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Zusammenfassung

Gleißner, Thomas
Variabilität von Cygnus X-1 im Röntgen- und Radiobereich

Stellare Schwarze Löcher und Neutronensterne, sogenanntekompakte Objekte,
sind Endstadien in der Entwicklung massiver Sterne mit mehrals∼ 8 Sonnenmas-
sen. Falls die Masse eines kompakten Objekts größer ist als die theoretische Grenz-
masse eines Neutronensterns, ist im Rahmen der AllgemeinenRelativitätstheorie ein
Schwarzes Loch die logische Konsequenz.

Cygnus X-1 ist ein Röntgendoppelstern, der aus einem O-Überriesen und einem
Schwarzen Loch besteht, das von seinem Begleiter Masse akkretiert. Ein Kennzei-
chen derartiger Systeme ist die starke Emission von Röntgenstrahlung mit hoher zeit-
licher und spektraler Variabilität. Grundsätzlich werdenzwei Zustände unterschieden,
die man alshard stateundsoft statebezeichnet.

Obwohl Cygnus X-1 zu den am besten untersuchten Schwarzloch-Röntgendoppel-
sternen zählt, ist die genaue Geometrie dieser, wie auch anderer derartiger Quellen
nach wie vor ungeklärt. Fester Bestandteil aller Modelle ist eine Massenakkretions-
scheibe, die weiche Röntgenstrahlung abgibt. Weniger Konsens herrscht in Bezug
auf den Ursprung der harten Röntgenstrahlung imhard state. Die Mehrheit der bis-
herigen Modelle nimmt Bereiche an, in denen weiche Photonenaus der Akkreti-
onsscheibe durch inverse Comptonstreuung in harte Röntgenstrahlung umgewandelt
werden. In den letzten Jahren wurden im Radiobereich zunehmend Masseausflüsse
von Schwarzloch-Röntgendoppelsternen, sogenannte Jets,entdeckt. Neben offenen
Fragen zu ihrer Entstehung ist noch ungeklärt, inwieweit Jets zur Röntgenstrahlung
beitragen.

In dieser Dissertation wird die variable Emission von Cygnus X-1 im Röntgen- und
im Radiobereich untersucht. Dazu werden eine langjährige Beobachtungsreihe des
Röntgensatelliten RXTE sowie simultane Radiobeobachtungen des Ryle Telescope
in Cambridge (UK) analysiert.

Nachdem im Kapitel 1 auf die oben skizzierten Grundlagen eingegangen wird,
widmet sich das Kapitel 2 den mathematischen Methoden zur Beschreibung von ver-
änderlichen Signalen mit Hilfe der Fourieranalyse und stellt theoretische Modelle
für die der Variabilität zugrunde liegenden physikalischen Mechanismen vor. Neben
phänomenologischen Ansätzen wie dem Shot-Noise-Modell wird auch eine erst vor
kurzem im Röntgenbereich gefundene lineare Beziehung zwischen Variabilität und
Fluss behandelt.

Im Kapitel 3 wird diese Korrelation am Beispiel von Cygnus X-1 genauer unter-
sucht. Es wird gezeigt, dass sie auf allen Zeitskalen> 5 s, sowohl imhard stateals



4

auch imsoft state, Gültigkeit besitzt. Die Tatsache, dass diese lineare Beziehung, de-
ren Steigungk die Stärke der Variabilität widerspiegelt, nicht durch denNullpunkt
verläuft, sondern einen AbschnittC auf der Flussachse markiert, ist ein Indiz dafür,
dass die Röntgenlichtkurve von Cygnus X-1 z.B. aus einer konstanten und einer varia-
blen Komponente besteht, oder dass eine konstante Variabilitätskomponente vorliegt.
Die Beziehung zwischen diesen beiden angenommenen Komponenten kann durch ei-
ne fundamentale Abhängigkeit vonk undC vom Mittelwert des Flusses beschrieben
werden.

Die beiden folgenden Kapitel beschäftigen sich mit Korrelationen zwischen der
Radio- und der Röntgenemission, wie sie in vielen Schwarzloch-Röntgendoppelster-
nen mit Jets, den sogenannten Mikroquasaren, beobachtet werden.

Das Kapitel 4 rekapituliert einige Grundlagen der Radioastronomie, fasst das bis-
herige Wissen über die Radioemission aus den Jets der Mikroquasare zusammen und
stellt mögliche physikalische Szenarien vor, die zu den beobachteten Radio-Röntgen-
Korrelationen führen könnten.

In Kapitel 5 werden simultane Röntgen- und Radiobeobachtungen von Cygnus X-
1 unter dem Aspekt von Korrelationen auf kurzen (= Minuten bis∼ 5 Stunden)
und langen Zeitskalen (= Tage bis Monate) ausgewertet. Die in der Forschung schon
länger bekannten Korrelationen auf langen Zeitskalen können, besonders bei harten
Energien, mit dem vorliegenden Datensatz bestätigt werden. Für Korrelationen auf
kurzen Zeitskalen, wie sie z.B. bei GRS 1915+105, einem anderen Schwarzloch-
Röntgendoppelstern beobachtet werden, gibt es dagegen keine Anhaltspunkte. Viel-
mehr müssen bei Cygnus X-1 scheinbare Korrelationen auf kurzen Zeitskalen als
zufälliges Resultat von weißem Rauschen gedeutet werden. Interpretiert man diese
Ergebnisse als Zusammenbruch der Korrelationen auf kurzenZeitskalen, so führt dies
zur Abschätzung einer relativ niedrigen Geschwindigkeit des Jets von Cygnus X-1.

Im letzten Kapitel 6 werden die Kernpunkte dieser Arbeit zusammengefasst und
ein kurzer Ausblick gegeben.



Abstract

Gleissner, Thomas
X-ray and Radio Variability of Cygnus X-1

Stellar black holes and neutron stars, so-called compact objects, are the final stages
in the evolution of massive stars with more than∼ 8 solar masses. If the mass of a
compact object is greater than the theoretical mass limit ofa neutron star, the exis-
tence of a black hole is the logical consequence within the framework of the general
relativity theory.

Cygnus X-1 is an X-ray binary which consists of an O-type supergiant and a black
hole accreting mass from its companion. One characteristicof such systems is the
powerful emission of temporally and spectrally variable X-ray radiation. Basically,
the system can be found in either of two states, referred to ashard stateandsoft state.

Although Cygnus X-1 is to be counted among the best studied black hole X-ray
binaries, its exact geometry is not clear, just as for similar sources. A definite con-
stituent of all models is a mass accretion disk releasing soft X-rays. Less agreement
exists with regard to where the hard X-rays originate duringthe hard state. Most
models assume regions where soft disk photons are energizedby inverse Compton
scattering to hard X-rays. In recent years, several X-ray binaries have been detected
to possess matter outflows, so-called jets. Apart from open questions concerning their
formation, the contribution of jets in the X-ray regime remains to be clarified.

The subject of this thesis is the variable emission of CygnusX-1 in the X-ray and
in the radio band. The analyzed data span several years and were taken in an X-
ray monitoring with the satellite RXTE and simultaneous radio observations with the
Ryle Telescope at Cambridge (UK).

After an introductory description of the basic issues in chapter 1, the following
chapter 2 summarizes the mathematics to describe variability by Fourier analysis
as well as theoretical models of variability and of the underlying physical mecha-
nisms. Apart from phenomenological approaches like the shot noise model, a re-
cently discovered linear relationship between the rms variability and the flux of X-ray
lightcurves, the so-called rms-flux relation, is outlined.

In chapter 3 this relation is investigated using the lightcurves of Cygnus X-1. It is
shown that the relationship is valid on all time scales> 5 s, both in thehard stateand
in thesoft state. The existence of a non-zero interceptC on the flux axis argues for
two lightcurve components, for example, one variable and one non-variable compo-
nent, or a possible constant variability component. The slopek of the linear rms-flux
relation mirrors the fractional variability. The relationship between these two hypoth-
esized components can be described by a fundamental dependence ofk andC with
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long term averages of the flux.
The two following chapters deal with radio–X-ray correlations as they are observed

in many black hole X-ray binaries with jets, the so-called microquasars.
Chapter 4 reviews basics of radio astronomy, gives a summaryof the radio emission

from the jets of microquasars, and introduces possible physical scenarios which could
cause the observed radio–X-ray correlations.

In chapter 5 simultaneous X-ray and radio observations of Cygnus X-1 are studied
with regard to correlations on short (= minutes to∼ 5 hours) and long time scales
(= days to months). The existence of correlations on long time scales, as observed
in many microquasars, can be confirmed also with the used database of Cygnus X-1,
particularly at hard energies. On the other hand, there is noindication for correlations
on short time scales, as they are known, e.g., for GRS 1915+105, another prominent
black hole X-ray binary. Apparent correlations on short time scales in the lightcurves
of Cygnus X-1 are rather the coincidental outcome of white noise statistics. Interpret-
ing this result as a breakdown of radio–X-ray correlations on shorter time scales, this
sets a limit to the speed of the jet of Cygnus X-1.

The last chapter 6 summarizes the main issues of this thesis and gives a brief out-
look.
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C 1

The Nature of Black Hole X-ray Binaries

“It’s black, and it looks like a hole. I’d say it’s a Black Hole.”
from a cartoon by Sidney Harris

1.1 The Black Hole

Black holes (BHs) are fascinating astronomical objects which have become a kind of
symbol for highly sophisticated astrophysics in the public. Nevertheless the idea of
a body which “locks” everything, even light, was already born in the 18th century,
independently by Michell (1784) and by Laplace (1796). The motivation of these
people becomes clearer against the background of the Newtonian theory of gravity.
For an object to completely leave a celestial body with massM and radiusR, its
velocity v must be equal to or greater than the escape velocityvescapeof that celestial
body, given by

vescape=

√

2GM
R

(1.1)

whereG denotes the gravitational constant. When light with a wavelengthλ is con-
sidered as single photons with massm= h/λc, then a celestial body can be imagined
whose escape velocity is greater than the speed of lightc, i.e., photons cannot escape
from that body. With the detection of the wave character of light the idea of massive
photons was forgotten, and with it the notion of anycorps obscur1.

It was not until the beginning of the 20th century when AlbertEinstein had de-
veloped the general relativity theory (GRT) that these ideas were re-introduced as a
singularity in the 4-dimensional space-time continuum. In1916 Schwarzschild, then
a German front soldier, published a solution of the GRT equations for the case of a
spherical non-rotating body with massM, featuring a singularity of the “metric” at

1Corps obscur, i.e., hidden body, is the term which was used by Laplace (1796) to denote this kind of
gravitationally invisible stars.

10
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Figure 1.1: Geometry of a black hole. The event horizon atR = RS marks the area from
which no signal can escape. Due to the frame-dragging effect, an ellipsoidal region within the
static limit forms around a rotating BH, the ergosphere, inside of which accreting material must
corotate with the BH and from which rotational energy can be extracted (after Karttunen et al.
2003, Fig. 14.9).

the Schwarzschild radius

RS =
2GM

c2
≈ 3 km

(

M
M�

)

(1.2)

(Schwarzschild 1916). If the radiusR of that body is smaller thanRS, neither matter
nor photons – thus no information – can escape from it.

The belief that highly compact objects like this could really exist grew with the
advances in the theory of star evolution that were made at that time. In 1931 Chan-
drasekhar’s calculations for a white dwarf suggested that beyond a mass limit of
1.4M� the Fermi-Dirac-degenerate electron gas cannot withstandthe gravitational
pressure any more and the white dwarf would collapse (Chandrasekhar 1931). By
1934 the existence of a neutron star as the result of a supernova was considered possi-
ble by Baade & Zwicky (1934) and some years later Oppenheimer& Volkoff (1939)
presented detailed theoretical models for this compact object. They had not failed to
notice that even a neutron star – just like a white dwarf – has an upper mass limit. Due
to the uncertainty with respect to the equation of state for matter denser than atomic
nuclei, the Oppenheimer-Volkoffmass limit for neutron stars is thought to be in the
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Table 1.1: Short Typology of Black Holes. All BH types possess mass.

BH type angular momentum charge
Schwarzschild J = 0 Q = 0
Kerr J > 0 Q = 0
Reissner-Nordström J = 0 Q , 0
Kerr-Newman J > 0 Q , 0

range 1.8–3M� (Shapiro & Teukolsky 1983). Beyond this limit no stable configura-
tion to counteract gravity is possible and matter will contract to a collapsar, for which
the more popular term “black hole” was established in the 1960’s2.

The gravitational potential around a non-rotating massivesphere according to the
Schwarzschild metric is a modification of the Newtonian theory, leading to conse-
quences for the orbital geometry around the mass. One effect is that the innermost
stable circular orbit (ISCO) is at a radiusR= 3RS, which plays a role in the formation
of accretion disks. Another result is the advance of the periastron for an elliptical
orbit. This second effect was confirmed with the orbit of Mercury, thus solving a
longtime puzzle and formidably validating the GRT.

BHs have been a favorite object of study for theoreticians for many decades and
more and more of their nature has been discovered (Fig. 1.1).The theorem “black
holes have no hair” means they have no observable external characteristics that can
be used to determine what they are like inside. The only properties a BH can possess
are massM, angular momentumJ, and electric chargeQ, and it can be completely
specified by these three parameters (Table 1.1). In the case of a rotating BH (J ,
0) the GRT predicts the dragging of inertial frames around the rotating mass. This
so-called Lense-Thirring effect causes matter falling toward the spinning BH to be
dragged around it (Bardeen & Petterson 1975). Hawking & Ellis (1973) and Hawking
(1974, 1975) confirmed the hypothesis that the entropy of a BHis proportional to its
horizon area and found that BHs can emit thermal radiation, the so-called “Hawking
radiation”. Recently, Wilms et al. (2001) found spectral features that suggest the
extraction of energy from a Kerr BH via the Blandford & Znajek(1977) process.

The defining characteristic of a black hole, an event horizonholding back every-
thing inside, names the dilemma astronomers are faced with to provide direct obser-
vational evidence for this weird class of celestial bodies.The only way to “detect” a
BH is by the impact it exerts on its environment. One way to identify a BH is to find
a compact object with a mass well in excess of the Oppenheimer-Volkoffmass limit.

2In literature on BHs the rumor is spread that J. A. Wheeler in 1967 or 1968 was the first to refer to a
collapsar as a “black hole”. However, this term has obviously been in use already years before (Rosenfeld
1964).
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As it is per definitionem impossible to directly observe a BH many authors prefer to
use the term BH “candidate” (BHC).

This thesis deals with observational results from Cygnus X-1, a typical represen-
tative of stellar BHs in a binary system, which have masses ofthe order of 101 M�
and in many cases are bright sources due to intense interactions with their compan-
ion. For stellar-mass black holes which are located in our Galaxy the acronym GBHC
for galactic black hole candidate is regularly found in the literature. It is suggested,
though, that the vast majority of GBHC are isolated BHs whichremain undetected
because hardly any radiation can theoretically be expectedfrom them (Reynolds &
Nowak 2003). Another class of BHs, the so-called supermassive BHs (SMBHs)
with masses in the range of 106–109 M�, reside in the cores of active galactic nu-
clei (AGN), actually of most galaxies. For the existence of aSMBH in our Galactic
center, designated Sgr A?, convincing evidence was supplied by Schödel et al. (2003).
The formation process of the SMBHs is yet unclear, though. A third, but rather spec-
ulative class are the primordial BHs: it is possible that tiny BHs which evaporate by
emitting gamma rays could have formed in the primordial universe (Page & Hawking
1976). Lastly, evidence has accumulated for a class of intermediate-mass BHs, with
M ∼ 102–104 M�, in the cores of dense stellar clusters (Miller & Colbert 2003).

More than 300 years ago, BHs were introduced as a Gedanken experiment. Today,
BHs – fascinating both by their mathematical elegance, elusive character, and sheer
power – are conceded a firm position in the cosmic orchestra and seem to play a
major role in the symphony of the universe. In our near cosmicneighborhood we
are constantly reminded of the actual existence of stellar-mass BHs by the immense
X-ray emission we receive from BH binaries. The next sectionwill deal with their
properties.

1.2 Black Hole X-ray Binaries

X-ray binaries (XRBs), named for their conspicuous X-ray emission, consist of a
“normal” star and a compact object. Leaving aside the white dwarf systems – also
known as cataclysmic variables – where nova and dwarf nova eruptions predomi-
nantly shine in the ultraviolet and visible wavelength range, neutron star and BH
X-ray binaries (BH XRBs) are characterized by enormous and highly variable X-ray
emission. The compact objects are remnants of relatively massive stars that evolved
in a binary. During their evolution they transferred mass tothe then smaller compan-
ion, and mass transfer in the binary keeps remaining an essential process in XRBs, as
is shown in section 1.3.

Spectroscopic binary stars with an assumed BH companion afford an opportunity to
“weigh” the compact object. The Doppler shift of the spectral lines of the companion
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star gives the radial velocityv of this binary component. In combination with the
orbital periodP, a lower limit for the mass of the compact objectMcompactis provided
by the mass function

f (M?,Mcompact, i) =
(Mcompactsini)3

(M? + Mcompact)2
=

Pv3

2πG
(1.3)

whereM? is the mass of the companion star, andi is the inclination of the orbit.
With reference to the Oppenheimer-Volkoffmass limit, a mass functionf > 3 M� is
considered proof of a BH. If the mass function is not available, an XRB is taken to
contain a BH if the spectral and temporal characteristics ofthe compact object are
similar to an established GBHC. In other cases emission properties may help to iden-
tify the compact object. Type I X-ray bursts, spin pulsations, or spectral single-color
blackbody components are expected only from a neutron star because they require a
surface to be produced (Tanaka & Lewin 1995).

Currently∼ 18 confirmed BH X-ray binaries in the Galaxy are known (McClintock
& Remillard 2004). They are divided in two classes accordingto the mass of the
secondary, i.e., star component: in low-mass X-ray binaries (LMXBs), the stellar
companion withM ≤ 1M� consists of a late type star (G or later), whereas high-
mass X-ray binaries (HMXBs) possess an early type star companion (O or B) with
M ≥ 10M�. The spectral type may be inferred from optical identification and/or from
the mass function. Three sources, all of them HMXBs, show truly persistent activity
(LMC X-1, LMC X-3, Cyg X-1), while the majority belongs to thetransient sources
which semi-regularly experience large amplitude outbursts followed by long periods
of quiescence.

BH XRBs form a laboratory for the study of high-energy astrophysics. Their im-
mense energy output is powered by the flow of atmospheric material from the stellar
companion to the BH where it falls into the deep gravitational well of this compact
object, setting free its potential energy in the form of radiation, mainly in the X-ray
range. Details of these processes are given in the next section.

1.3 Accretion

Accretion, i.e., the growth of a body by means of the gravitational force it exerts on
surrounding matter, is a common mechanism in the universe. An in-depth description
of accretion can be found in Shapiro & Teukolsky (1983), Frank et al. (1992), and
King (1995). Due to the conservation of omnipresent angularmomentum, particles
cannot fall radially on the accreting body but form an accretion disk (AD), as can be
seen, e.g., in very young stars (T Tauri), in AGN, in proto-planetary systems, and in
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XRBs, where they circle the accretor on quasi-Keplerian orbits with angular velocity

ΩK ≈
√

GM/R3, (1.4)

whereR is the radius of the orbit around the accretor. In many cases,the accreting
matter is limited very closely to the orbital plane so that the disk flow can be con-
sidered as two-dimensional, known as the thin disk approximation. This thin disk
is relatively cold and can be regarded as optically thick (apart from the innermost re-
gion of the disk). Because of differential rotation of the disk, the particles lose angular
momentum due to turbulent friction (most likely involving magnetic fields) between
adjacent layers, and spiral inward. The frictional forceF which is transmitted to an
areaA is given by

F = ρνAdv/dx (1.5)

whereρ is the mass density,ν is the kinematic viscosity, and dv/dx is the velocity
gradient perpendicular toA. It was found that the common molecular viscosity is
far too weak to account for the accretion disk particles to lose angular momentum in
an efficient way (Pringle 1981). In absence of an exact theory of turbulent viscosity,
Shakura & Sunyaev (1973) introduced the parameterα ≤ 1, which is related to the
viscosityν by

ν = αcsH (1.6)

wherecs is the sound speed, andH is the typical vertical scale-height of the disk, i.e.,
broadly speaking the half-thickness of the disk, which is related tocs andΩK as

H ' cs

ΩK
(1.7)

(see, e.g., Frank et al. 1992). The angular momentum of the particles is transported
outward and – spiraling into the deep potential well of the central object – a consider-
able fraction of the potential energy of the particles is dissipated as heat locally within
the disk, and subsequently emitted as thermal radiation. The other fraction, one half
of the potential energy of the particles, is transformed into kinetic energy (Tanaka &
Lewin 1995), continuously accelerating the particles as they approach the innermost
region around the compact object, where most of the gravitational energy is released.
This standard picture of an AD is known asα-disk or Shakura-Sunyaev-disk.

Apart from the thin disk approximation, several other solutions to the hydrody-
namic equations of the accretion flow are known, which have given rise to a multi-
tude of geometric/physical accretion models for GBHCs (see section 1.5). Changes
of luminosity and of other system parameters like spectral energy distribution or vari-
ability observed from GBHCs, apparently are related to different accretion conditions
(see section 1.4).
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The enormous luminosities observed from AGN or XRBs are powered by the re-
lease of potential energy through accretion. Accretion is by far the most efficient
astrophysical energy source, even in comparison to nuclearfusion, as will be shown
by the following estimation. The accretion of massm from infinity to the surface of a
neutron star with massM ∼ 1M� and radiusR∼ 10 km sets free potential energy of

∆Eacc=
GMm

R
� 1.3× 1020 erg g−1 (1.8)

The typical astrophysical nuclear reaction of hydrogen fusion to helium, the proton-
proton chain

4 1H → 4He+ 2e+ + 2ν + 2γ + ∆Enucl (reaction balance) (1.9)

releases a maximum energy yield of∆Enucl ∼ 0.007mc2
� 6.3 × 1018 erg g−1, i.e.,

only about a twentieth of∆Eacc. In case of a neutron star it is possible that the total
of ∆Eacc is set free, as there is a surface where the kinetic energy of the mass can be
transformed to thermal and then radiation energy. In case ofa BH, however, the mass
and its kinetic energy is lost beyond the event horizon. In Newtonian theory, the total
energy of a Keplerian orbit according to the virial theorem is equal toGMm/2R =
∆Eacc/2. As this energy is lost to the BH, this gives an upper estimate to the energy
that is set free in the disk around the BH.

An order-of-magnitude estimate for the accretion luminosity with great practical
importance is obtained when making the assumption that the steady accreting material
is mainly hydrogen and fully ionized. Then radiation from the central object exerts
an outbound force on the spherically symmetrically accreting material, mainly the
electrons, via Thomson scattering, whereas gravitation, acting on electron-proton-
pairs, drags inwards. At the Eddington limit

LEdd = 4πGMmpc/σT � 1.3× 1038(M/M�) erg s−1 (1.10)

with the proton massmp and the Thomson scattering cross sectionσT, these two
contrary forces cancel and the accretion process stops.

