the spatial distribution of X-ray binaries in the
Galaxy.

Due to the shallow slope of the luminosity function, the integrated X-ray emission
of the Milky Way is dominated by ~ 5 — 10 brightest sources. Variability of indi-
vidual sources or an outburst of a bright transient source can increase the integrated
luminosity of the Milky Way by as much as a factor of ~ 2.

We found that at least 16 sources in the Galaxy showed episodes of super-Eddington
luminosity for a 1.4 Mg neutron star. We plotted the distribution of these sources
across the Galaxy in various projections, which can be used to compare with the
recent CHANDRA and XMM-Newton images of the nearby galaxies.

The above mentioned results for the X-ray binary population facilitate the study of
the properties of X-ray binary populations in other galaxies. Based on CHANDRA and
ASCA observations of nearby star forming galaxies and RXTE/ASM, ASCA, and MIR-
KVANT/TTM data on our Galaxy and the Magellanic Clouds we studied the relation
between star formation and the population of high mass X-ray binaries. The data for
our Milky Way are an important calibration point for the investigation of the connection
between X-ray binaries and star formation. Within the accuracy and completeness of the
data available at present, we conclude that:

e The data are broadly consistent with the assumption that in a wide range of star for-

mation rates the luminosity distribution of HMXBs in a galaxy can be approximately
described by a universal luminosity function, whose normalisation is proportional to
the SFR (Fig. 5.1, 6.2, 6.3). Although the accuracy of this approximation is yet to
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be determined based on a larger galaxy sample and deeper observations, we conclude
from the rather limited sample available, that it might be of the order of ~50 per
cent or better.

In differential form the universal luminosity function can be approximated as a power
law with a cut-off at L, ~ 2-10%* erg s=1:

dN
dLsg

where SFR is measured in units of M, yr=! and is the SFR for stars with M > 8
Mg, and Lsg = L/10% erg s7'. In cumulative form it is correspondingly:

N(> Lsg) = (5.4721) . SFR - (LzQ01#012 _ 9100614012y (7.2)

= (3.3753) - SFR - Lz %*%'? for L < L., (7.1)

Although more subtle effects can not presently be excluded (and are likely to exist),
we did not find strong non-linear dependences of the HMXB luminosity function on
SFR. We also found no strong dependences of the HMXB luminosity function on
other parameters of the host galaxy, such as metalicity or star formation trigger.

Both the number and total luminosity of HMXBs in a galaxy are directly related to
the star formation rate and can both be used as an independent SFR indicator.

The total number of HMXBs is directly proportional to SFR (Fig. 6.1):

N(L > 2-10%erg s71)
2.9 '

SFR My, yr '] = (7.3)

The dependence of the total X-ray luminosity of a galaxy due to HMXBs on SFR
has a break at SFR =~ 4.5 My yr— 1.
At sufficiently high values of star formation rate, SFR 2> 4.5 Mg, yr™! (La—10 kev = 3 -

100 erg s7! correspondingly) the X-ray luminosity of a galaxy due to HMXBs is
directly proportional to the SFR (Fig.6.5):

Lo
1 2—10 keV
SFR[Meyr™'] = 67 10%orgs T (7.4)

At lower values of the star formation rate, SFR <4.5 Mg, yr! (La—19 gev <3 - 10%
erg s71), the Lx — SFR relation is non-linear: (Fig.6.5):

Lo 0.6
T 2-10 keV
SFR[Moyr™] = <2.6-1039ergs—1> (7.5)

The non-linear Ly — SFR dependence in the low SFR limit is not related to non-
linear SFR dependent effects in the population of HMXB sources. It is rather caused
by the non-Gaussianity of the probability distribution of the integrated luminosity of
a population of discrete sources. A detailed and rigorous treatment has been given
in chapter 6.8.
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e Based on CHANDRA observations of the Hubble Deep Field North we showed, that
the relation Eq.(7.4) between the SFR and the X-ray luminosity of a galaxy due to
HMXBs holds for distant star forming galaxies with redshifts as high as z = 1.2 (Fig.
6.5).

