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Zusammenfassung

Gleil3ner, Thomas
Variabilitat von Cygnus X-1 im Réntgen- und Radiobereich

Stellare Schwarze Loécher und Neutronensterne, sogenénnipakte Objekte,
sind Endstadien in der Entwicklung massiver Sterne mit na¢dw 8 Sonnenmas-
sen. Falls die Masse eines kompakten Objekts groRer isteathebretische Grenz-
masse eines Neutronensterns, ist im Rahmen der AllgemBelativitatstheorie ein
Schwarzes Loch die logische Konsequenz.

Cygnus X-1 ist ein Réntgendoppelstern, der aus einem O+igisen und einem
Schwarzen Loch besteht, das von seinem Begleiter Massetadkr Ein Kennzei-
chen derartiger Systeme ist die starke Emission von Rostggriung mit hoher zeit-
licher und spektraler Variabilitat. Grundsatzlich werderei Zustande unterschieden,
die man alshard stateind soft statebezeichnet.

Obwohl Cygnus X-1 zu den am besten untersuchten SchwarRéaltlgendoppel-
sternen zahlt, ist die genaue Geometrie dieser, wie auckranderartiger Quellen
nach wie vor ungeklart. Fester Bestandteil aller Modelleeise Massenakkretions-
scheibe, die weiche Réntgenstrahlung abgibt. Weniger &mnderrscht in Bezug
auf den Ursprung der harten Réntgenstrahlundhand stateDie Mehrheit der bis-
herigen Modelle nimmt Bereiche an, in denen weiche Phot@wender Akkreti-
onsscheibe durch inverse Comptonstreuung in harte Résttgdiung umgewandelt
werden. In den letzten Jahren wurden im Radiobereich zuaetiiviasseausflisse
von Schwarzloch-Réntgendoppelsternen, sogenannteejgtieckt. Neben fienen
Fragen zu ihrer Entstehung ist noch ungeklart, inwieweg dar Rontgenstrahlung
beitragen.

In dieser Dissertation wird die variable Emission von CygKtl im Réntgen- und
im Radiobereich untersucht. Dazu werden eine langjahriggbBchtungsreihe des
Rontgensatelliten RXTE sowie simultane Radiobeobaclgnnps Ryle Telescope
in Cambridge (UK) analysiert.

Nachdem im Kapitel 1 auf die oben skizzierten Grundlagegegangen wird,
widmet sich das Kapitel 2 den mathematischen Methoden zsctBeibung von ver-
anderlichen Signalen mit Hilfe der Fourieranalyse unditsteé€oretische Modelle
fur die der Variabilitdt zugrunde liegenden physikalistiMechanismen vor. Neben
ph&anomenologischen Anséatzen wie dem Shot-Noise-Modedl atich eine erst vor
kurzem im Rontgenbereich gefundene lineare Beziehungchers Variabilitat und
Fluss behandelt.

Im Kapitel 3 wird diese Korrelation am Beispiel von CygnuslXyenauer unter-
sucht. Es wird gezeigt, dass sie auf allen Zeitskalehis, sowohl imhard stateals



auch imsoft state Gultigkeit besitzt. Die Tatsache, dass diese lineareeBerig, de-
ren Steigungk die Starke der Variabilitdt widerspiegelt, nicht durch démlpunkt
verlauft, sondern einen Abschn@itauf der Flussachse markiert, ist ein Indiz dafur,
dass die Rontgenlichtkurve von Cygnus X-1 z.B. aus einesteorten und einer varia-
blen Komponente besteht, oder dass eine konstante Végékbmponente vorliegt.
Die Beziehung zwischen diesen beiden angenommenen Komfgonieann durch ei-
ne fundamentale Abhangigkeit vérund C vom Mittelwert des Flusses beschrieben
werden.

Die beiden folgenden Kapitel beschéftigen sich mit Kottieleen zwischen der
Radio- und der Rdntgenemission, wie sie in vielen SchwaheRdntgendoppelster-
nen mit Jets, den sogenannten Mikroquasaren, beobachtinve

Das Kapitel 4 rekapituliert einige Grundlagen der Radimasimie, fasst das bis-
herige Wissen Uber die Radioemission aus den Jets der Mi&sage zusammen und
stellt mogliche physikalische Szenarien vor, die zu derbbebteten Radio-Rdntgen-
Korrelationen fihren kénnten.