If the fraction of released gravitational potential energythat is transformed to ra-
diation in the AD is given by the dimensionless efficiency quantityη, the accretion
luminosity is

Lacc= 2ηGMṁ/RS = ηṁc2 (1.11)

whereṁ is the accretion rate (Frank et al. 1992). For a solar mass neutron starη ∼
0.15. For a BH, a precise calculation in the GRT metric results in typical efficiency
values ofη = 0.057–0.42 for Schwarzschild and Kerr type, respectively (Shapiro &
Teukolsky 1983). Inserting realistic values in eq. (1.11) (η ≈ 0.1,ṁ ≈ 10−9 M� a−1)
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delivers a typical accretion luminosity ofLtyp.BH ∼ 1037 erg s−1 in a BH binary system.
Assuming the disk thermally radiating as a black body and a BHmass of 10M�, the
luminosity of a typical accreting BH,Ltyp.BH, corresponds to a typical photon energy
of ∼ 0.5 keV (Tbb ≈ 5× 106 K), which can be derived from equating

σT4
bb = Ltyp.BH/4πR2

S (1.12)

whereσ is the Stefan-Boltzmann constant. If for the thin disk approximation it is as-
sumed that all released gravitational potential energy is emitted locally as blackbody
radiation, the temperature of the plasma inside the disk isT(r) ∝ r−3/4, where r is the
distance to the central object. The disk temperature increases from a low value near
the outer edge to a maximumTin at the inner edge of the disk atRin ≈ 3RS, so most
of the luminosity is set free in the central zone of the AD (Tanaka & Lewin 1995).

In order to maintain the luminosity on long time scales, the accreted material that
is lost to the BH has to be substituted. In the case of an isolated BH, there is large
uncertainty about the efficiency of accretion from the interstellar medium (ISM), set-
ting free low-level X-ray radiation (Bondi & Hoyle 1944; Bondi 1952; Reynolds &
Nowak 2003). In an XRB the companion star can deliver gaseousmatter mainly in
two ways which are discussed in the next paragraphs.

1.3.1 Roche Lobe Overflow

To study the equipotential surfaces in a close binary with angular velocityω and
massesM? andMcompactit is convenient to describe the system in a frame of reference
rotating with the binary system, where the stars keep a fixed position. Under these
conditions, it is possible to derive the potential (gravitational plus centrifugal) and
its corresponding equipotential surfaces. In a point with distancer? to the center of
M?, distancercompactto the center ofMcompact, and distancez to the rotating axis, the
potential is given by

Φ = −G

(

M?
r?
+

Mcompact

rcompact

)

−
1
2

z2ω2 (1.13)

(Unsöld & Baschek 2002). Close to each companion, the potential is dominated by
the gravitational potential of each mass, thus the surfacesare almost spherical. As one
moves farther from a center of mass, the tidal and centrifugal forces increase, and the
surfaces become flatter and more elongated. The first common equipotential surface
that is shared by each companion is shaped like an hour glass and is called Roche
surface, the two volumes enclosed by this surface are the Roche lobes. The Roche
surface intersects between the companions at the gravitational potential saddle point,
the inner Lagrangian pointL1, forming a pass between the Roche lobes. BesideL1,
Lagrangian pointsL2–L5 exist near the binary system, where the gravitational forces
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Figure 1.2: Mass accretion in an XRB can work in two ways: via Roche lobe overflow (left)
or via star wind (right). In some systems as, e.g., Cyg X-1, a situation intermediate between
accretion by Roche lobe overflow and pure, spherical wind accretion is found (Friend & Castor
1982).

of the two masses cancel out. In the case of our solar system, these Lagrangian points,
especiallyL4 andL5, represent ideal parking positions for satellites and are favored
places to find asteroids, the so-called Trojans. Farther outeach equipotential surface
envelops both companions.

If the normal companion star evolves to a giant and fills its Roche lobe, matter is
spilled acrossL1 into the Roche lobe of the compact object, where it is captured by its
gravitational force and accreted via an AD. In this process,the mass-donating star can
lose mass at rates of 3× 10−8 – 3× 10−4M� a−1 (Shapiro & Teukolsky 1983). Apart
from Roche lobe overflow, which is the best understood process of feeding the AD,
the mechanism of wind accretion is rather important with HMXB, among various
other possibilities, and will be discussed next.

1.3.2 Wind Accretion

In XRB systems where the normal companion star is of spectraltype O or B with
strong stellar wind loss rates of 10−6–10−5 M� a−1 (Frank et al. 1992), wind accretion
can be a relevant process in case the mass-losing star does not fill its Roche lobe. A
small fraction (. 0.1%; Shapiro & Teukolsky 1983) of the highly supersonic plasma
that is symmetrically ejected from the early type star passes the compact object close
enough to get caught in its gravitational potential well andcontributes to the accretion
material. The formation of an AD around the accretor is impaired by the little angular
momentum the stellar wind carries, and if an AD forms, it willbe smaller than in the
case of Roche lobe overflow.

The strength of the wind loss rate is usually measured by the strength of the stellar
wind emission in Hα (Puls et al. 1996; Gies et al. 2003). In sparse stellar winds the
Hα spectral line is present as an absorption line, and grows to an emission line due to
recombination near the stellar photosphere in the case of dense winds.
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Figure 1.3: The high-velocity CO jet of HH 211, a young low-mass protostar, taken at 1.3 mm
with IRAM. The small panels show the CO jet superimposed on H2 line emission (Richer et al.
2000, Fig. 1).

1.3.3 Outflows

Collimated outflows from accreting objects seem to be a common feature in the uni-
verse. The observation of very young stars has revealed thatADs are closely con-
nected to bipolar outflows along the rotation axis of the AD (Fig. 1.3). Once the
AD, which reaches until close to the central object and feedsmaterial into the jets,
has dissolved, the jets disappear (Bachiller 1996). The only readily available energy
source for the expulsion of matter at very high velocities isthe gravitational potential
energy set free during the accretion process. The underlying mechanism for the jet
collimation seems to be the rotation of the AD by which a helical configuration of the
magnetic field is built up, possibly assisted by external pressure (cf. section 4.3.2).

Radio-emitting jets from galactic cores had long been a familiar phenomenon in
radio astronomy, when the “kinematic model” proposed by Fabian & Rees (1979)
and Milgrom (1979) as explanation for the periodically Doppler-shifted Balmer and
He lines of SS 433 provided the link between AGN and XRBs (Margon 1984), mak-
ing come true theoretical work that predicted outflows from compact objects (e.g.,
Shakura & Sunyaev 1973). At the latest since the discovery ofthe superluminal jet
source GRS 1915+105 it has become generally accepted that our Galaxy harborsa
class of XRBs with relativistic outflows (Fender et al. 1999). They show an intrigu-
ing similarity to quasars and, more generally, to AGN exceptfor the fact that they
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are a factor 106–109 smaller in mass. Thus they have been referred to as ‘micro-
quasars’ (MQs; Mirabel et al. 1998). One of the key properties of MQs is the ejection
of matter at relativistic speeds in jets. Non-thermal radioemission is detected from
these outflows, which due to its properties is thought to be synchrotron radiation from
relativistic electrons in the jet (see chapter 4).

These outflows can be divided in two categories: the continuous jets which appear
as uninterrupted stretched emission regions, and the blobby ejections, with separated
emission knots, which bear similarity with beads on a thread. Jets and radio emission
are no constant feature of X-ray binaries. They are subject to change depending on
the spectral state of the central object. The presence of radio emission seems to be
related to the hard state whereas the soft state shows a considerable reduction of radio
emission or even its quenching below detectability (cf. section 1.4).

1.4 States

GBHCs are generally found in one of several states which are mainly characterized
by their X-ray and radio spectral and timing properties (see, e.g., Nowak 2003, and
references therein). These states are spectrally distinguished by different X-ray broad-
band luminosity,L, and by the different relative contribution of a soft, quasi-thermal
and a hard, power-law-like spectral component to this luminosity. These two basic
components are generally associated with soft thermal radiation from a cold AD, and
high-energy emission produced by upscattering of photons in a hot environment, re-
spectively (e.g., Sunyaev & Trümper 1979).

Figure 1.4 gives a schematic view of the four main states. In the very high state
(VHS), L is close to the Eddington luminosity,LEdd, and both spectral components
contribute about equally. In the high/soft state,L is at a slightly lower level, the soft
component dominates the spectrum, and the weak power-law component has a high
photon indexΓ. In the hard state, the two spectral components have changedtheir
roles, this time with a dominant hard power-law and a very weak or even absent soft
part contributing to a relatively low luminosityL . 0.05LEdd. In the transition be-
tween the hard and the soft state, occuring at a threshold luminosity of∼ 1037 erg s−1,
GBHCs are sometimes observed in the so-called intermediatestate, which has sim-
ilar features to the VHS, and where the variability and X-rayspectral properties are
mostly intermediate between the hard and the soft state (Belloni et al. 1996). Ad-
ditionally, some GBHCs, especially transient sources, display a quiescent state with
very low luminosity.

Transitions between different states are now usually associated with changes in the
mass accretion rate, providing a link to the different observed levels of luminosity
(Esin et al. 1997). This concept explains the high luminosity of the soft state with an
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Figure 1.4: Diagram summarizing the main characteristics of the different states of BH XRBs.
Major differences found in the observational data concern the extent of variability and the
spectral shape (left). The physical interpretation results in different geometries, associated with
a variation of the mass accretion rate ˙m (center). Since the consolidation of the MQ concept,
radio features are assumed to be an integral part of the statetypology (right) (Fender 2002,
Fig. 4).

AD that reaches inwards until the ISCO, providing good conditions for an effective
accretion process. In contrast to this, the AD of the hard state is truncated at a distance
of several hundredRS and at smaller distances to the BH replaced by a geometrically
thick, optically thin hot medium, leading to a lower accretion rate and luminosity.

Since the physical process of scattering photons to higher energies by hot elec-
trons, the so-called Comptonization, is indispensable fora deeper understanding of
the states of GBHCs, its basic ideas are briefly outlined in the following section.

1.4.1 Comptonization

Compton scattering is the scattering of a photon by an electron. As the results can be
explained within the framework of conservation of energy and momentum, Compton
scattering supplies evidence for the wave-particle dualism of light. The energy loss of
the incident photon is dependent only on the scattering angle θ and its initial energy
E = hν, when the electron is taken to be initially at rest. The energy of the photon
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after the scattering process,E′, is then given by

E′ =
E

1+ E
mec2 (1− cosθ)

(1.14)

If the scattering electrons are not stationary, but obey a Maxwellian velocity distribu-
tion (Rybicki & Lightman 1979, eq. 10.60)

f (v)dv =

√

2
π

(

me

kTe

)3/2

v2 exp(−mev
2/2kTe)dv (1.15)

wherekTe/mec2 � 1, it can be shown that, averaging over all solid angles, the average
relative energy change of the photon is given by

∆E
E
�

4kTe− E
mec2

(1.16)

In the case ofE < 4kTe, the photons undergo inverse Compton scattering, on average
gaining energy in their encounter with the electrons. The process of multiple inverse
Compton scattering events is referred to as Comptonization. The electron cloud is
cooled by this process.

1.4.2 The Hard State

The hard state spectrum is similar to the high-energy spectra of AGN and is charac-
terized by a power-law with photon indexΓ and an exponential cutoff with folding
energyEf

dN
dE
∝ E−Γ exp(−E/Ef) (1.17)

whereN is the number of photons detected. Typical values of the parameters are
Γ ≈ 1.4–1.8 andEf ≈ 250 keV.

This hard power-law component represents the signature of aphysical process
which releases highly energized photons. It is usually modeled by thermal Comp-
tonization of cool seed photons to very high energies by an optically thin, hot plasma
with temperatureskT > 100 keV (Thorne & Price 1975; Shapiro et al. 1976; Sun-
yaev & Trümper 1979; Dove et al. 1998). Unsaturated inverse Compton scattering,
i.e., the photons on average gain energy by each scattering event, predicts a power-
law modified by an exponential cutoff at energiesE ≈ kTe, which fits well to the
observed spectrum of BH XRBs. The low-energy seed photons are thought to be sup-
plied by the cold AD, while the hot electron cloud, which in analogy to the extremely
hot and rarefied plasma of the solar corona is called accretion disk corona, is situ-
ated somewhere in its neighborhood. The exact geometric arrangement of these two
components, disk and corona, is still debated.
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Two main properties of the plasma medium that determine the shape of the Comp-
tonized spectrum are the electron temperatureTe, also referred to as coronal temper-
atureTc, and its optical depthτ. For a givenTe, an increase inτ results in a harder
power-law. For a givenτ, an increase inTe results in both a harder power-law and an
increase in the folding energyEf. ThusEf provides an estimate ofTe (Ef ≈ 50 keV
gives a plasma temperature ofTe ≈ 106 K), and the photon indexΓ provides an esti-
mate of the opacityτ.

Below 1 keV the spectrum may show a soft excess: a quasi-thermal component
which is thought to be radiation from a cold, optically thickAD with kTbb ≈ 0.1–
0.3 keV. Additionally, a weak iron line feature (Fe Kα1,2) at ∼ 6.4 keV and a slight
hump between 10 and 50 keV are present in the spectrum.

Iron is the end point of thermonuclear fusion, making it a relatively abundant el-
ement in the universe. Also, the K fluorescence yield increases with atomic number
Z and is∼ 0.34 for neutral iron (Kortright 2001). This accounts for the prominence
of the Fe Kα1,2 fluorescent lines in many sources, excited by X-ray irradiation of
relatively cold, dense gas very close to the central compactobject.

An optically thick cool disk irradiated with X-ray photons in the energy range
0.1 keV–1 MeV reflects about 10% of the incoming photons. The rest is absorbed and
re-radiated as soft radiation, the so-called reprocessing. The shape of the reflected
spectrum is a result of the energy dependence of Compton scattering and photo ab-
sorption. ForE � 15 keV Compton scattering with−∆E/E ∝ E is the dominant
process, i.e., high energy photons lose much more energy than low energy photons.
For the reflection spectrum this means that the absorptivityis stronger at high energies
and decreases for lower energies. ForE < 10 keV photo absorption dominates over
other interactions, with an absorptivity∝ E−3. Both processes together provide that
high energy photons are Compton scattered to low energies, photons at low energies
are absorbed, forming a reflection hump in the shape of the reflection spectrum.

In the hard state, MQ sources show a considerable radio activity which is assumed
to be driven by synchrotron radiation from a plasma outflow off the central BH. Also,
the X-ray emission is significantly more variable than in thesoft state, at a root mean
square (rms) variability of∼ 40% (Reynolds & Nowak 2003, for a definition of rms
variability see section 2.2.2).

At energies. 10 keV, the flux is relatively low in the hard state. As the firstgener-
ation X-ray detectors were limited to this lower energy range, this state historically is
also called the low state.

1.4.3 The Soft State

In analogy to the hard/low state, the soft state is also referred to as high state. The
spectrum is dominated by a soft quasi-thermal component which can be described by
a black-body spectrum with a characteristic temperature of≈ 0.5–3keV. The thermal
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X-ray spectrum in the soft state is generally associated with a geometrically thin,
optically thick accretion disk (Shakura & Sunyaev 1973; Novikov & Thorne 1973;
Gierliński et al. 1999). In some sources, a highly variable power-law component with
Γ ≈ 2.0–2.5 has to be added (e.g., in LMC X-3, a HMXB BHC withΓ = 2.5 or softer
in the soft state).

Usually found at higher luminosities than the hard state, the lightcurves and spec-
tra of the soft state exhibit less variability than in the hard state (rms variability
≤ 20%; Reynolds & Nowak 2003). The radio activity is usually reduced to quies-
cence (Fender 2002).

1.4.4 The Intermediate State

The intermediate state bears temporal and spectral features very similar to the VHS,
but at a significantly lower luminosity. It seems to occur when a transition between
the hard and soft state has undergone, but the increase of theaccretion rate is not
sufficient to enter the soft state (Belloni et al. 1996).

The analysis of the lag in the arrival time of hard photons with respect to soft
photons has become a valuable tool to classify transitionalstates of BH XRBs (Nowak
& Vaughan 1996; Nowak et al. 1999). Within the framework of the Comptonization
models (section 1.5.1) this time lag was explained as a delaydue to scattering in the
electron plasma, until it was found that – contrary to formerassumptions – the X-ray
time lag in the hard state is comparable to the lag in the soft state, whereas the time
lag is considerably increased during transitions between the hard and the soft state
(Pottschmidt et al. 2000). In fact, an enhanced time lag is better suited to determine
an intermediate state than spectral criteria (Pottschmidtet al. 2003; Benlloch 2003;
Benlloch et al. 2004).

1.5 Models

The simplest AD model and regular ingredient of most models for BH XRBs has al-
ready been mentioned in section 1.3: theα-disk model of Shakura & Sunyaev (1973)
features an optically thick, geometrically thin, i.e., relatively cool AD. If the mass
accretion rate does not vary in time, the disk is in a “steady state”. Its eponymous
viscosity parameterα is usually set at a value∼ 0.1. Assuming blackbody emission
from the surface of the disk with an innermost radiusRin ≈ 3RS, the resulting spec-
trum is given by the surface integral of the blackbody spectra at all different radii, and
consequently different temperaturesT(r) (Tanaka & Lewin 1995). This multicolor
disk model can be satisfactorily fit to the quasi-thermal spectrum of the soft state, but
is not applicable to the power-law component which is characteristic to the hard state.
For the hard state, workers in this field have developed a number of different models
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Figure 1.5: Branches of accretion disk solutions as a function of accretion rate ˙m and vertical
optical depthτ. Apart from the hot solutions of ADAF and the two-temperature disk model
(SLE), the right hand line at highτ shows theα-disk model (Done 2002, Fig. 1a).

(for an overview, see Nowak et al. 2002). The most discussed concepts are described
in the next sections.

1.5.1 Comptonization Models

The steady coolα-disk model is not the only solution to the hydrodynamic equations
describing an AD (see Fig. 1.5). An overview over the most discussed Comptoniza-
tion models is given, e.g., in Nowak et al. (2002). For low accretion rates, alternatively
two hot solution branches with optically thin disks exist (Narayan & Yi 1995).

In the two-temperature disk model, also known as SLE-model after the authors
Shapiro, Lightman, and Eardley,Te , Tion and all of the energy is dissipated into
the ions (Shapiro et al. 1976). Although the two-temperature solution is valid for
all radii, a hybrid disk was proposed: the inner region of theAD is optically thin,
hot and geometrically thick, while the outer region corresponds to the steadyα-disk
model, optically thick, cold, and geometrically thin. Thisway, many features needed
to explain the high energy spectra of GBHCs are contained: seed photons from the
outer cold disk are upscattered in the inner hot corona-likeregion. A fraction of the
coronal radiation is backscattered to the cold disk and reprocessed, giving rise to the
reflection features observed in the spectra (cf. 1.4.2). Theproblem with the SLE-disk
is that it is thermally unstable as small perturbations of the electron temperature can
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Figure 1.6: Possible geometry for the hard state. The inner edge of the accretion disk is trun-
cated at a fairly large transition radius from the BH, which is inferred from spectral analysis to
be of the order of 50–100RS for Cyg X-1 (Esin et al. 1997; Done 2002). The inner region near
the BH is filled with an expanded rarefied medium responsible for the hard energy photons
(Zdziarski et al. 2002, Fig. 15).

cause the corona to collapse or to evaporate (Piran 1978).
The atmospheric Accretion Disk Corona (ADC) model is closely related to the

SLE-disk. A hot, optically thin, and geometrically thick ADC sandwiches the cold
accretion disk in a slab geometry. The heating of the ADC is realized by reconnection
of twisted magnetic flux tubes (di Matteo 1998), a process well-known from our sun.
Because of the differential rotation in the accretion disk threaded by a magnetic field,
an amplification of local magnetic fields can take place whichresults in the formation
of magnetic flux tubes (Galeev et al. 1979). As these loop-like structures rise above
the accretion disk due to magnetic buoyancy, the disk rotation twists the flux tubes.
When regions of oppositely directed magnetic fields meet within the disk or between
the disk and the corona, they may explosively reconnect, causing significant power to
be dissipated via magnetic flares, thus providing a mechanism to heat the corona.

It was shown that a self-sustaining magnetic dynamo processis indeed able to op-
erate (Tout & Pringle 1992). To make this process work, a magneto-rotational insta-
bility (MRI; Balbus & Hawley 1991) which enhances the magnetic field and accounts
for the transport of angular momentum by producing the turbulence needed for vis-
cosity is utilized. The MRI, developing in weakly magnetized disks, thus bridges the
theoretical gap to the ad hocα-prescription (cf. eq. (1.6)).

The ADC faces several problems that are predominantly connected to the sandwich
geometry, i.e., the high covering fraction of the disk by thecorona: due to strong re-
processing in the disk, which increases the Compton coolingof the ADC, the coronal
temperature is low, the equivalent width of iron is large, and a strong soft excess is
present, so that this model is not able to explain the hard state spectra of, e.g., Cyg X-
1.
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To circumvent those shortcomings, a highly ionized transition layer on top of the
cold AD was introduced which reduces the reprocessing features by its high reflectiv-
ity with respect to coronal photons (Young et al. 2001). However, the physical possi-
bility of such a layer was strongly called into question (Nayakshin & Dove 2001).

A passable way instead seems to be the sphere+ disk geometry (Dove et al. 1997).
A central spherical corona with radiusRc ≈ 100RS and coronal temperaturekTe ≈
90 keV around the BH is surrounded by a thin disk withkTdisk(r) = 150 (r/Rc)−3/4 eV
(Dove et al. 1998). On account of the reduced covering fraction, the former problems
are avoided. The reflection features can be adjusted by the overlap of disk and corona.
Similar geometries have been proposed also by other authors(Fig. 1.6).

In the converging inflow (CI) model, also known as bulk motionComptonization,
Shrader & Titarchuk (1997) propose that the power-law spectrum in the hard and soft
state is brought about by a radial flow of matter at high speeds(Laurent & Titarchuk
1999). Close to the event horizon the accreting matter movesin nearly free fall,
the so-called converging inflow. The such accelerated electrons withv ≈ c possess
enough energy in order to upscatter soft disk photons by inverse Compton scattering,
and to account for an extended power-law as observed in the soft state spectra, e.g.,
of Cyg X-1 (cf. Fig. 1.9).

This extended power-law of the soft state without cutoff up to several MeV is in
sharp contrast to the power-law of the hard state (see Fig 1.9). As Comptonization in
a Maxwellian electron cloud (eq. (1.15)) leads to a power-law with exponential cutoff
(Coppi 1999), the applicability of thermal Comptonizationto the soft state power-law
is questioned and instead a hybrid (=thermal/non-thermal) plasma model is postu-
lated (Gierlínski et al. 1999). Inverse Compton scattering with non-thermal electrons,
i.e.,e± from pair production, bulk motion electrons, and synchrotron electrons, which
possess a power-law velocity distribution, leads to a spectral power-law without cut-
off, in compliance with the soft state observation.