e The good agreement of high redshift observations with theoretical predictions and
the fact that X-ray observations rely exclusively on the binary nature of the sources
is evidence that not only the amount of star formation at redshifts up to ~1 can be
easily obtained from the above relations but also that the HMXB formation scenario
is very similar at least up to this redshift.

e The entire existence of the linear regime in the Lx—SFR relation is a direct conse-
quence of the existence of a cut-off in the luminosity function. The position of the
break in the Ly — SFR relation depends on the cut-off luminosity L. in the lumi-
nosity function of HMXBs as SFRipear ¢ L1, where « is the differential slope of
the luminosity function. Combined with the slope of the Lx—SFR relation in the low
SFR regime (Eq.(6.8)) this opens a possibility to constrain the parameters of the lu-
minosity function studying the Lx—SFR relation alone, without actually constructing
the luminosity functions, e.g. in distant unresolved galaxies.

Agreement of the predicted Ly — SF R relation with the data both in high and low
SFR regime (Fig.6.5) gives independent evidence of the existence of a cut-off in the
luminosity function of HMXBs at L. ~ several x 10° erg s~!. It also indicates that
Lx —SFR data, including those from high redshift galaxies in the Hubble Deep Field
North, are consistent with the HMXB luminosity function parameters, derived from
significantly fewer galaxies, than plotted in Fig.6.5.

In general, data from the Milky Way facilitate the consistent interpretation of the obser-
vations that are now available from CHANDRA, XMM-Newton, and will be in the future
from other spacecraft. Only for the Milky Way have we access to data that allow us to
accurately tie X-ray binaries to various properties of their surroundings or to the Galaxy in
general. Thus for the foreseeable future data on our Galaxy will be the crucial calibration
point in any relation we obtain for X-ray binaries in other galaxies.
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Table 8.1.: List of all galactic sources observed with ASM