1.5.2 The ADAF

The advection-dominated accretion flow (ADAF; Narayan & Yi 1995; Narayan et al.
1998) was discovered by Ichimaru (1977) as a second hot solution except the SLE-
solution which is thermally unstable (see 1.5.1). Both hot solutions, SLE and ADAF,
work only if the mass accretion rate ˙m is below a critical value ˙mcrit. For ṁ > ṁcrit

neither of the two hot solutions is existent and the only solution available is the cool
thin accretion disk (Fig. 1.5).

The two key assumptions of ADAFs are: (1) most of the energy released by viscous
dissipation is not radiated immediately, as in a thin disk, but goes into heating the
ions, i.e., the protons which are inefficient radiators, (2) the energy transfer from ions
to electrons is restricted to Coulomb collisions (Esin et al. 1997). As the density in
the thin plasma is so low, Coulomb transfer is inefficient, so that the gas becomes a
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two-temperature plasma (Ichimaru 1977). Energy must be transferred from the ions
to the electrons before it can be radiated, but that process is slow and the gas reaches
the event horizon first, so that the energy is advected with the flow to the BH – hence
the name ADAF. As the gas falls into the deep potential well ofthe compact object,
it becomes extraordinarily hot,Tion ∼ 1012/r K, wherer is the radius in units ofRS

(Narayan & Yi 1995). At such temperatures, the gas bloats up around the compact
object in a quasi-spherical cloud of low density gas.

ADAFs are attractive models for explaining the emission of low-luminosity AGN
(LLAGN) or underluminous supermassive BHCs such as Sgr A? (see, however, Fal-
cke & Markoff 2000) because most of the energy is carried along with the thegas and
is lost into the BH, thus not contributing to radiative emission (Narayan et al. 1995).
It has also had significant success in explaining the hard state of XRBs in general,
and in particular quiescent states of several soft X-ray transients. In these objects,
the transition radiusRtr between the outer thin disk and the inner ADAF zone is as-
sumed to be of the order≈ 102 – 104 RS (Esin et al. 1997; Liu et al. 1999; Merloni
& Fabian 2002). Moreover, the ADAF model has triggered the development of many
variants like, e.g., the convection-dominated accretion flow (CDAF; Stone et al. 1999;
Narayan et al. 2000), or the advection-dominated inflow-outflow solutions (ADIOS;
Blandford & Begelman 1999). The ADIOS model, including outflows from the ac-
creting object, leads over to the jet model described in the next section.

1.5.3 The Jet Model

A basically different approach to explain the hard state X-ray spectrum, challenging
the currently favored Comptonization models which ignore any jet contributions, is
the concept that synchrotron radiation from a jet dominatesthe X-ray flux (Falcke
& Markoff 2000; Markoff et al. 2001, and references therein). The motivation of
this model is drawn from the close analogy of AGN and MQs (see,e.g., Falcke &
Biermann 1996).

Fig. 1.7 shows the disk/jet symbiosis model originally designed for quasars (Falcke
& Biermann 1995), which in a scaled-down version is applicable also to MQs, assum-
ing a scaling factor 106–109 corresponding to the respective BH masses. A fraction of
the plasma contained in the hot accretion flow is redirected into the jet nozzle, where
it is accelerated by some magnetic processes and becomes supersonic. One such ac-
celeration process is diffusive shock acceleration (Marscher & Gear 1985, and refer-
ences therein) by a shock wave passing through the adiabatic, conical, relativistic jet,
triggered by a minor pressure disturbance. Downstream fromthe nozzle, the plasma
flow expands sideways with its initial sound speed. To maintain the energy density
of the non-thermal particles producing the broad-band spectrum, repeated and dis-
tributed acceleration is assumed (Markoff et al. 2003). The jet powerQjet stems from
the mass accretion ˙md in the disk and is assumed to be of the orderQjet ∼ qjetṁdc2,
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Figure 1.7: The spectrum of a radio loud AGN is shown as a composite of radiative contribu-
tions from both disk and jet. SSC is the synchrotron self Compton effect, i.e., the Compton
scattering of synchrotron photons by the synchrotron electrons (cf. section 4.1.3). In a down-
scaled version, this model is applied to the jets of MQs (Falcke & Biermann 1995, Fig. 5).

with efficiencyqjet = 10−3 – 10−1 (Meier 2001; Markoff et al. 2003).
The common jet theory assuming that the smallest jet sizes scale linearly with the

BH mass (section 4.3.2.2), MQs should emit synchrotron radiation which reaches
well into the X-ray regime. By including the spectral properties of an ADAF, this
model is able to explain the radio to X-ray broadband spectral data of several GBHCs
(Markoff et al. 2001, 2003), contrary to the common exclusively inverse Comptoniza-
tion models, which fail to address the radio/IR wavelengths. It was noticed that the
interpretation of the jet base close to the BH as a hot, magnetized plasma offers the
chance to unify the powerful aspects of both jet and Comptonization models, possi-
bly providing a natural explanation for increased time lagsin the transitional states
(Markoff et al. 2003; Pottschmidt et al. 2003).
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Figure 1.8: Diagram of the binary system of Cyg X-1, depicting the origin of the major spectral
components for the hard (upper panel) and the soft state (lower panel) (Brocksopp et al. 1999a,
Fig. 7).

1.6 Observing the Prototype: Cygnus X-1

1.6.1 System Parameters

Cyg X-1 was discovered as a bright X-ray source in 1964 (Bowyer et al. 1965), the
optical counterpart (V1357 Cyg, HDE 226868) identified at a distance of∼ 2.5 kpc
as an O9.7Iab supergiant almost filling its Roche lobe (Bolton 1972; Ninkov et al.
1987, and references therein). Spectral analysis of HDE 226868 leads to a mass de-
termination ofM? ≈ 18M� (Herrero et al. 1995) and an observed radial velocity of
v sin i ≈ 76 km s−1 (Gies & Bolton 1982). With an orbital periodP = 5.6 d (Brock-
sopp et al. 1999b) and an estimated orbital inclinationi ≈ 35◦ (Herrero et al. 1995),
the spectroscopic mass function (eq. (1.3))f = 0.252M� (Gies & Bolton 1982) made
it the first established GBHC withMBH ≈ 10M�.

Because of the certainty of its high mass – even very conservative estimations lie
well above the theoretical mass limit of a neutron star – the compact companion of
HDE 226868 has been considered as a prototype GBHC, its energy spectrum and
variability characteristics serving as a standard to classify various other BHCs. The
mass loss rate of HDE 226868 derived from infrared excess is 3.5×10−6 M� a−1 (Persi
et al. 1980), a typical value for OB supergiants which show a strong stellar wind. Of
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soft state

hard state

Figure 1.9: Typical spectra of Cyg X-1 in the soft state and inthe hard state. The hard power-
law seen at energies above∼ 600 keV in the soft state has been attributed to a non-thermal
electron component (Gierliński et al. 1999) (modified diagram after McConnell et al. 2002,
Fig. 9).

this, about 0.1–1% is accreted onto the BH via focused stellar wind (Friend & Castor
1982), leading to a typical luminosity of 4× 1037 erg s−1.

The radio, IR, optical, and X-ray flux shows a modulation at the orbital period
of 5.6 d and at∼ 150 d (Pooley et al. 1999; Brocksopp et al. 1999a). Sometimes
the long term variability is instead attributed a period of∼ 300 d (Priedhorsky et al.
1983). The prevalent explanation for this long term effect is precession or warping of
the AD, the perturbing mechanism of which is either the high gravitational potential
of the companion responsible for tidal forces on the AD (Larwood 1998), or strong
radiative pressure from the center of the X-ray source whichchanges the structure of
the disk and leads to a warped and tilted disk (Petterson 1977).

Cyg X-1 is in∼ 70% of time found in the hard state, only rarely changing into
the soft state. The last transition from the hard into the canonical soft state occured
in 1996, since then the soft state was reached only intermittedly. Generally, it shows
spectrally flat radio emission at∼ 10–20mJy in the hard state, whereas this emission
is quenched during the soft state. Radio flares are seen only rarely.

The spectrum at energies> 2 keV in the hard state is a power-law with a photon-
index of Γ ∼ 1.4–1.7, modified by an exponential cutoff with an e-folding energy
Ef ∼ 150 keV (cf. eq. (1.17)). Due to a rather small luminosity difference between
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the hard and the soft state (Zhang et al. 1997a) and the presence of a power-law
component during the soft state (Gierliński et al. 1999), the soft state of Cyg X-1 is
not assumed to be identical to the canonical soft state as seen in other BHCs but rather
comparable to the very high state and intermediate state, respectively (Nowak 2003;
McClintock & Remillard 2004, and references therein).

The PSD of Cyg X-1 in the hard state shows a characteristic shape. Below a break
frequencyν1 at∼10−1 Hz, the PSD is flat. At higher frequencies, the PSD follows a
f −1 course, and at a second break frequencyν2 at a few Hz, the slope steepens to 2
(Belloni & Hasinger 1990; Nowak et al. 1999). The hard state rms variability (see
section 2.2.2) is∼ 30%, while the soft state rms variability is suppressed to a level of
only a few percent (Nowak et al. 1999). The break frequency ofthe PSD seems to be
correlated with the total source rms variability (Belloni &Hasinger 1990).

Cyg X-1 is even suspected to be the source of two gamma-ray outbursts observed
in 1995 and 2002 (Golenetskii et al. 2002; Schmidt 2002).

1.6.2 Data Acquisition withRXTE

Cyg X-1 has been observed continuously in a long observing program, a so-called
monitoring, by the X-ray satellite Rossi X-ray Timing Explorer (RXTE). RXTE was
launched on December 30, 1995 on board a Delta II rocket from Cape Canaveral and
deployed in a low earth orbit (altitude 580 km, orbit 96 min, inclination 23◦). Origi-
nally designed for a mission duration expected to last two tofive years, it still fulfills a
remarkable workload every day. Besides the All Sky Monitor (ASM), RXTE carries
two co-aligned pointing instruments, the Proportional Counter Array (PCA), and the
High Energy X-ray Timing Experiment (HEXTE), which allow simultaneous obser-
vation in the energy range 1–300 keV (Fig. 1.10). The outstanding feature ofRXTE
is the high temporal resolution power of thePCA (1µs) and theHEXTE (7.6µs).

The ASM, sensitive in the low X-ray energy range between 1.5 keV and 12 keV,
daily scans the whole celestial sphere and provides currentlightcurves of∼ 350 mon-
itored sources. It consists of three rotating Scanning Shadow Cameras, each contain-
ing a position-sensitive proportional counter under a slitmask with a pseudorandom
pattern (Levine et al. 1996).

ThePCA, mainly sensitive to photons in the energy range from∼2 keV to∼50 keV,
consists of 5 co-aligned Proportional Counter Units (PCUs; Jahoda et al. 1996) with
a large total collecting area of 6250 cm2. Pointed observations with a field of view of
1◦ FWHM are made possible by metal collimators. ThePCUs are filled with several
propane and Xe/methane layers, providing anticoincidence and science information,
respectively. Very energetic events above the upper counter discriminator, so-called
Very Large Events (VLE), are filtered out as spurious, as theyare mostly due to
cosmic particles. Nevertheless, the VLE rate is an important input for the calculation
of the PCA dead time correction. Due to a failure of the propane layer since 2000
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Figure 1.10: Diagram of the Rossi X-ray Timing Explorer (RXTE), with instruments labeled
(Rothschild et al. 1998, Fig. 1).

May 12, the measured VLE rate is influenced by a higher event rate in PCU number
0. Since thePCA data modes used in this thesis do not contain the PCU number, it is
not possible to ignore data from this PCU in the data analysis, and it is not possible
to compute a reliable dead time correction.

The high energy range from 15 keV to 250 keV is covered by the detectorHEXTE
which consists of eight NaI(Tl)/CsI(Na) phoswich scintillation counters grouped into
two independent clusters, called A and B, with a total collecting area of 1600 cm2

(Gruber et al. 1996; Rothschild et al. 1998). Like in thePCA, collimators provide a
field of view of 1◦ FWHM.

The data analyzed in this thesis span the time from 1996 untilearly 2003, covering
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Table 1.2: Definition of the energy bands and data modes of thePCA high resolution data.

band 1 band 2 band 3 band 4 band 5
PCA Epoch 3: data taken until 1999 March 22

P10236a

channels 0–9 10–15 16–21 22–35 36–189
E [keV] ∼2–3.7 3.7–5.8 5.8–8.0 8.0–13.0 13.0–73.5

P10241b

channels 0–10 11–16 17–22 23–35 36–189
E [keV] ∼2–4.1 4.1–6.2 6.2–8.3 8.3–13.0 13.0–73.5

P10257c

channels 0–13 14–23 24–35 36–249
E [keV] ∼2–5.1 5.1–8.7 8.7–13.0 13.0–100.4

P10412d

channels 0–9 10–15 16–21 22–35 36–174
E [keV] ∼2–3.7 3.7–5.8 5.8–8.0 8.0–13.0 13.0–67.1

P10512e

channels 0–9 10–15 16–21 22–35 36–174
E [keV] ∼2–3.7 3.7–5.8 5.8–8.0 8.0–13.0 13.0–67.1

P30157f

channels 0–10 11–16 17–22 23–35 36–49
E [keV] ∼2–4.1 4.1–6.2 6.2–8.3 8.3–13.0 13.0–18.1

P40099-01 to P40099-05g

channels 0–10 11–16 17–22 23–35 36–189
E [keV] ∼2–4.1 4.1–6.2 6.2–8.3 8.3–13.0 13.0–73.5

PCA Epoch 4: data taken after 1999 March 22

P40099-06 to P40099-28, P50110, P60090, P70414h

channels 0–10 11–13 14–19 20–30 36–159
E [keV] ∼2–4.6 4.6–5.9 5.9–8.4 8.4–13.1 15.2–71.8

a data modes B_4ms_8A_0_35_H and E_62us_32M_36_1s
b data modes B_2ms_8B_0_35_Q and E_125us_64M_36_1s
c data mode E_4us_4B_0_1s
d data modes B_4ms_8A_0_35_H and E_62us_32M_36_1s
e data modes B_4ms_8A_0_35_H and E_16us_16B_36_1s
f data mode B_16ms_46M_0_49_H
g data modes B_2ms_8B_0_35_Q and E_125us_64M_36_1s
h data modes B_2ms_8B_0_35_Q and E_125us_64M_36_1s

theRXTE monitoring programs since Announcement of Opportunity 3 (AO3, 1998)
through AO6 (2002/2003). Typical exposure times were 3 ks on a weekly schedule in
1998, and 10 ks observations performed every two weeks sincethen.

After screening the data for episodes of increased background, we extractedStan-
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dard2f lightcurves with a resolution of 16 s from thePCA data using the standard
RXTE data analysis software,HEASOFT. From the same detector, also high resolu-
tion data with a resolution of 2−6 s (∼16 ms; AO3) or 2−8 s (∼4 ms; other data) were
obtained, processed as lightcurves in 5 different energy bands (Table 1.2). Also high
energy data from theHEXTE with a time resolution of 1 s were extracted. A de-
tailed description of the data extraction issues is given byPottschmidt (2002) and
Pottschmidt et al. (2003).

1.6.3 Radio Observations with the Ryle Telescope

Besides X-ray data fromRXTE, simultaneous radio data from the Ryle Telescope
at the Mullard Radio Astronomy Observatory at Cambridge (UK) are used in this
thesis, which allows to look for correlations among the different wavelength regimes
(see section 5).

The basic parameters of the radio telescope are described byJones (1991). It con-
sists of a total of 8 equatorially mounted 13 m-Cassegrain antennas on an E-W base-
line, with 4 moveable aerials on a 1.2 km rail track, and 4 stationary aerials fixed at
1.2 km intervals.

The radio data were taken at 15.2 GHz (λ ≈ 2 cm), with a bandwidth of 350 MHz
(Pooley & Fender 1997). The resulting lightcurves have a time resolution of 8 s,
and every∼ 30 min there is a data gap of∼ 3.5 min in the radio lightcurves due to
calibration (section 4.1.1). The radio flux of Cygnus X-1 at this frequency is in the
range of 10–20mJy when the source is in the hard state, while it is undetectable in
the soft state.
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Part I

X-ray Variability
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C 2

Variability of BH XRBs

“The noise is the signal.”
Rolf Landauer (1927–1999)

2.1 Introduction

Variability is one of the characteristics of nature, and some variability patterns are
in fact rather common: the flux from quasars, the water level of rivers, or the stock
exchange price indices all show a characteristic behavior,the so-called flicker noise
(Bak et al. 1988). Analysis of the variability parameters, e.g., the time scales on
which these variations take place, allows a deeper understanding of these systems
and provides information that is not present in the time-averaged signal (Beenakker
& Schönenberger 2003). In the case of BH XRBs short-time variability of X-ray
emission is considered especially interesting since it could provide better insight into
the physical processes at work near the black hole.

One of the basic tools to do these analyses is supplied by the Fourier techniques.
To receive unaltered results it has to be made sure that the derived parameters are de-
coupled from any biasing processes like, e.g., counting noise, or detector dead time.
There have been numerous attempts to explain the origin of variability by various
models. In the past the focus was set on shot noise theories. The continuously devel-
oping capabilities of the observatories have broadened thehorizon to a wider range
of sources, adding new interesting alternative explanations.

2.2 Measuring Variability

2.2.1 Fourier Analysis

Fourier techniques are of widespread use in many fields of science. The following
description adopts the conditions in X-ray astronomy and isbased on van der Klis

39
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(1989). To determine the variability, also called flickering, of a lightcurve the count
ratex(tk) =: xk is determined for a series ofn time intervalstk (k = 0, . . . , n− 1) with
duration∆t. Then the discrete Fourier transform which decomposes the lightcurve
into n sine curves is defined by

X j =

n−1
∑

k=0

xk exp(2πi jk/n) (2.1)

where j = − n
2 , . . . ,

n
2 − 1 andi =

√
−1, the imaginary unit. The relation between

the zeroth coefficientX0 and the total number of observed photonsNph becomes clear
when transforming

X0 =

n−1
∑

k=0

xk =
1
∆t

n−1
∑

k=0

xk∆t =
Nph

∆t
= n〈x〉 (2.2)

with 〈x〉 the mean count rate of all time bins.
The discrete Fourier coefficientsX j are calculated for the independent frequencies,

the so-called Fourier frequencies

f j =
j
T
=

j
n∆t

(2.3)

whereT = n∆t is the length of the lightcurve. In practice the negative values of j are
disregarded and the usable frequency range is betweenfmin = 1/T for jmin = 1 and
fmax = 1/2∆t, the Nyquist frequency, forjmax = n/2.

2.2.2 Power Spectral Density

With the result of eq. (2.1) the corresponding periodogram is defined as the squared
absolute value of the Fourier coefficients

P j = A|X j |2 (2.4)

where j ∈ [0, . . . , n/2] and the normalization constantA is introduced. When dealing
with a continuous set of values, the mathematically correctterm would be power
spectral density (PSD) instead of periodogram. In X-ray astronomy both terms are
used in parallel regardless of the discrete or continuous nature.

The most common normalizations of the PSD are the Leahy et al.(1983) normal-
ization with

ALeahy= 2∆t2/Nph = 2∆t/X0 (2.5)

and the Miyamoto et al. (1992) normalization with

AMiyamoto = 2∆t2/(Nph〈x〉) = ALeahy/〈x〉. (2.6)
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As van der Klis (1995) put it, the PSD “. . . is a measure of the variance of the time
series around its mean. The strength of the QPO and noise components as measured
from power spectra is usually expressed in terms of fractional root-mean-square (rms)
amplitude. . . It can be thought of as some kind of mean amplitude of the intensity
variations, expressed as a fraction of the average intensity.”

This rms amplitude or rms variability,σ, in short referred to simply as “rms”, is
defined for a set ofn valuesxk with mean〈x〉 as (van der Klis 1989)

σ ≡

√

√

√

1
n

n−1
∑

k=0

(xk − 〈x〉)2 (2.7)

Normalizingσ to the mean〈x〉 gives the dimensionless fractional rms variability.
The advantage of the Miyamoto normalization (eq. (2.6)) is that integrating the PSD
over positive Fourier frequencies and then taking the square root yields the fractional
rms variability (Nowak et al. 1999). Thus, in Miyamoto normalization the PSD is
usually given in units of squared fractional rms per frequency interval, (rms/〈x〉)2/Hz
(cf. Fig. 2.1).

2.2.3 Noise and Dead Time

Due to the random character of the spontaneous emission of photons, incoming radi-
ation is subject to Poisson statistics, where the standard deviation,σSD, of the count
rate is related to the mean〈x〉 as

σSD =
√

〈x〉. (2.8)

Thus the relative contribution of Poisson noise, also knownas counting noise, to the
signal decreases with count rate. In the Leahy normalization of the PSD (eq. (2.5)),
the Poisson noise level amounts to a value of 2, independently of the count rate. This
relation is very useful in order to subtract Poisson noise from the PSD.

Apart from the intrinsic Poisson noise, the observed noise level is also influenced
by the dead time of the radiation detectors. In the case of thePCA onboardRXTE
(section 1.6.2), dead time is of the order of 10–100µs depending on the energy of
the triggering event. The procedure how to account forPCA dead time when calcu-
lating the PSD has been thoroughly studied (Zhang et al. 1995; Jernigan et al. 2000;
Pottschmidt 2002).

2.3 Variability Patterns and Variability Models

With the time resolution of satellite X-ray detectors entering the ms andµs regime,
it became clear that the irregular X-ray variability of BH XRB seen on longer time
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scales is continued also on the smallest time scales. While the assumption of the X-
ray variability on small time scales being a fingerprint of black holes had to be given
up, workers in this field have never ceased to propose new explanations for X-ray
variability. Two of the models presented in this section will be discussed further in
chapter 3.

For the characterization of the overall shape of a PSD, a set of terms is used which
were coined in analogy to light (Harris & Ledwidge 1974). A signal with no cor-
relation in time will give a “white noise” PSD whose powers are constant over all
the frequency range. On the other hand, the “red noise” PSD asa function of the
frequencyf decreases with increasing frequency. A special case of red noise is rep-
resented by the omnipresent flicker noise, also called “1/ f noise”: the PSD behaves
like P(f ) = 1/ f A , where the exponentA is very close to 1.

The hard state PSD of Cygnus X-1 can be thought to consist of three separate
frequency segments with a variability pattern of its own (see Fig. 2.1). Below a break
at 0.04–0.4Hz, the PSD is flat, the mid segment up to a break at 1–6 Hz approximately
∝ f −1, and approximately∝ f −2 at higher frequencies (Belloni & Hasinger 1990;
Nowak et al. 1999).

It has been shown that the presence of 1/ f fluctuations in BH XRBs and also AGN
is compatible with a cellular automaton process (Mineshigeet al. 1994a; Zurita et al.
2003), which acts on the assumption of an array of cells with discrete state variables.
The values of the variables of each cell, i.e., its state, areupdated at every time step by
a small set of rules which define the new state of the cell basedon its current state and
on the current states of neighboring cells. A cellular automaton process is capable
of producing a range of behaviors with complex spatial and temporal patterns, e.g., a
1/ f noise, from very simple rules (Wolfram 1986). This concept of individual cells
producing a large-scale temporal pattern has been taken up by some of the following
models, e.g., the shot noise models, or the process of magnetic reconnection.

2.3.1 Shot Noise Models

The term shot noise, suggesting an analogy to the pellets of lead loaded in a cartridge,
was introduced by Walter Schottky who analyzed the causes oftime-dependent cur-
rent fluctuations of a vacuum tube. Noise comes from the thermal motion of the
electrons, the thermal noise, and from the irregular arrival of electrons at the anode.
This second effect, the shot noise, is due to the discrete nature of electrons which are
randomly and independently emitted by the cathode in a Poisson process (Beenakker
& Schönenberger 2003).

Shot noise models, where the lightcurve is thought of as a superposition of indi-
vidual events, have been used as a phenomenological model toexplain the aperiodic
variability of XRBs (Tanaka & Lewin 1995). In a mathematicaldescription follow-
ing Pottschmidt et al. (1998), a shot noise time seriesI (t) is given as the sum over all
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Figure 2.1: Noise-subtracted hard state PSD of Cyg X-1 in Miyamoto et al. (1992) normal-
ization for the energy band 0–3.9 keV. The solid line represents the “effective noise” level,
which is essentially the minimum level of variability that could have been detected with this
observation (Nowak et al. 1999, Fig. 2a).

eventsF(t) that have taken place at timesti

I (t) =
∑

i

F(t − ti) (2.9)

The profile ofF(t) can take various shapes, for example an instantaneous rising and
exponentially decaying shot with decay timeτ

F(t) = U(t)e−t/τ (2.10)

whereU(t) is constant fort ≥ 0, and zero otherwise. Then the theoretical power
spectrum of the shot noise process is given as (Lehto 1989)

PSN( f ) ∝ λ

(1/τ)2 + (2π f )2
(2.11)

whereλ is the mean event rate. To account for all observed features of the PSD, a
multitude of profiles with different shapes and durations lasting from milliseconds to
a few seconds has been studied (Terrell 1972; Lochner et al. 1991).
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The big drawback of the theoretical description of variability by the shot noise
model is that many parameters, especially a variety of different relaxation time scales,
are needed for a satisfactory modeling of observed PSDs. An improved approach us-
ing a linear space state model (LSSM) provides a good description of the lightcurve
variability of accreting compact objects as an auto-regressive process of first order
(König et al. 1997). In the case of Cyg X-1 it was possible to reduce the intrinsic
variability to a single relaxation time scaleτ = 0.19± 0.03 s, leading to the interpre-
tation of the system variability as stochastic superposition of individual shot events
with a single relaxation time (Pottschmidt et al. 1998).

2.3.2 Quasi-Periodic Oscillations

Both BHCs and low-magnetic field neutron stars in accreting binary systems may ex-
hibit well defined peaks in the PSD, the so-called quasi-periodic oscillations (QPOs)
(Fig. 2.2). They are specified by a quality factor

Qi =
fi

∆ fFWHM
(2.12)

where fi is the central, i.e., resonance frequency, and∆ fFWHM is the full frequency
width of the QPO profile at the half maximum value. QPOs are usually modeled by a
Gaussian or a Lorentzian profile, the latter in the literature usually given by

Li( f ) = π−1 2R2
i Qi fi

f 2
i + 4Q2

i ( f − fi)
(2.13)

whereRi is a normalization constant (Nowak 2000; Pottschmidt et al.2003). Broader
QPO features as seen in BHCs are also referred to as peaked noise components (van
der Klis 1995).

The manifestations of QPOs are complex, and workers in this field faced with a va-
riety of specialties. In spite of that, four distinct classes of QPOs can be distinguished
in accreting neutron stars with a low magnetic field (Psaltis& Norman 2000): in
the frequency range below 100 Hz the normal branch oscillations and the horizontal
branch oscillations (HBO) are present, while in the range∼ 200 – 1300 Hz the twin
phenomenon of the lower and upper kHz QPOs with centroid frequenciesf1 and f2,
respectively, has been detected (see review by van der Klis 2000). QPOs in BHCs
are less established because only few observable sources are known. However, the
QPOs in BHCs and neutron stars seem to follow similar tight correlations (Psaltis
et al. 1999; Wijnands & van der Klis 1999).

The analogy of the QPO phenomenon in BHCs and neutron stars has favored inter-
pretations which work under assumptions that are common to both systems. Among
the most straightforward parameters one would think of are the accretion mass rate,
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QPO

QPOBreak

Break

Figure 2.2: PSDs of the BHC Cyg X-1 (left) and the neutron starGX 340+0 (right) at low ac-
cretion rates: below a break frequency,fbreak, the band-limited noise component approximately
following a 1/ f dependence turns into a flat spectrum. Superimposed on this broad-band noise
is a bump-like feature, a so-called QPO. The dead time-modified Poisson level has been sub-
tracted from the PSD values (Wijnands & van der Klis 1999, Fig. 1).

ṁ, or the inner disk radius,r in. The correlation of QPO frequencies with flux, which
according to energy conservation is expected to be proportional toṁ, is not satisfac-
tory, though (van der Klis 1995). On the other hand, beat frequency models which
associate QPOs with the Keplerian frequency atr in and the spin frequency of the
neutron star are not applicable to BHCs (Alpar & Shaham 1985;Miller et al. 1998).
Nevertheless, the variability expressed by the QPOs shouldbe somehow connected
to the irregular nature of the accretion flow, particularly the kHz QPOs serving as
a probe of the innermost regions near the accretor where strong-field gravitational
effects are manifest (van der Klis 1995).

The relativistic precession model assumes that the motion of matter in the AD is
governed only by the gravitational potential of the centralobject (Stella & Vietri 1998,
1999), which facilitates its applicability to both BHCs andneutron stars. QPOs arise
from the fundamental frequencies of the motion of blobs nearthe compact object.
While the Keplerian motion of inhomogeneities in the innermost disk regions gives
rise to the higher frequency kHz QPOs atf2, the lower frequency kHz QPOs atf1
are excited by the relativistic periastron precession of eccentric orbits, and the HBOs
by the nodal precession of tilted orbits due to the Lense-Thirring effect in the same
regions (Markovíc & Lamb 1998).

This model is able to incorporate similar approaches: Psaltis & Norman (2000)
showed that a change of the disk properties at a transitionalradius separating, e.g.,
the outer thin disk and the inner ADAF, acts as a low band-passfilter giving response
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only to certain frequencies dominating the inner disk. Thisis similar to the concept
of normal modes of acoustic oscillations within the inner region of the accretion disk
(Nowak & Wagoner 1991).

2.3.3 Magnetic Reconnection

One most likely explanation for variability, e.g., flares, are local magnetic reconnec-
tion events in or above the accretion disk. A dynamo mechanism driven by the strong
shear due to differential rotation in the accretion disk is thought to generate magnetic
fields (Tout & Pringle 1992). When magnetic loops of oppositedirection reconnect,
energy is released in single, shot-like events (see section1.5.1). The superposition
of all reconnection events may be causing the variability ofradiation from accreting
BHCs.

The shot-like character of the recombination events establishes a close relation to
the shot noise model discussed in section 2.3.1. The mechanism of magnetic recon-
nection has also been used for a model which will be outlined in the next section.

2.3.4 The Thundercloud Model

Named after its similarity to the properties of terrestriallightning, the thundercloud
model proposes that magnetic field reconnection of flux tubestakes place in the
corona above the AD in a spatially and temporally correlatedmanner (Merloni &
Fabian 2001). Referring to the stochastic pulse-avalanchemodel of Poutanen &
Fabian (1999) which assumes that hard X-rays are mainly produced by Comptoniza-
tion of disk seed photons in magnetic flares in the ADC, each flare has a certain prob-
ability to ignite a neighboring flare, sometimes giving riseto long correlated trains of
events. The distribution of duration and size of the avalanches determines the PSD of
the resulting X-ray emission. The advantage of this model isthat it not only accounts
for the temporal features of accreting BHs but at the same time is able to explain the
spectral variability.

2.3.5 The Propagation Model

The disk progagation model (Lyubarskii 1997) tries explainthe 1/ f 1...2 flicker noise
of XRBs by fluctuations of the viscosity parameterα of Shakura & Sunyaev (1973).
These fluctuations ofα might be invoked by varying magnetic stresses due to mag-
netohydrodynamic turbulence (Balbus & Hawley 1991). Incoherent, i.e., statistically
uncorrelated variations ofα at different radiir and, according to (Churazov et al.
2001)

τvisc ∼
(

α

(H
r

)2

ΩK

)−1

(2.14)
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Figure 2.3: The propagation model assumes that the mass accretion rate,ṁ, is modulated at
different time scales depending on the radius from the BH. As the main X-ray emission stems
from the innermost disk regions, the observed X-ray flux is a superposition of all variations of
ṁ that propagated from the outer disk to the inner region. (Diagram based on a figure by Uttley
et al. (2003).)

at corresponding different local viscous time scalesτvisc result in varying accretion
rates at these radii. As these variations of ˙m propagate down to the inner zone of
the disk, the variations introduced at large radii, i.e., atlong time scales, modulate
all variations at small radii, i.e., at short time scales. Finally, near the inner radius
of the disk where most of the X-ray radiation is set free, the released luminosity is
a representation of a sum of independent variations produced at different radii, and
correspondingly different time scales. The observed X-ray flux from the inner zone
of the AD is of the flicker noise type, provided the time scale of theα perturbations
is comparable to or shorter than the time scale of propagation from the outer to the
inner disk region.

The observed time lags of hard photons with respect to soft photons (Pottschmidt
et al. 2000) and even the logarithmic energy dependence of the lags (Miyamoto &
Kitamoto 1989; Nowak et al. 1999) can be explained by this fluctuation model (Kotov
et al. 2001).

However in geometrically thin disks the chance of accretionrate fluctuations to
propagate down to the X-ray releasing inner AD region is small due to the diffusive
nature of such disks (Churazov et al. 2001). Much better conditions for the propaga-
tion of accretion rate fluctuations on all time scales are present in geometrically thick
disks, like AD coronae or ADAFs.
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2.3.6 The rms-Flux Relation

Uttley & McHardy (2001) found a remarkable linear relationship between the rms
amplitude of broadband noise variability and flux in the X-ray lightcurves of neutron
star and BH X-ray binaries, and AGN. This linear relation between flux and rms
variability has an offset on the flux axis, leading to the suggestion that the light curves
of X-ray binaries are made from at least two components: one component with a
linear dependence of rms variability on flux, and one component which contributes
a constant rms to the lightcurve or does not vary at all. The fact that the same rms-
flux relation was found in the lightcurves of active galacticnuclei suggests that this
behavior is intrinsic to compact accreting systems.

In the case of X-ray binaries, the rms-flux relation has untilnow only been inves-
tigated for single observations of SAX J1808.4−3658 and for a few hard state obser-
vations of Cyg X-1. It is important to discover whether this relation applies generally
for many observations of a given object and across a range of states. Therefore in the
next chapter the evolution and behavior of the rms-flux relation in Cyg X-1 using the
RXTE monitoring data is investigated.
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The rms-Flux Relation in Cygnus X-1

In this chapter the linear relationship between the rms variability and the flux, the
so-called rms-flux relation, is analyzed. Since the following sections are based on a
paper (Gleissner et al. 2004c), they retain the characteristic publication style.

3.1 Observations and Data Analysis

3.1.1 Data Extraction

The data analyzed here span the time from 1996 until early 2003, covering ourRXTE
monitoring programs sinceRXTE Announcement of Opportunity 3 (AO3, 1998)
throughRXTE’s AO6 (2002/2003). Additionally, other publicRXTE data from
RXTE AO1 and AO7 were used. The high temporal resolution data fromthePCA
in 5 different energy bands, as described in section 1.6.2, were extracted, using the
analysis software,HEASOFT, Version 5.0. Due to integer overflows in the binned data
modes, high soft X-ray count rates can lead to a distortion ofthe rms-flux relation
for the lowest energy band (see section 3.1.4 for further discussion). We therefore
use only data from energy bands 2–5 which are not affected. As the total number
of operational proportional counter units (PCUs) was often not constant during an
observation, separate lightcurves were generated for eachof the differentPCU com-
binations. These lightcurves were analyzed separately. Tofacilitate comparisons,
unless noted otherwise we normalize all data to onePCU.

Table 1.2 shows that the energy limits of the high-resolution lightcurves, which
were used for the computation of the rms-flux relation, in parts differ significantly.
In order to enable comparisons, we normalize all observations to the energy limits of
epoch 4 (P40099-06/28, P50110, P60090, P70414). We calculate a flux correction
factor to the epoch 3 observations by integrating the count rates of the corresponding
spectrum channels of each observation. This factor has to beapplied also to all values
that are dependent on flux, e.g.C, σ, etc.

49
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Figure 3.1: Relation between thePCA count rate,F, and the rms variability,σ, for the obser-
vation of 1998 July 02, showing the typical hard state characteristics. The data are extracted
from energy band 2 (4.1–6.2 keV). The dotted line is the best-fitting linear model to the data
(see text), the error bars are at the 1σ level.

3.1.2 Computation of the rms Variability

To determine the rms variability as a function of source flux,we first cut the observed
lightcurve into segments of 1 s duration for which the sourcecount rate is determined.
These segments are then assigned to their respective flux bins. In general, 40 linearly
spaced flux bins were chosen. In the final computation, only flux bins containing at
least 20 segments were retained. We note that short time segments of 1 s duration
are necessary to study the characteristic variability of the source which is dominated
by frequencies above 10−1 Hz. Thus using a 1 s segment size allows us to measure
rms-flux relations which sample a broad range of fluxes, whilealso measuring rms
with high signal-to-noise, since the minimum frequency of variability sampled within
each segment is well below the frequency where photon counting noise dominates.

Next for each of the lightcurve segments in each of the flux bins, the rms variability
is determined for the Fourier frequency interval of interest. We first compute the
PSDs of the individual lightcurve segments (Nowak et al. 1999; Nowak 2000), using
the PSD normalization where the integrated PSD equals the squared fractional rms
variability (i.e., the fractional variance) of the lightcurve (Belloni & Hasinger 1990;
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Miyamoto et al. 1992). We then average all the PSDs obtained for segments in the
same flux bin, and bin the averaged PSD over the frequency range from 1 Hz to 32 Hz
to yield the average power density in that frequency range,〈P〉. Then, the absolute
rms variability of the source in the frequency band of interest,σ, is obtained according
to

σ =
[

(〈P〉 − cPoisson) · ∆ f
]1/2 F (3.1)

wherecPoissonis the Poisson noise level due to photon counting statistics, ∆ f is the
width of the frequency band of interest, and whereF is the source count rate of the
flux bin (normalized to onePCU). Note that in the comparatively low frequency range
considered here, the detector dead time does not need to be taken into account when
determining the Poisson noise level. The statistical uncertainty of the average PSD
value,∆〈P〉, is determined from the periodogram statistics (van der Klis 1989)

∆〈P〉 = 〈P〉
√

MW
(3.2)

whereM is the number of segments used in determining the average rms-value and
W is the number of Fourier frequencies in the frequency range of interest. The un-
certainty ofσ, ∆(σ), is then computed using the standard error propagation formulae.
Note that, since we measureσ from the average PSD in each flux bin, our method
differs from that of Uttley & McHardy (2001), who first calculateda Poisson noise-
subtracted rms for each individual segment before binning up to obtainσ in each flux
bin. Uttley & McHardy (2001) computed the uncertainty ofσ by calculating stan-
dard uncertainties from the scatter of the rms values in eachflux bin. This method
has the disadvantage that, when the variance due to the source is small compared to
the variance due to Poisson noise, subtracting the expectedPoisson noise level can
sometimes lead to negative variances due to the intrinsic variations in the realized
noise level. Our revised method avoids this problem by averaging the segment PSDs
before noise is subtracted, thus reducing the intrinsic variations in the noise level.

3.1.3 rms versus Flux

Fig. 3.1 shows the rms versus flux relationship for a typical hard state observation,
taken on 1998 July 02, in energy band 2 (4.1–6.2keV). To describe this linear rela-
tionship, we model it with a function of the form (Uttley & McHardy 2001)

σ = k (F −C) (3.3)

where the slope,k, and intercept,C, are the fit parameters. This linear model fits the
general shape of the rms-flux relation of the example reasonably well, although the
largeχ2 value of 102.1 for 22 degrees of freedom implies that there issome weak
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intrinsic scatter. The best-fitting model parameters for the example of Fig. 3.1 are
k = 0.30±0.01 andC = 67±5 countss−1 PCU−1 (unless otherwise noted, uncertainties
are at the 90% confidence level for two interesting parameters).

In order to interpret the parameters of eq. (3.3) it is usefulto use a toy model in
which the observed source flux,Fobs(t), is written as the sum of two components,

Fobs(t) = Fconst+ Fvar(t) (3.4)

whereFconst is a component of the lightcurve which is assumed to be non-varying on
the time scales considered here, and whereFvar(t) is a component which is variable
and thus responsible for the observed rms variability. In the toy model of eq. (3.4)
the interpretation of the slopek of the rms-flux relationship is straightforward: it is
the fractional rms ofFvar(t). Furthermore, the intercept of the rms-flux relation on the
flux axis,C, is the count rate ofFconst. It is obtained by extrapolatingFvar → 0 in
eq. (3.4).

While the decomposition of eq. (3.4) is the most straightforward, it is not fully
unique. As we will show later, for the majority of our observationsC > 0, however,
there are several observations in whichC < 0. In these cases the above interpretation
clearly breaks down (there are no negative fluxes) and it makes more sense to write
eq. (3.3) as

σ = kF + σ0 (3.5)

In this formulation of the rms-flux relationship we have introducedσ0, an excess rms
present in the lightcurve, which is positive wheneverC < 0. Note that forσ0 > 0
eq. (3.5) predictsσ → σ0 for F → 0, i.e., the extrapolation of the rms-flux rela-
tionship to flux zero predicts that there is still variability present, which is clearly
unphysical. We do not consider this behavior a problem, however, as the rms-flux
relationship is measured only forF � 0. We deem it reasonable to assume that for
F ' 0 other variability processes which do not obey the linear rms-flux relationship
will become important and forceσ → 0 for F → 0. Finally, we note that forσ0 < 0
the observed rms is reduced with respect to a linear rms-flux relationship withσ0 = 0.
This is possible, e.g., if a constant flux component,Fconst, is present in the lightcurve
(the majority of our fits imply reductions of about 25% in rms with respect toσ0 = 0).

Observationally, degeneracies in the fit prevent us from distinguishing between the
two interpretations of the rms-flux relationship. Since most of the observations of
Cyg X-1 presented in the following haveC > 0, and to enable the comparison with
other analyses, we have chosen to use eq. (3.3) as our fit function. We ask the reader,
however, to keep the second interpretation of the rms-flux relationship in mind.

The best test of linearity is aχ2 test of whether a straight line fits the data. On the
other hand, it is usually very difficult to fit a simple model to variability properties be-
cause of the scatter in the data points. It may be misleading to discard an observation
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as being ‘non-linear’ just because a straight line does not supply a goodχ2 fit. We
found that Kendall’s rank correlation coefficient, which tests whether a correlation is
monotonic, serves as a good indicator of linearity in the sense that the bulk of points
follows a straight trend, while allowing for some points, predominantly at high fluxes
(cf. Fig. 3.1), to diverge.

Therefore we choose to characterize the goodness of the linear correlation between
N data points ofσ andF using Kendall’s rank correlation coefficient,τ, defined by

τ =
S

N(N − 1)/2
(3.6)

Here S is the sum of scores which are determined if to each of theN (N − 1) /2
possible pairs [(σi/Fi), (σj/Fj)] of the sample (σ1/F1), . . . , (σN/FN) a score of+1
or −1 is assigned, depending on whether their ranks are in the same order or in the
opposite order on theσ andF axes, respectively (Keeping 1962).

The correlation in Fig. 3.1, e.g., hasτ = 0.95 (the range of the correlation coef-
ficient is−1 ≤ τ ≤ 1, with a perfect correlation being indicated byτ = 1). For the
remainder of this chapter we set a minimum threshold ofτmin = 0.9 below which we
do not accept the hypothesis of a linear rms-flux relationship. Given this criterion,
the fit with this simple linear function works for the majority of all observations (201
out of 220). With a few exceptions, the rejected observations with τ < τmin generally
have short exposure times and therefore bad counting statistics, resulting in a scat-
tered rms-flux relation. In the following discussions of thebehavior ofk andC we
will not include these observations (but see section 3.2.2).

Even though theχ2 fits for linearity are not always so good, the maximum devia-
tions from the best fit straight line are generally less than 15%. We therefore think that
it is acceptable to test linearity byτ and use the fit parametersk andC for correlations
with other variables, although these correlations may contain some approximate only
data points due to fitting a model which does not exactly describe the data.

3.1.4 Buffer Overflows inRXTE Binned Data Modes

Due to integer overflows in the binned data modes, high soft X-ray count rates can
lead to a distortion of the rms-flux relation for the lowest energy band. During phases
of high soft X-ray flux, the rms-flux relation for energy band 1(∼2–4.6keV) shows
a clear deviation from its typical linear behavior. These phases are characterized by
a smaller rms than what would be expected when extrapolatingthe rms-flux rela-
tion measured for smaller fluxes (Fig. 3.4). We initially associated this breakdown
of the relationship with changes in the Comptonizing coronaduring phases of high
luminosity (Gleissner et al. 2003), however, this interpretation was wrong.

Instead, the “arches” are caused by buffer overflows in thePCA hardware (see also
Gierliński & Zdziarski 2003; van Straaten et al. 2003). For the binned data mode
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Figure 3.2: a) Kendall’s τ, the long-dashed line indicatesτmin, observations withτ < τmin

were not included in the further analysis.b) MeanRXTE PCA count rate for energy band 2
(∼4–6 keV).c) MeanRXTE ASM count rate, rebinned to a resolution of 5.6 days, the orbital
period of Cyg X-1 (Brocksopp et al. 1999a). The four most prominent intermediate states are
indicated by vertical dotted lines.