Source source avg. flux dist.[kpc] opt. comp. | ref. for
type [cts/s] % dist.
1ES 1113+43.2 CvV 0.012 0.088 AR UMa | (1)
11 Peg RSCV | 0.148 0.042 2)
4U 2206+54 HMXB | 0.136 2.5 (3)
AB Dor rot. var. 0.065 0.02-0.03 (4)
Algol ecl. bin. 0.486 0.031 beta 074Per | (5)
4U 1813450 CVv 0.213 0.074 AM Her (6)
Aql X-1 LMXB 2.604 2.2-2.4 V1333 Aql | (7)
AX J1820.5-1434 pulsar 0.971 4.7-11.7 (8)
4U 0541+60 CvV 0.123 0.1 ass. BY Cam (9)
Cas A SNR 4808 | 3.4+0.3-0.1 (10)
Cen X-3 HMXB 4.898 8 V779 Cen | (11)
10 (12)
Cen X-4 LMXB 0.087 1.2-2.3 V822 Cen | (13)
Cep A east mol. cl. -0.002 0.725 ass. (14)
Cep X-4 HMXB 0.11 3.84-0.6 (15)
Cir X-1 LMXB | 102.23 5.5 (16)
Crab SNR 75.266 1.5-2.3 CM Tau | (17)
CTB 33 SNR 0.354 7.811.3 (18)
Cyg X-1 HMXB 30.255 2.1+-0.1 HD 226868 | (19)
1.8 (20)
Cyg X-2 LMXB | 37.922 7.24-1.1 V1341 Cyg | (21)
8.74+-2 (22)
11.6+-0.3 (23)
Cyg X-3 HMXB 12.259 8.5 ass. (24)
10 ass. (25)
DM U Ma RSCV 0.082 0.13 (26)
Do Ar 21 variable 0.195 0.125 (27)
1E 1024.0-5732 HMXB 0.04 3 (28)
9F 1048.1-5937 HMXB 0.055 3 (fit) (29)
1E 1740.7-2942 LMXB 1.817 8.5 (GQ) (30)
2E 2259.04-5836 LMXB 0.897 4 ass. (31)
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table 8.1 (continued)
3.65.5 32)
EF Eri v 0.058 0.8-0.165 (33)
eta Car variable 0.428 2.3 (34)
EX Hya Ccv 0.416 0.1 ass. (35)
EXO 0748-676 XRB 0.576 10 ass. UY Vol | (36)
EXO 1846-031 LMXB 0.19 7 (37)
EXO 20304375 HMXB | 0.308 5.3 (38)
v Cas HMXB 0.520 0.188 ass. (39)
GOX-1 LMXB 2.177 8.5 (GC) (40)
N Per 01 CV 0.262 0.47 GK Per (41)
GRO J0422+-32 LMXB 0.08 2.6 V518 Per (42)
3.6 (37)
GRO J1008-57 HMXB | 0.003 5 ass. (43)
GRO J1744-28 LMXB 5.695 8.5 (44)
GRO J2058+42 HMXB | 0.174 7-16 (45)
GRANAT 0834-429 | HMXB 0.043 > 4.5 (46)
GRANAT 1737-31 XRB 0.504 8.5 ass. (47)
GRANAT 1739-278 | LMXB | 10.765 6-8.5 (48)
GRANAT 1758-258 | LMXB 2.134 10 ass. (49)
8.5 ass. (50)
RX J1820.4-2347 | LMXB 2126 | <Td+-07 (51)
422 (52)
GRANAT 1915+105 | HMXB 63.906 12.5+-1.5 (53)
7.9-14 (54)
GS 18434009 HMXB 0.272 10 ass. (55)
GINGA 2000425 LMXB 0.053 2.7 QZ Vul (37)
GINGA 20234338 LMXB 0.082 3 V404 Cyg (37)
GX 1+4 LMXB 1.456 10 ass. V2116 Oph | (56)
GX 1341 LMXB | 23.018 T+-1 (57)
5.4-7.6 (58)
GX 1742 LMXB | 46.059 5-20 NP Ser | (59)
9 (60)
GX 3+1 LMXB 19.840 5.3-14.7 V3893 Sgr (61)
8 ass. (62)
GX 301-2 HMXB 1.985 1.8 BP Cru | (63)
Wray 977
GX 304-1 HMXB 0.071 24 V850 Cen (64)
GX 339-4 LMXB 5.847 1.3 V821 Ara (65)
4+-1 (66)
GX 34040 LMXB | 30.387 7-14 (61)
GX 34942 LMXB | 51.576 8.5 (GC) (67)
10 (68)
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table 8.1 (continued)

GX 354-0
GX 5-1
GX 9+1
GX 9+9

HD 101379
4U 1700+24
HD 245770
HD 283447
HD 283572
HD 8357
Her X-1
GPS 1733-304
HR 1099
HR 5110

IC 348

IC 443

KS 1731-260

LS 161 303
LS IV -1459
M 15

4U 0513-40
NGC 6440
NGC 6441
NGC 6624

NGC 6652
NGC 6712

N Cas 95
NGC 1333
NGC 2024

N Musc 91

N Oph 77

N Oph 93

N Sco 94

Tra X-1

N Vela 93
PSR 0021-72;j
PSR 1259-63
PSR 1744-24a4

LMXB
LMXB
LMXB
LMXB

RSCV
LMXB
HMXB
T Tauri
T Tauri
RSCV
LMXB
LMXB
RSCV
RSCV
open cl.
SNR
LMXB

HMXB
Star

LMXB
LMXB
LMXB
LMXB
LMXB

LMXB
LMXB
Nova
refl. neb.
SNR
LMXB
LMXB
LMXB
LMXB
LMXB
LMXB
pulsar
pulsar
pulsar

6.669
71.437
39.279
16.946

0.114
0.208
0.133
0.026
0.02
0.089
0.977
0.321
0.21
0.088
0.018
0.473
10.473

0.127
0.369
0.966
0.372
0.380
2.099
19.828

0.718
0.583
0.037
0.009
0.088
0.07
0.352
0.296
49.471
0.245
0.031
-0.067
0.177
0.546