B_2ms_8B_0_35_Q, with which most of our low energy data are taken, 4 bit wide
counters are used to form the binned spectrum during each 2 msec binning interval.
During phases of very high flux, which are especially likely during short outbursts
possible during the failed state transitions, these buffers will overflow. Due to the
softness of the X-ray spectrum during the failed state transitions, the likelihood for
such overflows is highest in the lowest energy band. The buffer overflows become
apparent when comparing the lightcurve of the binned data mode with the lightcurve
as determined, e.g., from the GoodXenon data, which does notsuffer from these
problems. Except for phases of high flux, these lightcurves agree. During phases
of high flux, however, multiples of 16 events are missing in the lightcurve from the
binned data. Since the buffer overflows only occur for a few bins of the high resolution
lightcurve, the flux determination is barely affected, however, the rms is reduced and
“arches” such as that shown in Fig. 3.4 are observed. For the computation of the
rms-flux relationship, we therefore resorted to using energy band 2, where the overall
photon flux is lower and buffer overflows do not occur.

Note that GoodXenon data are not available for all observations considered here,
furthermore, the energy resolution of the GoodXenon data isnot good enough to
allow the study of other timing parameters. We note that the rms-flux relationship is
especially sensitive to buffer overflows as the data are sorted according to flux. For
the determination, e.g., of power spectra, longer lightcurves are chosen, and the buffer



Chapter 3.2: Results 55

0
100
200
300
400
500

1996 1997 1998 1999 2000 2001 2002

d

<
F

>
[c

ps
 P

C
U−

1 ]

20

40

60

80 c

<
σ>

[c
ps

 P
C

U−
1 ]

−50

0

50

100 b

C
[c

ps
 P

C
U−

1 ]

0.15
0.20
0.25
0.30
0.35 a

k [−
]

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
JD−2450000

Figure 3.3: Fit parameters and Cyg X-1 system properties forenergy band 2 (∼4–6 keV).a)
Slope, andb) x-axis intercept of the rms-flux-relationship,c) mean rms value,〈σ〉, d) mean
RXTE PCAcount rate for energy band 2. Error bars given for slope and intercept are uncertain-
ties at the 90% confidence level for two interesting parameters. Triangles indicate observations
which cannot be described by a linear rms-flux relation (i.e., τ < τmin).

overflows are only apparent in a slight change of the rms levelof the power spectrum.
Therefore, buffer overflows at the level seen in the data here only very slightly affect
the normalization of the PSDs such as those used in Pottschmidt et al. (2003) and do
not have any influence on our earlier results.

3.2 Results

3.2.1 Evolution of Slope and Intercept

Figs. 3.2a–c show Kendall’sτ, the meanRXTE PCA count rate,〈F〉, for energy
band 2 (∼4–6keV), and theRXTE All Sky Monitor (ASM; Levine et al. 1996) count
rate for the time from 1996 to 2003. In Figs. 3.2b and c the softstate that took
place 1996 March–September and the “soft state” of 2001 October–2002 October
are reflected by increased count rates. The fact that the failed transitions and the
soft state behavior of 2001/2002 look similar inC together with the observation that
the radio emission is not always quenched in the 2001/2002 soft state (G.G. Pooley,
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Figure 3.4: In energy band 1 the rms-flux relation for observation 2000 Nov 03, just as several
other high flux observations during intermediate and soft states, displays an “arch-like” form.
The given error bars are at the 1σ level.

private communication), allows one to speculate that the 2001/2002 soft state shows
intermediate state phases (see, e.g., Zdziarski et al. 2002). Given the uncertain nature
of the 2001/2002 soft state we must be careful not to assume that it is a canonical soft
state or equal to the 1996 soft state without further proof (Wilms et al. 2004, in prep.).
Between the 1996 soft state and the 2001/2002 interval, Cyg X-1 was usually found
in the hard state, infrequently interrupted by the “failed state transitions” described in
Pottschmidt et al. (2003) and section 3.2.2.

Figs. 3.3a–d show the fit parametersk, C, mean absolute rms variability,〈σ〉, and
meanRXTE PCA count rate,〈F〉. The most apparent correlation is between〈σ〉 and
〈F〉. To examine this correlation, we display the rms-flux relation of the long term
variations inσ in Fig. 3.5. A tight linear correlation between〈σ〉 and〈F〉 can be seen
in the hard state and, with a slightly lower slope, in the softstate data. It seems that
the linear rms-flux relation observed on short time scales also applies on much longer
time scales. A leastχ2 fit (χ2 = 15 589 for 161 dof) of a linear model to the hard state
providesk = 0.2230± 0.0003 and an intercept ofC = 6.8 ± 0.2 countss−1 PCU−1.
These values ofk andC are lower than the values typically observed in the short
term rms-flux relation. The corresponding fit for the soft state data (χ2 = 30 660 for
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Figure 3.5: Mean rms variability,〈σ〉, as a function of meanPCA count rate,〈F〉. The hard
state observations line up to follow a linear rms-flux relationship. There is also a linear rms-flux
relationship for the soft state observations, but with a slightly smaller slope.

50 dof) provides a slope ofk = 0.1867± 0.0004 and an intercept at the flux axis
of C = 16.8 ± 0.6 countss−1 PCU−1. The values for the failed state transitions are
associated with either the hard state or the soft state data.

We next consider the long term behavior ofk (Fig. 3.3a). During the soft states of
1996 and 2001/2002,k takes a significantly lower value than during the hard state.
During the last three “failed state transitions” before the2001/2002 soft statek de-
creases to the soft state level. The values of the intercept show different levels, too:
while in the 1996 soft stateC is larger than or equal to the hard state,C in the
2001/2002 “soft state” is smaller than in the hard state. This may be connected to
the special soft state character of the 2001/2002 interval. The detailed characteris-
tics of the rms-flux relation in the different states will be discussed in the following
sections.

One of the main results of a previous work on Cyg X-1 was that in1998 May
a change of the general long term behavior of Cyg X-1 from a “quiet hard state”
to a “flaring hard state” took place that coincided with a change in the PSD shape,
resulting in adecreaseof the relative rms amplitude from an average of 36± 1% to
29± 1%, for the total 2–13.1keV power spectrum (Pottschmidt et al. 2003, Fig. 3d).
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Figure 3.6: Contour plot at the 90% confidence level showing the two fit parameters slope and
intercept at the flux axis.

This change is seen in Fig. 3.3 as a rise ofk andC, while the mean rms value,〈σ〉,
stays on a constant level. This apparent discrepancy can be explained by taking into
account that the total rms is measured from∼ 2 × 10−3 Hz to 32 Hz in Pottschmidt
et al. (2003), i.e., over a much broader frequency range thanhere. As we show below
(section 3.3.2), the drop in the global rms in 1998 May is due to a change of the
PSD outside of the frequency range covered by our measurements of the rms-flux
relationship.

To illustrate the correlation betweenk andC, Fig. 3.6 shows the 90% confidence
contours for these parameters. The points in thek-C-plane fall into two separate
regions corresponding to hard and soft states. A possible correlation betweenk and
C can be seen within the soft state, but a much stronger correlation betweenk andC
is present within the hard state. Interestingly, thek-C values in the hard state fall into
a distinctive, fan-like shape, which suggests that a more fundamental relation may
underly thek-C correlation in that state. The “fan” appears to converge at the values
of k andC measured for the long term rms-flux relation of the hard state(Fig. 3.5),
suggesting that the pattern ofk andC observed in the hard state may be related to the
long term rms behavior.

In fact it is easy to see how a linear long term rms-flux relation can produce the
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observed fan-like shape of thek-C correlation in the low state. First, consider that the
meanσ of the ith observation,〈σi〉, is related to the mean flux,〈Fi〉, by

〈σi〉 = ki(〈Fi〉 −Ci) (3.7)

whereki andCi are thek andC values determined from the rms-flux relation of that
observation. According to Fig. 3.5,〈σi〉 is also given by

〈σi〉 = klong(〈Fi〉 −Clong) (3.8)

whereklong andClong are thek andC values of the long term rms-flux relation (klong =

0.2230,Clong = 6.8). From eqs. (3.7) and (3.8) it is easy to see that

ki =
klong

(

〈Fi〉 −Clong

)

〈Fi〉 −Ci
(3.9)

and

Ci =
ki〈Fi〉 − klong

(

〈Fi〉 −Clong

)

ki
(3.10)

The distribution of theki , Ci values is thus caused by the requirement to maintain
the rms-flux correlation on all time scales. The “fan like” distribution of the in-
dividual values is the result of the requirement that forki → klong, Ci → Clong.
Confirming earlier results, we find thatki is not correlated with flux. In order to
maintain the long term rms-flux correlation, this results ina corresponding scatter of
the values ofCi , forming the “fan”. We can test this directly by plottingki versus
(〈Fi〉 − Clong)/ (〈Fi〉 −Ci) (Fig. 3.7), which gives a linear relation (χ2 = 308 for 153
dof) with slope 0.2312± 0.0004 (' klong), as expected from eq. (3.9). We conclude
that the various values ofk, C and mean flux〈F〉 map out a “fundamental plane” in
the low state, governed by the requirement that the long termlinear rms-flux relation
is maintained. We will examine the consequences of this factin detail in section 3.3.

Now that we have described the general evolution of the parameters of the rms-flux
relationship, we turn to describing the individual relations in greater detail.

3.2.2 The rms-Flux Relation in the Hard and Soft State and During “Failed State
Transitions”

The high values of Kendall’sτ in Fig. 3.2a prove that a linear rms-flux relation is
valid throughout all states, the hard stateand the soft stateand the “failed state tran-
sitions”, with relatively few outliers. Note, however, that a number of soft state ob-
servations, predominantly during the atypical 2001/2002 “soft state”, have rms-flux
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Figure 3.7: For hard state observations,ki versus (〈Fi 〉−Clong)/ (〈Fi〉 −Ci) gives a linear relation
y = bx with slopeb = 0.2312. The error bars onk are the formal 1σ error, the horizontal error
bars are calculated from propagating formal 1σ errors ofFi andCi .

relations with a negative flux offsetC (see Fig. 3.3b). This negative offset cannot
be explained if, for these cases,C simply represents a constant component to the
lightcurve, but can easily be explained ifC represents a component withconstant
rms. In Fig. 3.8a–c we give examples for the overall rms-flux linearity.

There are a small number of observations which cannot be described with a lin-
ear model. These deviations from a linear relation have two principal reasons: (1) As
discussed in section 3.1.3, many observations withτ < τmin simply have a short obser-
vation time, so that the number of segments per bin is relatively low which produces
the strong scatter, resulting in a poor correlation. (2) In contrast, the “wavy” rms-flux
relation shown in Fig. 3.9b results from short term variations in the parametersC
and/or k of a linear rms-flux relation. If a single observation (on time scales of a few
100 s) consists of several parts, each with different average flux (see Fig. 3.9a), then
the superposition of the linear rms-flux relations of all parts will result in a “wavy”
rms-flux relation, as each part displays a slightly differentC and/or k value.

To describe the flaring events when Cyg X-1 attempts the change from the common
hard state into the soft state, without reaching the soft state, we coined the term “failed
state transitions” (Pottschmidt et al. 2000, 2003). Depending on how far its state
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Figure 3.8: Linear rms-flux relations during exemplarya) hard state,b) “failed state transi-
tion”, and c) soft state observations.d)–f) give the corresponding PSDs. Error bars of the
rms variability are at the 1σ level. See Pottschmidt et al. (2003) for a description of thePSD
decomposition into single Lorentzians (does not work for soft state observationf)).

evolves, during these failed transitions Cyg X-1 can reach the intermediate state as
defined by Belloni et al. (1996), or its behavior can remain hard state-like during these
flares.

We examined four “failed state transitions” that were covered byRXTE observa-
tions in detail: 1998 July 15, 1999 December 05 (extracted astwo separate lightcurve
parts), 2000 November 03, and 2001 January 29 (probably a short soft state, see Cui
et al. 2002). The values ofk andC of the first failed state transition on 1998 July 15
are not different from the surrounding hard state observations. Duringthe latter three
failed state transitions, however, the values ofk andC change to the soft state level.
For one exemplary observation on 2000 November 03, this behavior is displayed in
Fig. 3.8b. Comparing the failed state transition with the hard state observation im-
mediately before (Fig. 3.8a), the rms-flux relation of 2000 November 03 changes to
a lower slope and a small,negativeinterceptC during the “failed state transition”
itself. The PSD of this observation shows that this change inthe rms-flux relation is
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Figure 3.9: The observation of 2002 Feb 25 consists of five short segments 1–5.a) Segments
1–3 are at lower flux, while 4 and 5 are at higher flux, so that therms-flux relations for each
part are shifted with respect to each other.b) The superposition of all parts results in a “wavy”
rms-flux relation. Error bars are at the 1σ level.

accompanied by a decreasing Lorentzian componentL1 and an increasing Lorentzian
componentL3 (Fig. 3.8d–e).

3.2.3 Spectral Dependence of the rms-Flux Relation

We confirm a correlation between the photon spectral index,Γ, i.e., the hardness of
the spectrum, and the mean rms,〈σ〉, of the examined observations. In the hard state,
the photon spectrum of each observation can roughly be described as the sum of a
power-law spectrumE−Γ with photon indexΓ and a multi-temperature disk black
body (Mitsuda et al. 1984). The correlation of Fig. 3.10a takes into account only hard
state and “failed state transition” observations and showsthat 〈σ〉 increases as the
spectrum grows softer. As rms variability and flux are linearly correlated in the hard
state, this correlation betweenΓ and〈σ〉 is equivalent to a correlation betweenΓ and
flux. A similar result withRXTE ASM data of Cyg X-1 has been recently shown by
Zdziarski et al. (2002), who found a very strong hardness-flux anticorrelation in the
hard state.

We note that we adopt the definition of Pottschmidt et al. (2003), using the term
“failed state transitions” for those observations which exhibit a significantly increased
time lag compared to its typical value, since the X-ray time lag seems to be a more
sensitive indicator for state changes than the X-ray spectrum. As has been already
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Figure 3.10:a) Mean rms variability,〈σ〉, b) slope,k, andc) flux intercept,C, as a function of
photon spectral index,Γ, for failed state transitions and the hard state observations. Diamonds
designate “failed state transitions”, crosses are for hardstate observations. Error bars fork and
C are given at the 90% confidence level for two interesting parameters.

been noted in section 3.2.2 there are only four corresponding observations.
The filled diamond atΓ ∼ 2 in Fig. 3.10 belongs to the “failed state transition”

of 1998 July 15. The fact that this data point is situated within the value range of
hard state observations in Figs. 3.5 and 3.10 confirms that this “failed state transition”
has to be treated separately and classified as being close to the hard state, as already
mentioned in section 3.2.2. Allowing for the split in valuesof k andC, respectively,
between the hard state and failed state transition data, anycorrelation between the
photon index andk, orC, cannot easily be detected.

So far we concentrated on the rms-flux relation in the second lowest energy band,
i.e., energy band 2 in the range∼4–6 keV. This approach is justified as the linear
rms-flux relation is found to be valid for all energy bands considered here (see, e.g.,
Fig. 3.11), such that the general behavior described for energy band 2 is also seen in
the other bands. Even the rms-flux relation in energy band 3 which contains the iron
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Figure 3.11: Shape ofa)-d) the rms-flux relation ande)-h) the corresponding PSD for the
observation of 1999 May 21 for energy bands 2–5, respectively.

K line does not show a different behavior, in agreement with the results of Maccarone
& Coppi (2002b) that the iron line tracks the continuum at least in the soft and tran-
sition states. Nevertheless, there are subtle differences in the shape of the rms-flux
correlation.
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Figure 3.12: Slope of energy bands 3–5 plotted against the slope of energy band 2. The dotted
line indicateski = k2 wherei = band 3 through 5. Error bars are at the 90% confidence level
for two interesting parameters.

Comparing the values ofk andC for the different energy bands, our energy re-
solved results for the rms-flux correlation show thatk, which represents the fractional
rms variability of the time variable component of the emission in the 1–32 Hz band,
generally decreases with energy when the source is in the hard state (Fig. 3.12), in
agreement with earlier results (e.g., Nowak et al. 1998). The same is true forC (see
Fig. 3.13). For the highest energy band 5, our analysis reveals thatk andC only
slightly correlate with energy band 2 (Figs. 3.12c and 3.13c). This result confirms
earlier work claiming only a ‘loose coupling’ between the source variability at low
and at high energies (Życki 2003; Churazov et al. 2001; Maccarone et al. 2000; Gil-
fanov et al. 1999). In terms of Compton corona models, the fraction of photons from
the accretion disk significantly decreases when proceedingfrom energy band 2 to en-
ergy band 5. Therefore we take our result to confirm earlier claims that the variability
properties of Cyg X-1 are driven by coronal fluctuations and not by changes in the
soft photon input to the putative Compton corona (Maccaroneet al. 2000; Churazov
et al. 2001, and references therein).

To examine the overall spectral shapes of the two variability components charac-
terized byC andk, respectively, we plotted these values for the energy bands2–5,
normalizingC by 〈F〉 to account for the instrument response. Fig. 3.14 shows two
examples with different photon spectral index,Γ. For most observations withΓ lower
than∼ 2.0, which means for the majority of hard state observations, the spectral
shapes ofC and ofk are similar, but the spectral shape ofC tends to be somewhat
flatter: bothC andk show a soft energy spectrum, i.e., higher values at low ener-
gies and lower values at higher energies (Figs. 3.14a–b). When we proceed to higher
Γ, observations begin to display a flat or even tilted spectrum, i.e. lower values at
low energies and higher values at higher energies, more pronounced forC than for
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Figure 3.13: Behavior ofC for energy bands 3 through 5, as a function ofC measured for
energy band 2. The dotted line indicatesCi = C2 wherei = band 3 through 5. Error bars are at
the 90% confidence level for two interesting parameters.

k (Figs. 3.14c–d). The change in the shape of the normalizedC (cf. Figs. 3.14a and
c) is caused by the combination of an intrinsic change in the spectral shape of the
unnormalizedC anda change in the spectral shape of〈F〉. Suggestions that the two
variability componentsC andk, representing a constant and a variable rms compo-
nent, will have basically different energy shapes cannot be confirmed, but to a certain
degree in the low state the spectral shape ofC is flatter and harder than the spectral
shape ofk.

3.2.4 The rms-Flux Relation on Short Time Scales

The fact thatσ tracks the flux implies that the “lightcurve” of the rms values is similar
to the flux lightcurve. This fact can be used to probe how the rms responds to flux
changes on short time scales. For example, if the rms does indeed track variations on
all time scales, the PSD of the “rms lightcurve” should look similar to the PSD of the
conventional “flux lightcurve”. In contrast, if the rms onlytracks variations on time
scales longer than, say, 10 s, the PSD of the rms lightcurve should be sharply cut off
at 0.1 Hz. In order to test this issue we created 0.25 s lightcurve segments and cal-
culatedF andσ for each of these segments to make flux and rms lightcurves. From
these lightcurves, we calculated the PSDs (shown for an arbitrarily chosen observa-
tion in Fig. 3.15). In this case, we do not correct the rms lightcurve for Poisson noise,
since the stochastic nature of the noise process means that such a correction is only
possible when averaging over comparably long time intervals. Note, however, that the
effect of the Poisson noise and intrinsic noise contributions to the rms lightcurve is to
add power to the rms PSD at high frequencies, not to cause spurious high-frequency
cutoffs or breaks.

Over the frequency range∼0.01–0.2Hz the rebinned PSDs show the same features,
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Figure 3.14: Spectral shapes of the two variability components characterized byC andk, re-
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April 7) with Γ = 1.89, whereasc)-d) give an example of the tilted spectral shapes which can
be found for higherΓ (“failed state transition” observation of 2001 Jan 29 withΓ = 2.76).

as indicated by the flat ratio in Fig. 3.15c. Therefore it is likely that the rms-flux
relation is fulfilled on time scales from 5 s to 100 s. Above 0.2Hz, however, Poisson
noise starts to dominate the rms PSD such that the shape of therms and flux PSDs
cannot be compared.

Similar tests dealing with the variability on different time scales have been dis-
cussed by Mineshige et al. (1994b) and Maccarone & Coppi (2002a).

3.3 Discussion

3.3.1 The Origin of the rms-Flux Relation

Uttley & McHardy (2001) have interpreted the rms-flux relation in terms of the disk
fluctuation model of Lyubarskii (1997), where variations inthe accretion rate occur
at various radii and propagate inwards to modulate the X-rayemission. The fact
that variations at larger radii should have longer characteristic time scales naturally
explains the fact that the short term rms variations are modulated by longer time
scale flux changes. As the slower variations in the accretionflow propagate inwards
they are able to modulate the variations on shorter time scales. Kotov et al. (2001)
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Figure 3.15: PSDs ofa) F lightcurve andb) σ lightcurve for the hard state observation on
1999 July 05. The original flux lightcurve with time resolution of∆t = 2−8 s has been divided
into 0.25 s segments, and the frequency rangeν = 4–128 Hz was chosen for calculation of the
rms variability of each segment. To compute PSDs from the fluxand the rms lightcurves –
consequently both with the time resolution of the segment length∆t = 0.25 s – segments of
1024 time elements (= 1024× 0.25 s= 256 s) were used, thus resulting in a frequency range
from νmin = 0.004 Hz toνmax = 2 Hz. We rebinned this range to 84 logarithmically spaced bins.
c) Ratio of theF lightcurve PSD to theσ lightcurve PSD in order to quantify the similarity of
the two PSDs.

have extended this model by introducing an extended X-ray emitting region with a
temperature gradient, to explain the frequency dependent time lags between hard and
soft bands observed in Cyg X-1 (Pottschmidt et al. 2000).

Churazov et al. (2001) have pointed out that in a standard thin disk, viscous damp-
ing will smooth accretion rate fluctuations on a viscous timescale, i.e., before they
reach the inner disk, implying that for the Lyubarskii (1997) model to work, the fluc-
tuations in accretion rate must happen in an optically thin or geometrically thick flow,
such as an advection dominated accretion flow (ADAF) or another type of thick disk.
We have shown that the linear rms-flux relation is seen in bothhigh and low flux
states, so that it very well might be associated with some component of the system
that is common to both states. Since the X-ray variability during the soft state appears
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to be associated with the power-law emission rather than thermal emission from the
disk (which may be constant, Churazov et al. 2001), it seems likely that the rms-flux
relation is associated directly with a corona which is present in both hard and soft
states. We therefore speculate that the rms-flux relation inCyg X-1 (and probably
also other objects showing linear rms-flux relations) may present evidence for accre-
tion rate variations in afluctuating coronal accretion flow(see, e.g., Smith et al. 2002;
van der Klis 2001, and references therein). The suggestion that the corona itself ac-
cretes has been used to explain a number of observational features of both AGN and
galactic BH systems (Witt et al. 1997), and since an optically thin coronal accretion
flow is similar to an ADAF, such a model would not encounter theproblems faced by
a thin disk origin for the accretion variations (Churazov etal. 2001).