8.5 ass.
7-16
7-7.2

7
1.1-4
4.4
0.16
0.734+-0.9
2
0.154-0.2
0.128
0.039
5
4.5
0.36
0.0445+-0.0012
0.32
1.5
8.3 ass.
5 (uncert)
2.3
0.49
10.5
12.2
8.5
7.4-10.2
6.4+-0.6
8
14.3
6.8
3.9
0.5
0.415
5.5
4.3
2.4
3.2
4.4
3
4.1-4.9
4.6
3.9

V2216 Oph

V934 Her
V725 Tau

HZ Her

V615 Cas

GU Mus
V2107 Oph
V2293 Oph
V1033 Sco

KY TrA

MM Vel
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table 8.1 (continued)

PSR 190800 pulsar -0.132 3.7-4.5 (96)
PSR 1957420 pulsar 0.06 1.5 (96)
PSR J0437-4715 pulsar 0.132 0.14 (96)
PSR J0700+-6418 pulsar 0.05 14 (97)
PSR J0751+4-1807 pulsar 0.059 2 (98)
PSR J1012+4-5307 pulsar -0.035 0.52 (99)
PSR J1022+1001 | pulsar 0.02 0.6 (100)
PSR J17134-0747 pulsar 0.074 1.140.5-0.3 (101)
PSR J2051-0827 pulsar 0.021 1.3 (102)
PSR J2145-0750 pulsar 0.059 0.5 (103)
Puppis A SNR 0.835 2.24+-0.3 (104)
RX J0146.94+6121 HMXB 0.124 0.74+-0.3 LS T +61 235 | (105)
RX J0812.4-312 HMXB 0.117 9 (106)
RX J0925.7-4758 CvV 0.047 > 10 MR Vel (107)
RX J1037.5-568 HMXB 0.067 5) (108)
XTE J1709-267 XRB 0.61 10+-1 (109)
QR And variable -0.108 2.38 QR And (110)
SAO 085590 variable | 0.018 0.05 (111)
SAO 108231 RSCV 0.169 0.0968+-0.0071 (78)
SAX J1747.0-2853 | LMXB 4.257 <8 (112)
SAX J1750-29 XRB 1.159 7 (113)
SAX J1808.4-3658 | LMXB 0.132 4.4 (114)
SAX J2103.54+4545 | pulsar 0.157 4 (115)
Sco X-1 LMXB 933.72 2.84-0.3 V818 Sco (116)
2 (117)
Sct X-1 HMXB 0.196 10+-4 (118)
Ser X-1 LMXB | 16.579 7 MM Ser | (71)
5 ass. (119)
Sgr 1806-20 SNR 0.433 14.5 (120)
Sgr 1900+14 SNR 0.227 10 ass. (121)
o Gem RSCV 0.158 0.059 (26)
SLX 1735-269 LMXB 1.272 8.5 ass. (122)
SS 0019+21 cv 0.05 2 (123)
SS 433 HMXB | 0518 5.5 V1343 Aql | (124)
SS Cye v 0.333 | 0.166+-0.127 (125)
Tycho SNR 1.29 2.2-4.5 (126)
U Gem CV 0.108 0.0964-+-0.0046 (125)
UX Ari RSCV 0.162 0.05 (127)
V 0332453 HMXB 0.048 7 BQ Cam (38)
V1223 Sgr v 0.539 0.4 (128)
V4641 Sgr LMXB 0.774 0.5 (129)
Vela SNR 0.756 0.5 (130)
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table 8.1 (continued)

Vela X-1

VW Hyi

X 00424327
X 01144650
X 01154634

X 01424614
X 0614+091
X 0620-003
X 0726-260

X 0836-429
X 0918-548
X 1118-616

X 1145-616
X 1145-619

X 1254-690
X 1323-619
X 1417-624
X 1538-522
X 1543-475
X 1543-624
X 1553-542
X 1556-605
X 1608-522
X 1624-490
X 1627-673
X 1630-472

X 1636-536

X 1657-415
X 1658-298

4U 1700-377

HMXB

CcvV

LMXB
HMXB
HMXB

LMXB
LMXB
LMXB
HMXB

LMXB
LMXB
HMXB

HMXB
HMXB

LMXB
LMXB
HMXB
HMXB
LMXB
LMXB
HMXB
LMXB
LMXB
LMXB
LMXB
LMXB

LMXB
HMXB

LMXB
HMXB

4.267

0.026
0.042
0.248
0.521

0.390
3.567
0.047
0.102

0.035
0.542
0.086

0.415
0.211

2.403
0.497
0.158
0.917
0.031
2.828
0.106
1.546
3.631
3.634
0.669
3.763

14.675
0.973

0.4
4.423

0.285-0.12
1.94-0.2
1
1.4+-0.5
0.065
7
7
4
2.5
4.4
6
1
<3
0.87
4.6+-1.3
6.1+-0.3
10
15
4
6
8
0.524-0.24
3.1
1.5
8-15
10 ass.
6
6.4+-1
9.1+-1.1
10 ass.
10
10
3.6
7-20

>4
10
5.9
0.7-6.5
> 11
10
> (.58

GP Vel

V662 Cas
V635 Cas

V1055 Ori
V616 Mon
LS 437

Hen 3-640

V&30 Cen
V801 Cen

GR Mus

QV Nor

QX Nor

V801 Ara

V884 Sco
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table 8.1 (continued)

1.74+-0.3 (161)
X 1702-429 LMXB 3.486 7 ass. (116)
4U 1705-44 LMXB 12.656 7.44-0.5 (162)
11 ass. (163)
6 (164)
7.5 (165)

X 1715-321 LMXB 0.143 5.3 (61)
X 1724-307 LMXB 2.293 5.3-7.7 (166)
4U 1730-333 LMXB 1.031 8 (167)
9 (168)
MXB 1735-44 LMXB 11.213 9.1 V926 Sco (159)
5-10 (169)

X 1755-338 LMXB 0.267 6 V4134 Sgr (61)
2S 1803-245 LMXB 1.508 8 ass. (170)

4U 1823-00 LMXB 2.247 4 (61)
4U 1822-37 LMXB 1.654 2.5 (171)

X 1845-024 HMXB 0.220 +-3 (61)
X 19054000 LMXB 0.003 8 (172)
4U 1907+097 HMXB 0.938 2.4-5.9 (173)
X 19084075 HMXB 0.565 7 (174)
X 1916-053 LMXB 1.116 10.8 V1405 Aqgl (175)
4U 1957+11 LMXB 2.626 7 V1408 Aql (176)
X 21294470 LMXB 0.024 2.2 (172)
HD 24534 HMXB 0.688 0.7-1.3 X Per (105)
XTE J0421+560 HMXB 0.143 1 (177)
2 (178)
XTE J1550-564 LMXB 33.778 2.5+-0.5 (179)
6 (180)
XTE J1723-376 LMXB 0.647 8.5 ass. (181)
XTE J1739-302 XRB 0.674 8.5 ass. (182)
XTE J1748-288 XRB 1.548 8.5 ass. (183)
8 (184)
XTE J1755-324 Nova 0.758 8.5 ass. (185)
XTE J1855-0237 HMXB 0.401 10 ass. (186)
XTE J1906409 pulsar 0.04 > 10 (187)
XTE J2123-058 XRB 0.229 104-5 (188)

(1) Remillard et al. ApJ 426, 288, 94 (95) Barret et al. A&A 296, 459, 95
(2) Kashyap and Drake ApJ 524, 988, 99 (96) Taylor, Manchester and Lyne ApJS 88,
529, 93
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141, 95
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