3.3.2 The Long Term rms-Flux Relation

In the previous sections we have shown that the linear rms-flux relation seems to
apply on very long time scales, since the average 1–32 Hz rms of an observation
scales linearly with the average flux of the observation. Thehard and soft state data
form two separate long term rms-flux relations, with different slopesklong (somewhat
lower in the soft state,klong = 0.19 versusklong = 0.22 in the hard state). Intriguingly,
the flux-offsetsClong in the long term rms-flux relations of both hard and soft states
are very close to zero, and certainly of much smaller amplitude than the typical offsets
observed in the short term rms-flux relations of either state. The scatter in the hard
state long term rms-flux relation is particularly small.

Combined with the almost-zero offset of the long term relation, this tight corre-
lation implies that the fractional rms of the 1–32 Hz variability in the hard state is
remarkably constant (similar toklong, i.e.,∼22%). This result is rather surprising be-
cause the hard state PSD is clearly not stationary, i.e., theLorentzians which success-
fully describe the PSD change significantly in both peak frequency and fractional rms
(Pottschmidt et al. 2003). The most obvious example of such achange in the PSD can
be seen in 1998 May (see Pottschmidt et al. 2003, Fig. 3) when the peak frequencies of
the Lorentzians simultaneously increase, and the fractional rms of theL3 Lorentzian
(which lies between 3–10Hz) and the fractional rms of the total PSD both decrease
significantly. However, despite such a marked change in the PSD, the data before and
after 1998 May lie along the same long term hard state rms-fluxrelation. The fact
that the fractional rms in the 1–32Hz band seems undisturbedby significant changes
in the PSD suggests some sort of conservation of fractional rms at high frequencies,
even though the low-frequency (and hence the total) fractional rms changes signifi-
cantly. Although the specific 1–32 Hz band chosen to measure the rms-flux relation is
somewhat arbitrary, we point out that the bulk of the power inthis band is associated
with theL2 andL3 Lorentzians, and the band fully encompasses the range of frequen-
cies between 3–10 Hz in which a strong and well-defined anti-correlation between
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Lorentzian peak frequency and fractional rms is clearly seen (see Pottschmidt et al.
2003, Fig. 6). We suggest, therefore, that some process which conserves fractional
rms above a few Hz may be at work, with fractional rms in theL3 Lorentzian decreas-
ing as theL2 Lorentzian moves further into the 1–32 Hz band, resulting ina constant
fractional rms in that band. We now examine how such a phenomenological model
relates to the observed fundamental plane of short term rms-flux relation parameters
k, C, and flux.

3.3.3 The hard state k-C-〈F〉 fundamental plane

We have shown that the “fan shape” of the correlation betweenthe rms-flux relation
slope and its flux-offset in the hard state can be directly related to the long term rms-
flux relation. The fact thatk andC vary but the average 1–32 Hz rmsmust track
the average flux explains the degeneracy in the correlation,which is the result of the
various fluxes observed for a given pair ofk andC values. Thusk, C, and〈F〉 track
out a fundamental plane which describes the forms the rms-flux relation can take in
the hard state.

As noted by Uttley & McHardy (2001),C can be interpreted either simply as a
constant-flux component to the lightcurve, or as a constant rms component. We con-
centrate on these two interpretations since they are the simplest possibilities, but it
should be emphasized that there are numerous other forms thevariability could take,
e.g., a component of constant fractional rms.

We have shown that, in the soft state at least,C can be negative, which is only
possible if the offset in this state represents a constant rms component. We argue
that the existence of thek-C-〈F〉 fundamental plane also suggests thatC represents a
constant rms component in the hard state. For example, consider an increase in the
slopek between two observations, while keeping the average flux of the observations
constant. The increase ink corresponds to an increase in the fractional rms of the
linear rms-flux component of the lightcurve. In order to maintain the constant total
fractional rms as given by the observed long term rms-flux relation, C must also
increase. Therefore we suggest that both a constant rms component and a linear rms-
flux component exist in the lightcurve and that the relative contribution of each varies
in such a way that the sum of both components, the total fractional rms, is constant.

As a constraint to possible models it should be mentioned, asalready noted in
section 3.2.3, that the spectral shapes ofk andC are generally similar, withC tending
to a flatter/harder spectrum, and there is no obvious correlation between spectral index
Γ andC, Clong, andk, respectively.
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Radio Emission of BH XRBs

“. . . a curious straight ray . . . apparently connected with the nucleus by
a thin line of matter.”
Heber D. Curtis (1872–1942), on the jet of M 87

4.1 Radio Emission

In astrophysics two basically different classes of emission are distinguished: ther-
mal radiation and non-thermal radiation. A prominent type of thermal radiation is
blackbody radiation, emitted by a perfect absorber entirely at temperatureT. The
main share of non-thermal radiation is released by highly energetic, usually relativis-
tic particles. Synchrotron radiation, the relativistic analogon to cyclotron radiation,
is the most efficient known mechanism for the production of intense radio emission.
Highly relativistic electrons, usually with a power-law energy distribution, interact
with magnetic fields, producing non-thermal radio emissionwhich tends to be lin-
early polarized. In the following sections some basic radiorelations are summarized,
and thermal and non-thermal radiation, especially Synchrotron radiation, will be dis-
cussed from the radio aspect. The text generally follows thedescription as given by
Rybicki & Lightman (1979) and Kraus (1986).

4.1.1 Basic Issues of Radio Observations

To facilitate the reading of this chapter, it may be useful tothe X-ray astronomer to
recapitulate some basics relevant to the radio band.

The Planck function gives the spectral energy distributionof a blackbody

Bν(T) =
2hν3/c2

exp(hν/kT) − 1
(4.1)

Although stars do not perfectly satisfy the conditions to beblackbody radiators, their
spectra can be sufficiently well approximated by the Planck function. At low frequen-
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cies, i.e., in the radio regime where the relationhν� kT is valid, the Planck function
can be approximated by the Rayleigh-Jeans law

IRJ
ν (T) =

2ν2

c2
kT (4.2)

To describe the brightness (specific intensity) of an extensive source, the brightness
temperatureTb at a certain frequency is given by determining the temperature of a
blackbody which has the same intensityIν. By using eq. (4.2),Tb is given by

Iν =
2ν2

c2
kTb (4.3)

The concept of the brightness temperature has the great advantage to reduce specific
intensity to the simple unit of Kelvin and to connect the observed emission with a
fundamental property of the emitting medium. Thermal emitters in the radio regime
have typical temperaturesTb . 104 K, whereas powerful non-thermal radio sources
may exceed brightness temperatures of 1012 K (Bastian & Bridle 1995).

The unit of flux density,Fν, is

1 Jansky (Jy)= 10−26 W m−2 Hz−1 (4.4)

In radio astronomy the spectral index is usually indicated by the symbolα. Here the
definition

Fν ∝ ν−α (4.5)

is used, resulting in a positive spectral index for non-thermal sources, which constitute
the majority of all radio sources.

The beam width,φradio, is a measure of the angular resolution power of a radio
telescope with mirror diameterD, and is usually given on the contour maps of the
radio emission as the half power contour of the beam. It denotes the angle where the
energy sensitivity has decreased to the half maximum, and isdefined as

φradio = 1.03
λ

Deff
(4.6)

whereφ is given in arc angle,λ is the radio wavelength, andDeff < D is the effective
diameter of the mirror. Note that this definition of resolution power, as used in ra-
dio astronomy, slightly deviates from the definition of resolution power of an optical
telescope, given asφoptical = 1.22λ/D.

When observing with several antennas, in order to derive thebest estimate of the
flux density from a known position, the various baselines need to be adjusted to get
the correct phase differences, i.e., to establish the precise path difference for the signal
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Figure 4.1: Spectra of typical radio sources. Moon:α = −2, thermal solid body with a mean
temperature of∼ 200 K. Orion nebula:α = −2 to α ≈ 0, thermal ionized gas cloud. Crab
nebula:α = 0.27, non-thermal gas cloud, supernova remnant (after Kraus 1986, Fig. 8-9).

routes via the different antennas. This can be done by observing a calibrator source
close in the sky at regular intervals, and deriving the best corrections. This usually
takes a few minutes, and needs to be done at intervals of the order of 30 min. The
precise interval is a matter of judgement and depends on conditions like weather
(G.G. Pooley, private communication).

4.1.2 Thermal Radiation

Thermal radiation is emitted by a body as a result of its temperatureT, i.e., the ther-
mal motion of its electrons. In the case of thermally radiating electrons, their velocity
obeys a Maxwellian distribution governed by the temperatureTe (eq. (1.15)). Promi-
nent thermal contributions at radio wavelengths are the 21-cm line emission from H I
regions, and the free-free radiation continuum from H II regions.

The optical depth,τν, of a layer with geometrical thicknesss is defined as the path
integral of the absorption coefficientαν

τν =

s
∫

0

αν ds (4.7)

If the particles of a gas cloud with optical depthτν � 1 have a thermal velocity distri-
bution, the simplest form of thermal radiation, blackbody radiationBν(T), is set free.
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Many thermal sources, e.g., stars like our Sun or the Moon, display a spectral index
α = −2 (Fig. 4.1) which is characteristic of the thermal radiation from a blackbody
(cf. eq. (4.2)).

In the case of an ionized H II region, the absorption coefficientαν is proportional to
n2/ν2, wheren is the free electron density. Thus a small optical depthτν means high
frequencies, and vice versa. Forτν � 1, it can be shown that the spectral indexα of
the radiating gas cloud will become 0, so that the spectrum becomes flat. Therefore,
the overall spectrum of a thermal ionized source will be atα = −2 for low frequencies,
and then flattens toα = 0 for high frequencies (cf. Orion Nebula in Fig. 4.1).

Neither of these thermal processes can produce the extremely bright radio emission
seen in XRBs, as the brightness is limited by the maximum temperature of the plasma.
The spectral index for most non-thermal sources lies between about+0.3 and+1.3,
with an average value near+0.8 (Fig. 4.1). The synchrotron process is assumed to be
the dominant emission mechanism in non-thermal sources.

4.1.3 Synchrotron Radiation

Synchrotron radiation (SR), first discovered in 1947 in a General Electric synchrotron,
is released when highly relativistic charged particles areaccelerated by a magnetic
field. SR is assumed to be the responsible mechanism for the emission of most of the
non-thermal radio sources. Descriptions of the propertiesof SR can be found, e.g., in
Ginzburg & Syrovatskii (1965) and Blumenthal & Gould (1970).

The concept of SR can be summarized as follows: In a homogeneous magnetic field
with flux densityB, an electrone with rest massme and velocityv ≈ c perpendicular
to the magnetic field lines is subjected to radial acceleration by the Lorentz force and
moves on a circular orbit with the gyro frequency

ωgyro =
eB
γmec

(4.8)

where the Lorentz factor
γ = (1− β2)−1/2 (4.9)

with β ≡ v/c is used. Because of beaming effects the emitted radiation is concentrated
in a cone of emission of angular width∼ 1/γ around the direction of the movement.
Like the beacon from a lighthouse, this floodlight of duration∆t hits the observer with
the frequencyωgyro. The Fourier analysis of the series of flashes results in a spectral
continuum with maximum at

ωmax ≈
1
∆t
∝ γ3ωgyro (4.10)
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Figure 4.2: Synchrotron spectrum from a power-law distribution of electrons (after Rybicki &
Lightman 1979, Fig. 6.12).

A characteristic feature of SR is its high degree of polarization. If the velocity com-
ponent parallel to the magnetic field is not zero, the electron executes a helical motion
around the field lines.

For an isotropic distribution of velocities the total emitted radiation power is

Psync=
4
3

B2

8π
σTcβ2γ2 (4.11)

whereσT = 8πr2
0/3 is the Thomson scattering cross section with the classicalelectron

radiusr0 = e2/mec2. The inversely quadratic dependence on the mass of the radiating
particle explains why only light particles likee− ande+ are of practical relevance for
SR.

If synchrotron self-absorption, i.e., the re-absorption of the radiated SR by the elec-
trons which become optically thick for the SR below a cutoff frequency, is included in
the treatment, it can be shown that in the case of a non-thermal power-law distribution
of electrons with particle distribution indexp

N(E)dE ∝ E−pdE (4.12)

whereN(E)dE is the number of electrons with energies betweenE andE + dE, the
resulting spectrum can be divided into two regions depending on the optical depth
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Figure 4.3: A uniformly expanding spherical electron cloudradiates at a fixed frequency in a
characteristic manner depending on the radius, and opticaldepth, of the sphere (after Kraus
1986, Fig. 10-12).

τν ∝ ν−(p+4)/2

Fν =

{

jν = ν−(p−1)/2 : τν < 1
Sν = ν5/2 : τν > 1

(4.13)

where jν is the emission coefficient, andSν is the source function (Fig. 4.2). The
relationship

α =
p− 1

2
(4.14)

in the optically thin case is of great importance as it allowsto determine from the
observed spectral indexα the underlying distribution indexp of the emitting particles.
Therefore in the case of SR, a power-law distribution of electrons produces again a
power-law distribution of synchrotron photons. Typical values of p lie in the range
1.6 < p < 3.0 (van der Laan 1962).

The study of expanding nebulae of supernova remnants (e.g.,Crab, Cas A) suggests
that the magnetic field strength,H, and the energy of the electrons trapped in the
cloud, E, will decrease inversely proportional to the square of the nebula radiusr
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(Shklovskii 1960). Concurrently, the observed SR flux density Fν will decrease as

Fν ∝ r−2(2α+1) (4.15)

where, for constant expansion velocity,r can be substituted by timet. The frequency
of maximum flux density also depends onr, as given by

νmax ∝ r−(4α+5)/(α+2.5) (4.16)

Assuming an expanding electron cloud with initial radiusr0, it can be shown using
eqs. (4.13), (4.15), and (4.16) that the emitted SR flux density Fν at a fixed frequency
ν0 will increase until the cloud has become optically thin, andthen decrease, as shown
in Fig. 4.3.

A further radiative process when dealing with SR is the inverse Compton upscat-
tering of the SR photons by electrons, the so-called synchrotron self-Compton (SSC)
mechanism (Jones et al. 1974, and references therein), which is relevant, e.g., for the
explanation of gamma-rays from blazars (Maraschi et al. 1992).

4.2 Radio–X-ray Observations of BH XRBs

Sco X-1, containing an accreting neutron star, was the first XRB which was identified
as a radio source (Hjellming & Han 1995). With the extensive analysis of SS 433, the
understanding of radio emission from XRBs was significantlybrought forward (cf.
section 1.3.3). The concept of radio emission from jets in MQs is actually borrowed
from the theory of extragalactic radio jets (see, e.g., Bridle & Perley 1984), because
except for the fact that the masses of AGN and MQs are apart by afactor between
106 and 109, these two classes seem to be very similar. Today many XRBs are known
to be strong radio emitters (Hjellming & Han 1995; Fender & Hendry 2000), and
the non-thermal nature of their spectra and polarization features persuasively point
to synchrotron radiation. Although only in a few cases a jet has been resolved1,
basically all models which are discussed today evoke outflows and synchrotron as the
underlying mechanism.

In this section the characteristic properties of radio emission and the observational
evidence for a relationship between radio and X-ray emission from prominent sources
are discussed. A general overview of multifrequency connections in BHCs is given,
e.g., in Zhang et al. (1997b).

1Stirling et al. (2001) give an estimate that only about a dozen of the∼ 250 currently known XRBs
possess radio jets.
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4.2.1 On Long Time Scales

It has been noticed in many accreting BHCs that there exists astrong correlation
between the radio emission and the hard state X-ray luminosity. In this state, ra-
dio emission is associated with a steady collimated outflow,i.e., a jet (Fender 2001).
Non-thermal spectra, high polarization level, and high brightness temperature of the
radio observations is strong evidence for self-absorbed synchrotron radiation as the
underlying mechanism. This radio–X-ray coupling exclusively holds for the hard
state, because the radio emission is attenuated until belowdetectability in the soft
state. Synchronously with the decline of radio emission, the disappearance of out-
flow or jet structures is detected. While the radio behavior in the hard and the soft
state is relatively clear, radio emission and corresponding outflows seems to be much
more differentiated during other states, like intermediate and veryhigh state. It is usu-
ally during these transitional states that strong radio flares in connection with single
eruptive outflow events are observed.

The hard state being connected to a hot corona (section 1.5),a straight interpre-
tation of the radio–X-ray observations is to assume a strongcoupling between the
corona region and the jet, most probably the corona acting asthe base of the jet (see
section 4.4.3). Gallo et al. (2003) proposed a firm correlation between the flux den-
sities of radio,Fradio, and of X-ray,FX , during the hard state which holds over three
orders of magnitude in luminosity (Fig. 4.4)

Fradio ∝ F0.7
X (4.17)

The major constituents of this correlation are the persistent source GX 339−4 and the
transient source V404 Cyg, which display the greatest variability in X-ray luminosity
among the set of analyzed BHCs. At high X-ray luminosities close to the Eddington
limit LEdd, a sharp turnover of the radio flux density down to an, in most cases, unde-
tectable level occurs. Interpretations of this correlation will be given in section 4.4.

4.2.1.1 Cygnus X-1

Cyg X-1 shows persistent radio emission at 10–20 mJy in the hard state, while radio
activity is strongly reduced during the soft state. The meanradio flux density at cm
wavelengths is about 14 mJy in the hard state (Pooley et al. 1999), displaying a very
flat radio spectrum with spectral index close to zero (see section 4.3.3). The radio
flux is regularly seen to be modulated at several periods, onebeing the orbital period
of 5.6 d which is superimposed on another one at∼ 150 d, probably associated to
precession of the accretion disk (cf. section 1.6.1). Strong radio flares, disrupting
the uniform hard state radio level, are observed only rarely, a very distinctive one
recently, where the decay from a pronounced top level at 140 mJy back to the base
level of ∼ 15 mJy at 15 GHz within 1–2 hours was covered (G.G. Pooley, private
communication).
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Figure 4.4: Between radio flux and X-ray flux, a strong correlation over a wide range of lumi-
nosities seems to exist in the hard state, which turns over athigher luminosities (Gallo et al.
2003, Fig. 2).

There seems to exist a hard state radio–X-ray correlation for Cyg X-1 on long time
scales which is best discernable at high X-ray energies (20 keV–1 MeV), and during
flaring states (Pooley et al. 1999; Brocksopp et al. 1999a). It has to be admitted,
though, that this correlation is not comparable with the much clearer cases of, e.g.,
GX 339−4 (Hannikainen et al. 1998; Corbel et al. 2000) or V404 Cyg (Gallo et al.
2003). The stellar wind from HDE 226868, constituting a dispersive medium where
the velocity of wave propagation is a function of frequency,thus smearing the radia-
tion from Cyg X-1, may be invoked as a possible explanation. New data, testing these
earlier results, will be presented in section 5.

4.2.2 On Short Time Scales

4.2.2.1 GRS 1915+105

GRS 1915+105 is known for its singularly complex X-ray behavior whichis not
observed in any other X-ray source (Belloni et al. 2000; Klein-Wolt et al. 2002). At
the same time, this highly unusual and energetic system represents one of the most
spectacular radio sources in our Galaxy, showing apparent superluminal motions in a
two-sided ejection of synchrotron-emitting components from the source (Mirabel &
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��

Figure 4.5: GRS 1915+105: within∼ 1/2 hour, an X-ray dip, followed by IR and radio peaks
is observed (upper panel). Above the lightcurves, an interpretational diagram displays the
ejection of a plasma cloud from the central object which becomes successively detectable at
longer wavelengths. The bottom panel gives the hardness of the X-ray radiation (Mirabel et al.
1998, Fig. 7).

Rodríguez 1994; Fender et al. 1999).
GRS 1915+105 is a MQ which clearly shows radio–X-ray correlations on time

scales of tens of minutes (see, e.g., Pooley & Fender 1997; Fender et al. 1997;
Mirabel et al. 1998; Fender & Pooley 2000; Klein-Wolt et al. 2002). One peculiarity
of its lightcurves is that they usually exhibit quasi-periodic dips in the X-ray emis-
sion which are related to radio oscillations with a typical period Posc ∼ 20–45min
(Pooley & Fender 1997; Mirabel et al. 1998). Fig. 4.5 shows a three-band observa-
tion of GRS 1915+105, where after an X-ray dip successively IR and radio peaksare
observed. This relationship was interpreted within the framework of jet formation
(cf. section 4.4.2) as a rapid disappearance of the inner accretion disk, followed by
the ejection of relativistic plasma clouds in the form of synchrotron flares at IR and
radio wavelengths (Mirabel et al. 1998). Assuming a one-to-one relation between an
X-ray dip and a subsequent oscillation peak in the radio emission, Klein-Wolt et al.
(2002), using a database of 101 simultaneous radio–X-ray observations, arrived at an
estimated time delay of radio with respect to X-ray of 14–30min.
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4.2.2.2 GX 339−4

GX 339−4 displays similar spectral and timing properties as Cyg X-1and is therefore
assumed to be a black hole. The high brightness temperature of its radio counterpart
suggests non-thermal synchrotron radiation from relativistic electrons (Corbel et al.
2000). While radio–X-ray correlations on time scales of weeks to months are clearly
present, a similar correlation on time scales of hours as proposed by Corbel et al.
(2000) is questionable.

4.3 Jets

Jets are found in various sizes and in a diversity of astrophysical host objects, like,
e.g., very young stars, AGN, and also XRBs, as was mentioned in section 1.3.3. These
outflows of matter are called jets because they are collimated up to large distances
from the ejecting source2 and because of their high velocities, sometimes reaching
well into the relativistic regime. MQs, i.e., BH XRBs with accretion disk and jet
emission, only show mildly relativistic jets (Meier et al. 2001, see, however, Fender
et al. (2004) who report a MQ jet withΓjet ≥ 10). Astrophysical jets are encountered
as twins, reaching out from the central object in opposite directions. In many jets,
single mass ejections can be resolved while in other systemsthe uniform jets seems
to be formed by continuous outflow of matter. In all objects which possess jets also
an accretion disk is present, establishing the close and vital relationship – ‘symbio-
sis’ as it was called by Falcke & Biermann (1995) – of jet and disk. The jet axis is
generally assumed perpendicular to the disk plane (see, however, Maccarone 2002).
Since the non-thermal radio emission detected from the jetsis conventionally thought
to be synchrotron radiation from relativistic electrons inthe jet (Blandford & Königl
1979), magnetic fields have to be present in the ejected matter. In this section, the
relativistic effects which are relevant for jet observation are reviewed, then the major
jet-generating mechanisms being discussed are mentioned,and finally the main pa-
rameters of the jet of Cyg X-1 are given. Comprehensive reviews on jets of XRBs
have been presented, e.g., by Mirabel et al. (1998) and Fender (2002).

4.3.1 Relativistic Effects

Describing the dynamics of matter at relativistic speedsv & 0.1c, the Lorentz factor

Γjet =

(

1− v
2

c2

)−1/2

(4.18)

2Dealing with extragalactic radio jets, Bridle & Perley (1984) define that a jet must have an opening
angle. 15◦.
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Figure 4.6: Schematic twin ejection of plasma blobs at speedv from a central source (Mirabel
& Rodríguez 1999, Fig. 6).

is used. When dealing with jets, the bulk motion Lorentz factorΓjet gives the speed of
the jet front, plowing through the ISM, and is to be distinguished fromγ, indicating
the velocity of single particles within the jet (cf. eq. (4.9)).

At high velocitiesβjet, relativistic effects appear which will be discussed in this
section. For the purpose of a clear description, a two-sidedmatter ejection with ve-
locity v = βjetc from a central source is assumed, withθ = θLOS measuring the angle
between the jet direction and the line of sight of the observer (Fig. 4.6).

4.3.1.1 The Relativistic Doppler Effect

In close analogy to the classical Doppler effect, at relativistic speeds an emitted signal
at frequencyν0 will be observed at a different frequencyν. The Doppler factor, i.e.,
the ratio ofν/ν0, is given in the case of the approaching jet by

Dapproach=
νapproach

ν0
=

1

Γjet

(

1− βjet cosθLOS

) (4.19)

and in the case of the receding jet by

Drecede=
νrecede

ν0
=

1

Γjet

(

1+ βjet cosθLOS

) (4.20)
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It is worth mentioning that the relativistic Doppler effect is observable even for a
transversal direction of motion, i.e., forθLOS = 90◦.

4.3.1.2 Boosting

Radiation from matter which moves at relativistic speedsβ . 1 in an optically thin,
isotropically emitting jet towards us is intensified to a fluxdensityFobs, compared to
the flux densityF0 of a source resting relative to us, such that the ratio of the flux
densities is

Fapproach

F0
= Dk+α

approach (4.21)

whereα is the spectral index of the emission, andk is a geometry parameter (k = 2 for
a continuous jet, andk = 3 for discrete ejections). Correspondingly, receding matter
will radiate with a lowered flux density

Frecede

F0
= Dk+α

recede (4.22)

Thus we have for the ratio ofFapproachto Frecede

Fapproach

Frecede
=

(

1+ βjet cosθLOS

1− βjet cosθLOS

)k+α

(4.23)

which is plotted in Fig. 4.7 as a function of inclination angleθLOS for several ejection
speedsβ.

4.3.2 Production Mechanisms

Penrose & Floyd (1971) proposed that in principle it is possible to extract energy and
angular momentum from a rotating BH, an idea which was advanced to explain the
generation of electromagnetic fields and even outflows in thevicinity of BHs (Bland-
ford & Znajek 1977; Blandford & Payne 1982). One of the most promising models
to explain the production of jets from a magnetized accretion disk is the magneto-
hydrodynamic model.

4.3.2.1 The Magneto-Hydrodynamic Model

In the idealized magneto-hydrodynamic (MHD) model as primarily presented by
Blandford & Payne (1982) it is assumed that a highly conducting accretion disk is
threaded with large scale poloidal magnetic field lines which are “frozen” into the
disk matter. As the plasma cannot flow across the field lines, it is forced to move like
a bead sliding on a rigid wire. In case the angle between the magnetic field lines and
the disk plane is< 60◦, plasma can be catapulted centrifugally out from the disk. Due
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Figure 4.7: The effect of Doppler boosting for two symmetric discrete ejections at velocities
β = 0.9, 0.6, and 0.1 as a function of inclination angleθLOS: For θLOS = 90◦, the ratio of
Fapproachto Frecedeis always 1, whereas at smaller inclinations the Doppler boosting significantly
enhances the ratio, particularly in the highly relativistic regime.

to the differential rotation of the AD, the field lines are wound up around the rotation
axis, forming a twisted helical coil (Fig. 4.8). Far from thedisk the expelled matter
trapped in the field coil gets pinched towards the rotation axis by a magnetic hoop
stress which is finally collimating the outflow to a jet (Meieret al. 2001). As angu-
lar momentum is lost with the outflow, thus allowing disk material to accrete onto
the central compact object, the jet power mechanism is supplied with more released
energy and a self-sustaining process is triggered.

The configuration of the resulting jet depends on the launching conditions like
form and strength of the initial magnetic field or density androtation rate of the AD,
explaining the wealth of different forms of jet appearence. Generally, the MHD model
is applicable to a variety of jet sources, like AGN, MQs, supernovae, and gamma-ray
bursts (Meier et al. 2001).

According to Blandford & Znajek (1977) and Livio et al. (1999) the MHD jet
power,LMHD, and the scale-height of the diskH (cf. eq. (1.7)) are related as

LMHD ∝ H2 (4.24)

From this it is clear that the power of a jet from a thin disk will be significantly
smaller than that from a thick disk. This result is impressively mirrored by the radio
behavior of MQs. In the soft state, the thinα-disk reaches in until the BH and the radio
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Figure 4.8: Magnetic field lines anchored in the accreted matter orbiting a central BH form a
rotating helical coil which drives the trapped plasma outwards (Meier et al. 2001, Fig. 4).

emission is surpressed or even totally quenched, contrary to the hard state, which is
associated with a geometrically thick accretion disk corona or a blown-up ADAF
region, respectively, displaying significant radio emission.

Another parameter controlling the power and speed of a jet isthe spin of the BH,
which has been confirmed by simulations (see, e.g., Koide et al. 2000). In the case
of a Kerr BH (Table 1.1), additional rotational energy needed for the generation of
jets is supplied from the BH spin, resulting in higher jet velocities compared to a
Schwarzschild BH (Meier et al. 2001). This conclusion has led to the assumption that
all BHs which have a jet are fast rotating BHs, the so-called spin paradigm (Meier
et al. 2001; Nowak 2003).

4.3.2.2 The Conical Jet Model

Motivated by the jet structure of SS 433, a conical jet model was developed to explain
the synchrotron radio emission from XRBs (Hjellming & Johnston 1988). It assumes
a twin jet which is formed by collimated conical sheaths of adiabatically expanding
relativistic plasma. Connected to previous results of Shklovskii (1960) and van der
Laan (1962) (see section 4.1.3), the concept of conical jetsis capable to explain the
radio characteristics both of stable quiescent sources like Cyg X-1 and of periodic
emitters.

The very flat/inverted spectra of several BH XRBs, amongst them Cygnus X-1
(Fig. 4.11), do not show any turnover at higher frequencies as observed in AGN and
as expected within the framework of synchrotron radiation (cf. Fig. 4.2). This was
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Figure 4.9: The conical jet model explains the flat spectrum with turnover frequencyνmax as a
spectral superposition from the different emission sections. The smallest jet scale determines
the highest observed frequency. The scaledown of AGN jets tothe size of MQs will lead to a
corresponding shift of the maximum synchrotron frequencies from the radio/mm regime up to
the optical/UV/X-ray bands (Falcke et al. 2002, Fig. 1).

interpreted as a scaling effect (Falcke et al. 2002): The jet is considered the source
of flat spectrum synchrotron radiation resulting from the superposition of all contri-
butions from various emission sections within the jet. The theory of the conical jet
model predicts that the smallest physical scales within thejet will determine the high-
est frequency of these contributions: size∝ 1/ν (Falcke et al. 2002, and references
therein). As in a GBHC the smallest jet scale is a factor of 106–109 smaller than in
AGN, the synchrotron radiation observed from their jets should scale up and reach
until the X-ray region (Fig. 4.9).

For slowed expansion into a surrounding medium of constant density, and if the jet
material is continuously ejected, a power-law energy spectrum of radiating particles
with distribution indexp = 3.14 results in a radio spectrum withα = 0, thus explains
the flat-spectrum of Cyg X-1, like of many other BH XRBs. Additionally, it provides
for flaring events by adding spherically expanding, independently evolving plasmoid
“bubbles” in the case the pressure of the relativistic electrons dominates.

4.3.3 The Jet of Cygnus X-1

The rareness of radio flares with Cyg X-1 has forwarded the assumption that this
source maintains a continuous jets rather than multiple plasmon ejection. Several
observations detected a radio-emitting structure spatially extending≈ 15 mas from the
core of Cyg X-1 (Stirling et al. 1998; Spencer et al. 2001; Stirling et al. 2001). A clear
picture of a collimated outflow has actually been resolved byVLBA observations
(Fig 4.10) which show that a significant fraction of the 8.4 GHz flux is resolved. The
jet emission is relatively smooth and does not show the knotsand blobs seen, e.g., in
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Figure 4.10: VLBA/VLA images of Cyg X-1 at 8.4 GHz, taken on (from left to right) 1998
August 10, 12, and 14, respectively (Stirling et al. 2001, Fig. 2). The contouring represents
factors of 2, the lowest contour being at 0.1 mJy. Solid contours are at positive flux densities,
dashed contours at−0.1 mJy.

GRS1915+105. The radio emission displays a flat spectrum through the radio–mm
regimes (Fig. 4.11) with spectral index close to zero (|α| < 0.1 between 2 and 15 GHz;
Pooley et al. 1999; Fender et al. 2000), which has been modeled as slowed expansion
in a continuous jet (section 4.3.2.2).

The linear scale of the outflow is of the order

lVLBA ≈ 15 mas≈ 5× 1014 cm

(

DCygX1

2 kpc

)

(4.25)

whereDCygX1 ≈ 2 kpc is the distance to Cyg X-1.
The observed lower limit on the jet-to-counterjet brightness ratioδ is (Stirling et

al. 2001)

δ ≡
Fapproach

Frecede
& 6 (4.26)

whereFapproachandFrecedeare the radio flux from the approaching and receding jet, re-
spectively (section 4.3.1, Fig. 4.7). This constrains the jet inclination to be (S. Heinz,
private communication)

cos (θLOS) ≥ δ
1/(k+α) − 1
δ1/(k+α) + 1

≈ 0.42 (4.27)
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Figure 4.11: Broadband observations of Cyg X-1 show a flat spectrum in the range from radio
(3 datapoints below 1011 Hz) to mm (2 datapoints between 1011 Hz and 1012 Hz) wavelengths,
with no indication of a cutoff at higher frequencies (Fender et al. 2000, Fig. 3).

and, for a given viewing angleθLOS, it constrains the jet velocity to be

βjet =
1

cos (θLOS)
δ1/(k+α) − 1
δ1/(k+α) + 1

≥
δ1/(k+α) − 1
δ1/(k+α) + 1

(4.28)

whereα is the spectral index andk is a parameter which is related to the geometry
of the ejections (see section 4.3.1). Since the jet spectrumis observed to be flat, and
since the emission is relatively steady,α = 0 andk = 2 seem to be fiducial values.
Then a lower limit to the jet velocity ofβ > 0.6 is derived (Stirling et al. 2001).

4.4 Models of Radio–X-ray Correlations

For radio–X-ray correlations to be produced, radio and X-ray emitting regions have
to be excited by a common mechanism, the most natural being variations in the mass
accretion rate ˙m. As theory suggests, the bulk of X-ray emission takes place in the
vicinity of the BH, whereas radiation at radio wavelengths is produced by a process
connected to outflow regions at ample distance from the compact object. The idea that
the radio emission could stem also from the corona has been disproved (Wilms et al.
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1999; Brocksopp et al. 1999a; Fender & Hendry 2000). Under these circumstances a
varyingṁ will be mirrored in the X-rays first and then, with a time lag depending on
the corresponding travel time of matter, in the radio emission from the jet.

4.4.1 The Coronal Outflow Model

Observations show that radio emission from BH XRBs is associated with the hard
state. Although it is not clear whether the corona or the ADAFconcept is more
realistic, the following model favors the first alternative. In this case, a good part of
the energy released during the accretion of matter by a BH is observed as hard X-ray
emission from the corona. In this picture, a straightforward mechanism to produce
radio–X-ray correlations in the hard state is realized whena fractionη of the power
released into a magnetic corona is used to energize a jet.

Merloni & Fabian (2002) define the power release from the corona, the corona
luminosityLc, as a fractionf of the total power release of the accretion disk-corona
system,Ltot,

Lc = f Ltot = f ṁLEdd (4.29)

whereṁ is the mass accretion rate in units of the Eddington one for a non-rotating
black hole,ṁ = 0.08Ṁc2/LEdd (Merloni & Fabian 2001), andLEdd is the Eddington
limit (cf. eq. (1.10)). Advocating a corona as an “ideal launching platform for power-
ful jets” (Merloni & Fabian 2002) either by MHD or thermally driven processes, they
show that in the jet power,Ljet = ηLc, a substantial fraction of the total luminosity is
contained. Farther from its launching site, the jet will produce radio emission, thus
giving rise to a correlation with the coronal X-rays.

4.4.2 The Depletion Model

As mentioned in section 4.2.2.1, GRS 1915+105 in the spectrally hard, power-law
dominated C state can enter X-ray variability classes whereradio oscillations occur
with a period of about 12 to 60 min (see, however, Nayakshin etal. 2000). This
unsteady behavior has been explained as cyclic outflow of single blobs, i.e., transient
jets. Each jet is formed by the depletion of the inner AD, thengoes off and sets in
again when the disk has been refilled with plasma (Mirabel & Rodríguez 1999). The
amount of depletion in the inner disk, observable as X-ray dips, is connected to the
rate of ejection of radio-emitting clouds (Mirabel et al. 1998).

The similarities of the outburst pattern with dwarf novae were the starting point
of interpreting the sudden transitions between high and lowluminosity in X-rays as
a cycle of depleting and refilling the AD (Belloni et al. 1997a,b). Triggered by a
viscous-thermal instability, a heating wave causes inner parts of the disk to fall to the
central object, causing a decrease of X-ray luminosity as this hot plasma gets lost. The
refill of the depleted regions takes place during a quiescentstate. When the accreted
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Figure 4.12: The jet model is capable to fit the observed radio–X-ray correlation of GX 339−4
only by changing the input power into the jet (Markoff et al. 2003, Fig. 6).

matter to some extent is redirected and expelled as an outflow, contributing to radio
emission via synchrotron radiation, this model can accountfor correlations between
X-rays and radio luminosity on time scales of minutes to hours, depending on the
travel time of plasma from the inner accretion disk to the radio emitting regions in the
outer jet.

4.4.3 The Unifying Jet Model

Radio–X-ray correlations are a natural outcome of the jet model (Falcke & Markoff
2000; Markoff et al. 2001, and references therein; cf. section 1.5.3), as both X-ray and
radio emission are assumed to be produced by synchrotron processes (synchrotron
radiation, synchrotron self-Compton) in the same medium, namely the jet (cf. Blazar
jets).

As mentioned in section 4.2.1, GX 339−4, among other BH XRBs, shows radio–
X-ray correlations over a wide flux range. The relation between radio and X-ray,
Fradio ∝ F0.7

X , as advocated by Gallo et al. (2003) (section 4.2.1) can be reproduced
from analytical predictions of the jet model by the variation of only one main parame-
ter, the power inputQjet (section 1.5.3) into the jet which is assumed to be proportional
to the accretion rate (Markoff et al. 2003) (Fig. 4.12). Thus the model assumption that
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changes of the mass accretion rate modulate the input of power into the jet and con-
sequently the X-ray and radio emission from there seems plausible.

In combination with the assumed ADAF, the jet model has been developed as a
radiatively inefficient jet dominated accretion flow (JDAF) (Falcke et al. 2004). Its
major merit is the merging of X-ray and radio/IR properties into a single model by
unifying the concepts of jet and corona (see, however, Zdziarski et al. 2003; Poutanen
& Zdziarski 2003).



C 5

Radio–X-ray Correlations of Cygnus X-1

As this chapter is based on two publications (Gleissner et al. 2004a,b), it adopts the
characteristic publication style. Section 5.4 and parts ofsection 5.5 were extracted
from a previous version of Gleissner et al. (2004b) and contain results that were kindly
contributed by S. Markoff and S. Heinz at MIT, Center for Space Research.

5.1 Observations and Data Analysis

For the studies presented here, we used X-ray data from the Rossi X-ray Timing Ex-
plorer (RXTE) and radio data from the Ryle Telescope. In Fig. 5.1a the radio flux of
Cyg X-1 is displayed, binned to a resolution of 5.6 days, the orbital period of Cyg X-1
(Brocksopp et al. 1999a). All flux points are assigned to symbols according to their
state, following a state definition which is based on the spectral photon index and
the time lag between soft and hard photons (Benlloch 2003; Benlloch et al. 2004),
amended by the criterion that a soft state must have a radio flux ≤ 3 mJy. This def-
inition distinguishes three states: The canonical hard andsoft states, as well as the
failed state transitions (FST) (Pottschmidt et al. 2000), which comprise all observa-
tions which do not fall into either of the other two states.

The analyzed data span the time from 1999 until the beginningof 2003, covering
our RXTE monitoring programs P40099 (1999), P50110 (2000–2002), and P60090
(2002–2003) (Fig. 5.1c and d). The analyses of radio–X-ray correlations were per-
formed using theStandard2flightcurves with a resolution of 16 s from thePCA data
using the data analysis softwareHEASOFT, Version 5.2. Also high energy data from
theHEXTE with a time resolution of 1 s were extracted.

In our scheduling of the monitoring of Cyg X-1 in radio and X-ray bands, we
strived for strictly simultaneous observation times. The observations which are ana-
lyzed here are marked with the dots in Fig. 5.1b. Due to theRXTE orbit, the X-ray
data of each observation are composed of several short lightcurve segments of a typ-
ical duration of∼0.5 h, while the radio data generally consist of a longer continuous
lightcurve of several hours. Fig. 5.2 shows simultaneous lightcurves of X-ray and

94
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Figure 5.1: Cyg X-1:a) Mean Ryle Telescope radio flux, rebinned to a resolution of 5.6 days,
the orbital period of Cyg X-1.b) Times of simultaneous radio–X-ray observations with Ryle
Telescope andRXTE. c) MeanRXTE PCA count rate.d) MeanRXTE HEXTE count rate.
Hard states are indicated by crosses, soft states by triangles, and failed state transitions (FST)
by filled diamonds (see text for state definition).

radio of the exemplary observation on 1999 February 25.
For the analysis, the radio and X-ray lightcurves of all simultaneous observations

were rebinned to a time resolution of 32 s. Only lightcurves with a length of at least
15 min were considered. We then applied the Savitzky & Golay (1964) smoothing
filter, i.e., a least squares polynomial fit which can be used to smooth a noisy signal
(Press et al. 1992). After this smoothing, every single continuous X-ray lightcurve
segment and radio lightcurve within a time lag of±10 h to each other was cross-
correlated. The cross-correlation coefficient is calculated only when the overlap of
the radio and X-ray lightcurves is more than 15 minutes. Thuswe find the max-
imum cross-correlation coefficient, MCC, and the corresponding time lag for each
radio and X-ray lightcurve pair. Depending on the data sampling and the length of
the lightcurves, the maximum possible relative shift between the radio and X-ray
lightcurves is about±10 h, in most cases, however, the maximum shift is much less.
Fig. 5.3 gives the distribution of the relative shifts between the radio andPCA X-ray
lightcurves which are covered by our calculations for Cygnus X-1. A negative shift
means that the X-rays precede the radio. As the bulk of observations covers only a
relative shift of∼ 5 h, our analysis is significant on time scales from minutes to∼ 5 h.
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Figure 5.2: Cyg X-1: Observation on 1999 February 25 withPCA X-ray and radio data re-
binned to a time resolution of 32 s and smoothed, showing uninterrupted segments of X-ray
(upper curve) and radio (lower curve) lightcurves.

Due to thePCA dead time after processing an event, the detected X-ray count rate
is diminished with respect to the actual count rate. To test whether a correction for
this dead time effect was necessary we followed the description given by theRXTE
Guest Observer Facility (GOF), using the Very Large Event (VLE) dead times as
given by Jernigan et al. (2000). We verified that the influenceof dead time correction
of thePCA lightcurves on the resulting MCC and time lag is small: when calculating
the cross-correlation with and without dead time correction, the results of only 8
observations out of 87 had significantly changed. As due to the failure of the propane
layer since 2000 May 12 it is not possible to compute a reliable dead time correction
(section 1.6.2), we have chosen not to apply the dead time correction in our X-ray
lightcurves.

5.2 Sensitivity of the Procedure: Application to GRS 1915+105

If a radio and an X-ray lightcurve are truly correlated, the corresponding MCC will
have an absolute value close to 1. Due to statistical reasons, however, there is a finite
probability of finding a large absolute value of MCC even for two random lightcurves,
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Figure 5.3: Cyg X-1: Histogram of the relative shift betweenthe radio and X-ray lightcurves
that is covered by the used cross-correlation calculationsfor the 301PCA lightcurve segments.
Only in few cases the maximum relative shift extends up to 10 h, limiting the significance of
our analysis to time scales of less than∼5 h.

e.g., white noise lightcurves. For a large sample of simultaneous radio and X-ray
lightcurve pairs, however, the distribution functions of MCCs computed for pairs with
random correlations and computed for pairs with a real correlation will be different.
By comparing the MCC distributions computed from white noise lightcurves with
those from the real data, it is thus possible to test for the presence of a correlation
between the radio and the X-rays in a statistical sense. In this section we show how
such comparisons are performed. Before working with the data from Cyg X-1, we
first test the method outlined above with data from a source where a multitude of
observations indicate the presence of a radio–X-ray correlation.

The actual radio–X-ray correlations of GRS 1915+105 turn it into an appropriate
source to serve as a benchmark for the cross-correlation procedure used here (see
section 4.2.2). For this benchmark, we used a set of 120 simultaneous radio–X-ray
lightcurve segments of GRS 1915+105, taken from the data base of Klein-Wolt et al.
(2002), and applied the same cross-correlation procedure as described in section 5.1.
The data of GRS 1915+105 were taken withRXTE PCA and the Ryle Telescope.

The one-to-one relation between an X-ray dip and a subsequent oscillation peak in
the radio emission of GRS 1915+105, that was mentioned in section 4.2.2, is equiv-
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Figure 5.4: GRS 1915+105: Histograms ofa) the distribution of MCC andb) the distribution
of time lags for observed data (solid line) and simulated white noise data (dotted line). The
histograms takes into account 120 separate lightcurve pairs. The MCC have been binned to 40
bins with bin widths of 0.05 from−1 to+1, the time lags have been binned to 72 bins with bin
widths of 1000 s from−10 h to+10 h. Original lightcurves have been binned to 32 s and have
been smoothed by the Savitzky-Golay filter.

alent to an anti-correlation with negative MCC close to−1. When the shift of the
X-ray lightcurve relative to the radio lightcurve is continued forPosc/2, i.e., until the
X-ray dip coincides with the subsequent oscillation valleyof the radio emission, we
obtain a positive MCC close to+1. As in the used cross-correlation procedure the
absolute maximum value of the cross-correlation coefficient is determined, due to the
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Table 5.1: Characteristics of the Kolmogorov-Smirnov testfor two samples: test statisticDobs

for observed and standard white noise distribution, and Probability P for Dtest≥ Dobs.

a) GRS 1915+105 b) Cygnus X-1
MCC time lag MCC time lag

Dobs 0.168 0.097 0.058 0.056
P[%] 0.1 1.7 13.6 14.4

noise in MCC in about half of all cases this happens to be the anti-correlation of the
one-to-one relation, in the remaining half it is the positive correlation when the shift
has been continued forPosc/2. Thus, both negative and positive MCCs close to±1
indicate the same features, i.e., the searched radio–X-raycorrelations of Klein-Wolt
et al. (2002). We did not correct for this periodical effect in the histograms of MCC,
but accounted for it when determining the corresponding time lag.

Fig. 5.4a compares the histogramhobs(MCC) of the MCC for the available data set,
i.e., 120 simultaneous radio and X-ray observations of GRS 1915+105 (solid line)
with the histogramhsim(MCC) of MCC from 1000 simulated white noise data sets
(dotted line). In this simulation we created random white noise lightcurves for the
radio and X-ray data with the same mean value, standard deviation, and sampling as
the observed radio and X-ray lightcurves. Then we cross-correlated these simulated
lightcurves exactly the way we did with the observed ones anddetermined the his-
togram of the corresponding MCC. For the whole data set, i.e., the 120 simultaneous
radio and X-ray observations, we ran the simulation 1000 times in order to achieve
a sufficient statistical significance. Using a similar technique,we compared the his-
togram of the observed time lags (determined from the MCC) with the distribution of
the time lags obtained from the Monte Carlo simulations (Fig. 5.4b).

Fig. 5.4 shows that both the MCC and the time lag distributionfor the observed data
of GRS 1915+105 is considerably different from the corresponding white noise distri-
bution. We use the Kolmogorov-Smirnov test statisticD (Keeping 1962) to quantify
the difference of two distributions (see Table 5.1a). From Fig. 5.4awe determine
Dobs, giving us a measure of the difference between the observed distribution of the
data set and a standard white noise distribution, obtained by averaging over 1000 sim-
ulated white noise data sets. The Kolmogorov-Smirnov test allows the determination
of the probabilityP that the differenceDtest between a single simulated white noise
data set and the standard white noise distribution is equal to or greater thanDobs. If
P is sufficiently small, the null hypothesisH0 that the observed and the simulated
distributions have been drawn from the same underlying distribution function is to be
rejected. Carrying out this analysis for both the MCC and thelag distributions, we
find that the null hypothesis is to be rejected at the 0.1% level for the MCC, and at the
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Figure 5.5: Cyg X-1: Joint radio–X-ray lightcurves of 2001 April 7, binned to a resolution of
48 s, showing a possible delay in the radio response to the X-ray variability (MCC is 0.75).
Time on thex-axis is in hours.

1.7% level for the time lags (see Table 5.1a).
As expected, the radio–X-ray correlations in GRS 1915+105 which were exam-

ined by Klein-Wolt et al. (2002) are reflected by the significant fraction of MCCs
with absolute values close to 1. This means that our procedure is capable of finding
radio–X-ray correlations in a data set. Furthermore, the time lags that correspond to
the MCC distribution for GRS 1915+105 appear as a clearly increased number of ob-
servations with time lag in the bin [−1000 s,0 s], consistent with earlier observations
(Klein-Wolt et al. 2002).

5.3 Results for Cygnus X-1

5.3.1 Short Term Correlations

Checking the simultaneous lightcurves of Cyg X-1 by eye reveals several observations
that show a similar pattern in the X-ray and radio lightcurve, with a delay in the radio
response in the range of minutes. The time delays between X-ray and radio are not
constant in all observations but vary from a few minutes to tens of minutes. Fig. 5.5
shows the most convincing of these observations. The first X-ray lightcurve segment
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Figure 5.6: Cyg X-1: Histograms ofa) the distribution of MCC andb) the distribution of time
lags for observed data (solid line) and simulated white noise data (dotted line). The histograms
takes into account 301 separate lightcurve pairs. The MCC have been binned to 40 bins with
bin widths of 0.05 from−1 to +1, the time lags have been binned to 72 bins with bin widths
of 1000 s from−10 h to+10 h. Original lightcurves have been binned to 32 s and have been
smoothed by the Savitzky-Golay filter.

leads the radio echo by∼13 min whereas the second X-ray segment lies not more than
∼8 min before the corresponding radio pattern.

To systematically investigate these apparent correlations we applied the cross-
correlation procedure outlined in section 5.2. In Fig. 5.6awe compare the histogram
hobs(MCC) of the available data set, i.e., 301 simultaneous radio andPCA X-ray ob-
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Figure 5.7: GRS 1915+105: Histogram of the distribution of MCC for observed data,rescaled
to theS/N-level of Cyg X-1 (solid line) and simulatedwhite noisedata (dotted line). The
histogram takes into account 120 separate lightcurve pairs. Original data have been binned to
32 s and has been smoothed by the Savitzky-Golay filter.

servations of Cyg X-1 withhsim(MCC) from 1000 white noise simulations of this data
set. The Kolmogorov-Smirnov test shows that the two histograms bear significant
similarities such that the null hypothesis of identical distributions is to be accepted
(Table 5.1b). We conclude that the MCC distribution of the observed and the simu-
lated lightcurves are similar. The same conclusion is drawnfrom a comparison of the
distributions of the time lags (Fig. 5.6b and Table 5.1b). Unlike GRS 1915+105, the
time lag distribution of Cyg X-1 does not show any distinctive features and is consis-
tent with that of the white noise simulation. This leads us tothe assumption that the
similar patterns seen on short time scales in the X-ray and inthe radio lightcurves are
random events which are a natural outcome in white noise lightcurves.

5.3.2 Rescaling GRS 1915+105 to the Level of Cygnus X-1

Although more than 4 times closer to us, Cyg X-1 is relativelydim in X-ray and
radio, compared to GRS 1915+105. The averagePCA X-ray flux level of Cyg X-
1 in the hard state is∼ 1000 countss−1 PCU−1, in the radio band it has a flux of
∼14 mJy. In theχ class state, which is thought to be associated with the canonical
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Figure 5.8: Cyg X-1:PCA X-ray and radio flux-flux plot for data from 1999 Jan 14 to 2003 Apr
06 with 0.25≤ Φorb ≤ 0.75,PCA channels 0–128 (mainly sensitive in the range∼2–15 keV).

hard state of other BH candidates, GRS 1915+105 has an average X-ray flux level
of ∼ 8000 countss−1 PCU−1 and a 15 GHz (Ryle Telescope) radio flux of∼ 40 mJy
(Klein-Wolt et al. 2002). This raises the question: is the negative result obtained
in the previous section caused by the low signal to noise,S/N, level, or would our
correlation procedure be able to find radio–X-ray correlations in Cyg X-1 if they were
present the same way as in GRS 1915+105 but on the lowerS/N level of Cyg X-1?

In order to answer this question we scaled the X-ray and radiolightcurves of
GRS 1915+105 to the observed level for Cyg X-1, adding the appropriateamount of
Gaussian noise. Fig. 5.7 shows that the MCC distribution of these rescaled lightcurves
differs from that of the corresponding white noise simulation distribution, similarly
to Fig. 5.4a. This result proves that our correlation procedure is sufficiently sensi-
tive to detect any radio–X-ray correlations in Cyg X-1 if these are at the level of
GRS 1915+105. We conclude that the negative result of section 5.3.1 isnot caused
by an insufficient signal to noise ratio.

5.3.3 Long Term Correlations

In this section long term correlations, i.e., on time scalesfrom days to weeks and
months are considered. As described in section 4.2, no clearcorrelation on long
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Figure 5.9: Cyg X-1:HEXTE X-ray and radio flux-flux plot for data from 1999 Jan 14 to 2003
Apr 06 with 0.25≤ Φorb ≤ 0.75,HEXTE channels 15–255 (∼15–255 keV).

term time scales between the radio emission and theRXTE ASM soft (2–10 keV)
X-ray flux is found (Pooley et al. 1999; Brocksopp et al. 1999a). The availability of
the pointed observations allows us to extend these studies to harder energies, using
the data from thePCA (which is mainly sensitive below 15 keV) and theHEXTE
(channels 15–255, sensitive above 15 keV). All observations from hard and soft states
as well as from FST have been included (for state definition see section 5.1). To
account for known orbital modulation (Brocksopp et al. 1999a,b, 2002), we limit the
data set in orbital phase,Φorb, to observations with 0.25≤ Φorb ≤ 0.75.

Fig. 5.8 shows that no correlation between the soft X-rays from thePCA data and
the radio exists. We note that this pattern is similar to thatseen in GX 339−4 (Corbel
et al. 2000). For theHEXTE band, above 15 keV, however, a long term correla-
tion between the radio and the X-rays is evident, particularly for the FST (Fig. 5.9).
Spearman rank correlation coefficients,rS, have been calculated for the subplots of
hard state and FST data points, and for all data points shown in Figs. 5.8 and 5.9,
confirming this result (see Table 5.2).

In terms of Comptonization models, the> 15 keV band is dominated by Compton
reflection and emission from the accretion disk corona, while an appreciable fraction
of the soft X-rays can be due to the accretion disk. The correlation displayed in
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Table 5.2: Spearman rank correlation coefficients,rS, of plots in Figs. 5.8 and 5.9. The range of
the correlation coefficient is−1 ≤ rS ≤ 1, with a perfect correlation being indicated byrS = 1
(Keeping 1962).

Hard state FST All data points
Radio/PCA 0.17 -0.37 -0.16
Radio/HEXTE 0.05 0.67 0.50

Fig. 5.9 shows that the radio emission is directly linked to this hard component of the
X-ray spectrum, which is present during the state transitions and the hard state, but
not during the soft state, consistent with the earlier findings cited in section 4.2. The
correlation is also remarkably similar to the correlation between the rms variability at
> 15 keV and theBATSE hard X-ray flux discovered by Crary et al. (1996).

5.4 Estimating the Time Scale for Traversing the Jet

We can use the constraints of the radio observations (see 4.3.3) to set limits on the
time delay between any event in the accretion disk that mightalter the jet flux, and the
time when the change in jet flux is observed. This limit on the time delay is simply
given by the light travel time from the base of the jet to the photosphere, modulated
by relativistic aberration.

Since the jet spectrum is flat (see 4.3.3), we conclude that the jet photosphere is
located at about the projected distance, but somewhat closer in (since only a fraction
of the flux is resolved). We will call this (projected) distance the photospheric radius,
lphot . lVLBA . Any emission from well within the photospheric radius (where the jet
becomes optically thin) will be strongly suppressed by synchrotron self-absorption.

Furthermore, the jet emission region is extended, with a projected size scalelemiss

comparable to, but again somewhat smaller than the photospheric radius,lemiss .

lphot. For a given jet inclinationθLOS, the deprojected size scale is thenremiss =

lemiss/ sin (θLOS). Therefore, any variability imprinted on the flow on size scales
much smaller than this will be washed out and will not be observable. The PSD
of the radio emission should therefore show a significant cutoff at frequencies above
νc & vjet/remiss≈ βjetcsin (θLOS)/lphot, whereβjet = vjet/c is the jet velocity.

Correcting for projection, the intrinsic photospheric radius rphot is given byrphot =

lphot/ sin (θLOS). Using the limits from eq. (4.28), the travel time for any signal from
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Figure 5.10: Maximum delay time∆τmax between the (X-ray) signal in the accretion disk
and the (radio) emission in the jet as a function of angleθLOS between jet and line of sight.
The delay time∆τmax is given in units of the light travel time∆τ0 over the observed (ν =
8.4 GHz) jet length. For a jet of 15 mas at a distance of 2 kpc the light travel time∆τ0 is
∼ 4.2 h. The lines denote from bottom to top: continuous jet with flat spectrum (most probable
case), continuous jet with steep spectrum, discrete jet with flat spectrum, discrete jet with steep
spectrum. (Diagram courtesy S. Heinz.)

the base of the jet to the photosphere will then be shorter than

τphot =
1
βjetc

lphot

sin (θLOS)

≤
lphot

sin (θLOS) c
cos (θLOS)

δ1/(k+α)−1
δ1/(k+α)+1

(5.1)

Assuming that the signal traveling down the jet started in the accretion disk and is
observable in the X-rays, we can now set a limit on the delay between the X-ray and
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the radio signals reach the observer. This time delay is simply

∆τobs = τphot−
lphot

c
cos (θLOS)
sin (θLOS)

≤
lphot

c
cot (θLOS)

2
δ1/(k+α) − 1

≡ ∆τmax. (5.2)

This is the upper limit on the time delay between the X-ray andradio signals
imposed by the observed length of the jet and the observational limit on the jet-to-
counterjet brightness ratioδ. We have plotted this upper limit for different values of
k andα in Fig. 5.10, in units of the projected delay,∆τ0 ≡ lemiss/c. We have also
included limits on the inclination from the binary orbit. Itis clear from this figure
that∆τobs is not larger than a few times∆τ0. Note that this limit will not change
significantly if the source of the X-ray is the jet and not the accretion disk, since the
X-ray emission must be coming from well within the radio photospheric radius.

At frequencies higher than 8.4 GHz, the photosphere will be located somewhat
further in, depending on the preferred jet model and geometry (e.g., Markoff et al.
2003; Heinz & Sunyaev 2003). Conservatively estimating that l15.4GHz & l8.4GHz/2,
we find that

∆τ0 =
l15.4GHz

c
≈

2.5× 1014 cm
c

(

l15.4GHz

l8.4GHz/2

) (

DCygX1

2 kpc

)

. 3 h

(

l15.4GHz

l8.4GHz/2

) (

DCygX1

2 kpc

)

(5.3)

This is an upper limit because the size of the photosphere is somewhat smaller than
the measured 15 mas extent of the resolved jet. In summary, wedo not expect that the
observed time delay between any event happening at the base of the jet and its radio
signature will be longer than about 10 hours (and it might be quite a bit shorter if the
jet in Cyg X-1 is more relativistic than implied by the moderate brightness ratio limit
of 6).

The variability cutoff imposed by the extent of the jet is similarly simple. Using
the same limit onβjet from eq. (4.28), it is

νc ≥
tan (θLOS)
∆τ0

δ1/(k+α) − 1
δ1/(k+α) + 1

(

lphot

lemiss

)

(5.4)

Finally, it should be noted that measurements of both∆τobs andνc can be used
to constrain the viewing angle of the source, the source velocity, and the size of the
emission region.
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5.5 Discussion

We have described the correlation between the radio and the X-ray emission of Cyg X-
1 as seen with observations with the Ryle Telescope and the pointed instruments on
RXTE. The major result of our analysis is that there is a correlation between the radio
flux and the hard X-rays, particularly during intermediate states (flares, transitions,
etc.), on time scales of days and weeks to months (Fig. 5.9), and no clear correlation
between the soft X-rays and the radio flux on this time scale (Fig. 5.8). This result
lends further support to the jet/disk concept (Brocksopp et al. 1999a; Fender 2002;
Markoff et al. 2003). The overall connection of disk and jet has been affirmed in
many observations, while the geometry at the base of the jet is still unclear. During
the soft state, the radio emission is quenched and no jet is produced. In the hard state,
the outflow from the accretion disk into the jet is relativelysmooth, as represented
by continuous radio emission over the length of the jet (Stirling et al. 2001), wash-
ing out smaller variability features. When the mass accretion rate in the disk varies
significantly on time scales of several hours to days, this behavior is seen as X-ray
flares and corresponding radio flares, resulting in radio–X-ray correlations during the
flaring state.

On time scales of minutes to∼5 hours, no statistically significant correlation could
be detected (Fig. 5.6). An explanation for this behavior could be that on time scales
shorter than the propagation time between emission regionsother factors, e.g., inter-
vening turbulence, smooth out or distort any variability present.

We can roughly estimate the time scale for traversing the jetto place a limit on the
correlation times. It was found in simultaneous broadband jet model fits to over 10
different BH candidates that the 15 GHz emission stems from distancesd = 1012–
1014 cm out along the jet (Markoff et al. 2001, 2003, S. Markoff, private communi-
cation). Although the exact speed of the plasma in the jet is not known, we can set
a reasonable range. From studies of the radio–X-ray correlation (Gallo et al. 2003)
and state-transition luminosity (Maccarone 2003), the beaming near the base of jets
should be necessarily low, with velocitiesβ ∼ 0.2–0.3 (Lorentz factorΓ ∼ 1.02–
1.05). The simplest free jet (no additional accelerating forces) would be expected
to be accelerated by its longitudinal pressure gradient, sothese values can safely be
taken as a lower limit to the jet flow speed in its frame. There is still significant un-
certainty as to whether the steady jets associated with the hard state can achieve the
high bulk Lorentz factors associated with ballistic eventsin MQs (e.g.,Γ ∼ 17,β ∼ 1,
in V4641 Sgr, M. Rupen, private communication), but these can be used as the hard
upper limit. The value ofβ > 0.6 as derived by Stirling et al. (2001) fits well into
this range. Taking these numbers as guidelines and using thesimple relationt = d/βc
without accounting for any additional effects like cooling, etc., one can estimate that
the time scale for traveling from the base of the jet to the 15 GHz radio-producing
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region will be between 1012 cm/c ≈ 33 s and 1014 cm/0.2c ≈ 4.6 h. Depending on
the inclination of the jet, the delay between the X-ray and the radio signals when they
reach the observer will be in the same time range.

A similar time scale is also obtained from the radio imaging of the jet of Cyg X-
1 (Stirling et al. 2001). We estimate the upper limit on the time delay between the
X-ray and radio signals,∆τmax, imposed by the observed length of the jet and the
observational limit on the jet-to-counterjet brightness ratioδ. Fig. 5.10 shows that for
the most probable case of a continuous jet with flat spectrum (Fender et al. 2000) and
θLOS ≈ 35◦– 40◦ (Herrero et al. 1995),∆τmax amounts to 2.0× 4.2 h≈ 8 h.

The VLBA observations provide a relatively reliable value of d = 1014 cm for the
jet length. Thus, while there may be further uncertainty dueto viscosity and other
factors, we deem it safe to say that an absence of radio–X-raycorrelations at time
scales under 5–10 hours – as found for Cygnus X-1 – is a clear indication for a rather
low jet speed. Taking into account the time range of∆τmax, a jet speed ofβ ∼ 0.6, as
deduced by Stirling et al. (2001), may indeed be a realistic estimate.

Given that no radio–X-ray correlations on short time scaleslike minutes to hours
can be identified and that we indeed have correlations on timescales like days and
months, it is consequent to look for correlations on intermediate time scales like hours
to days. Probing these intermediate time scales will be the aim of an approvedRXTE
observation during 2004.
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Summary

In this thesis, observational data from Cygnus X-1 are analyzed which were taken
by the X-ray satelliteRXTE and at radio wavelengths by the Ryle Telescope at Cam-
bridge (UK). Since its discovery, Cygnus X-1 has been attracting attention because
there is convincing evidence that it is indeed a black hole and because it is a persis-
tently bright source.

One of the key properties of black hole X-ray binaries like Cygnus X-1 is the highly
variable X-ray emission, containing a wealth of information on the emitting system.
Recently, it has been affirmed by the detection of a relativistic jet that Cygnus X-1
belongs to the subclass of microquasars. Microquasars are especially interesting as
they seem to hold the key for the understanding of AGN.

Taking up these issues, the main results of this thesis derive from two parts, one
dealing with the rms-flux relation of the X-ray emission, andthe other concerning
radio–X-ray correlations on short and long time scales.

6.1 The rms-Flux Relation

Before the work presented here, the linear relationship between the root mean square
(rms) variability and flux (the “rms-flux relation”) had onlybeen investigated for a
few hard state observations of Cygnus X-1 and for single observations of an accreting
neutron star (Uttley & McHardy 2001).

Here it was shown that the rms-flux relation of the X-ray lightcurves of Cygnus X-
1 is valid throughout all states and energy ranges observed.The relation applies not
only on short time scales& 5 s but also on longer time scales of weeks to months.

The slope,k, of the linear rms-flux relation is steeper in the hard state than in the
soft and intermediate states. Sincek reflects the fractional rms variability, this result
was anticipated (cf. section 1.4). The flux intercept,C, of the linear rms-flux relation
is relatively constant and positive in the hard state but is diverse in the soft state: in
the 1996 soft state,C is positive and slightly higher than during the hard state, in
the atypical 2001/2002 “soft state”,C is decreasing relative to the hard state level,

110
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with several observations showing a negativeC. During “failed state transitions”,C
is smaller than in the hard state, similar to the soft state behavior.

In the case of a positiveC, these results argue for two lightcurve components, one
variable component responsible for the linear rms-flux relation and one non-variable
component with a constant count rate equal toC. If C is negative, the interpretation
as a non-variable component would be unphysical, and a constant rms component is
suggested instead.

In the hard state, the slope of the rms-flux relationship is correlated with its flux
intercept, but the correlation is increasingly degenerateat higher values ofk andC,
forming a fan-like distribution in thek-C plane. The hidden parameter governing the
degeneracy is the long term average flux,〈F〉, and thek-C-〈F〉 relation maps out a
“fundamental plane” in the hard state.

6.2 Radio–X-ray Correlations

The main result of this part is that the radio–X-ray correlations of Cygnus X-1 on
long times scales (= days to months) seem to break down on short times scales (=

minutes to hours).
It was confirmed that correlations between the radio and thehard X-ray emission

of Cygnus X-1 exist on time scales of weeks to months, particularly during interme-
diate states (flares, bursts, etc.). Similar, although lessconvincing conclusions had
also been drawn with independent data by Pooley et al. (1999)and Brocksopp et al.
(1999a). Correlations between the radio and thesoft X-ray emission cannot be clearly
established.

These results fit into the picture of a strong disk/jet connection during flaring states,
with the jet formation significantly reduced or even stalledduring the soft state.

Radio–X-ray correlations on short time scales as they have been proven for another
BH XRB, GRS 1915+105, do not seem to be present in Cygnus X-1. Apparent radio–
X-ray correlations in the lightcurves of Cygnus X-1 with a radio time lag of∼ 10 min
with respect to the X-ray signal have been shown to be coincidental events of white
noise statistics.

Taking into account the existence of radio–X-ray correlations on long times scales,
the absence of radio–X-ray correlations on short times scales could be interpreted as
a relatively long propagation time between the X-ray and theradio emission region.
Any variability features on shorter time scales are distorted and washed out.

Within the framework of a jet model, these results argue for arather low jet speed
in Cygnus X-1, in agreement with independent work by Stirling et al. (2001).
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6.3 Outlook

TheRXTE monitoring of Cygnus X-1 is being continued. This ensures that the valu-
able data base of the temporal and spectral evolution of thisprominent source is ex-
tended. In the past having focused on the study of the temporal properties, a coming
task will be the spectral analysis of Cygnus X-1 with respectto its continuous evolu-
tion from the beginning of the monitoring, 1998, until today.

Likewise, the simultaneous observations with the Ryle Telescope will go on. The
work on radio–X-ray correlations will be resumed by an approvedRXTE observation
later this year. Hopefully, it will show whether the radio–X-ray correlations, absent
on time scales of a few hours, set in when proceeding to intermediate time scales of
hours to days.

Following a general trend in the field of microquasars, the main attention in the
coming years will be on linking the knowledge from different wavelength bands into
one consistent picture.
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