In Kapitel 5 werden simultane Rontgen- und Radiobeobag@nwron Cygnus X-

1 unter dem Aspekt von Korrelationen auf kurzen Nlinuten bis~ 5 Stunden)
und langen Zeitskalen=(Tage bis Monate) ausgewertet. Die in der Forschung schon
langer bekannten Korrelationen auf langen Zeitskalen &iinhesonders bei harten
Energien, mit dem vorliegenden Datensatz bestatigt werd@énKorrelationen auf
kurzen Zeitskalen, wie sie z.B. bei GRS 19185, einem anderen Schwarzloch-
Rontgendoppelstern beobachtet werden, gibt es dageges Aaehaltspunkte. Viel-
mehr missen bei Cygnus X-1 scheinbare Korrelationen aufekuZeitskalen als
zufalliges Resultat von weiliem Rauschen gedeutet werd@rptetiert man diese
Ergebnisse als Zusammenbruch der Korrelationen auf kutzigskalen, so fuhrt dies
zur Abschéatzung einer relativ niedrigen Geschwindigked dets von Cygnus X-1.

Im letzten Kapitel 6 werden die Kernpunkte dieser Arbeitarnmengefasst 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 compgettshare the final stages
in the evolution of massive stars with more thar8 solar masses. If the mass of a
compact object is greater than the theoretical mass limit oéutron star, the exis-
tence of a black hole is the logical consequence within taméwork of the general
relativity theory.

Cygnus X-1 is an X-ray binary which consists of an O-type sgia@t and a black
hole accreting mass from its companion. One characten$tstich systems is the
powerful emission of temporally and spectrally variableay-radiation. Basically,
the system can be found in either of two states, referred kaabstateandsoft state

Although Cygnus X-1 is to be counted among the best studiackihole X-ray
binaries, its exact geometry is not clear, just as for singtaurces. A definite con-
stituent of all models is a mass accretion disk releasing>éofys. Less agreement
exists with regard to where the hard X-rays originate duthmghard state Most
models assume regions where soft disk photons are eneigyzeerse Compton
scattering to hard X-rays. In recent years, several X-ragi¢s have been detected
to possess matter outflows, so-called jets. Apart from opestipns concerning their
formation, the contribution of jets in the X-ray regime reénsto be clarified.

The subject of this thesis is the variable emission of Cygfulsin the X-ray and
in the radio band. The analyzed data span several years aedtaken in an X-
ray monitoring with the satellite RXTE and simultaneouseazbservations with the
Ryle Telescope at Cambridge (UK).

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

In chapter 3 this relation is investigated using the lightes of Cygnus X-1. Itis
shown that the relationship is valid on all time scale5 s, both in theéhard stateand
in the soft state The existence of a non-zero interc€pon the flux axis argues for
two lightcurve components, for example, one variable arelron-variable compo-
nent, or a possible constant variability component. Thpedkoof the linear rms-flux
relation mirrors the fractional variability. The relat&mip between these two hypoth-
esized components can be described by a fundamental demenolik andC with



long term averages of the flux.

The two following chapters deal with radio—X-ray corredeis as they are observed
in many black hole X-ray binaries with jets, the so-calledmguasars.

Chapter 4 reviews basics of radio astronomy, gives a sumaf#ng radio emission
from the jets of microquasars, and introduces possibleipalyscenarios which could
cause the observed radio—X-ray correlations.

In chapter 5 simultaneous X-ray and radio observations gihQg X-1 are studied
with regard to correlations on shogt (ninutes to~ 5 hours) and long time scales
(= days to months). The existence of correlations on long tioades, as observed
in many microquasars, can be confirmed also with the usetastaof Cygnus X-1,
particularly at hard energies. On the other hand, there isdioation for correlations
on short time scales, as they are known, e.g., for GRS 4905, another prominent
black hole X-ray binary. Apparent correlations on shoriiscales in the lightcurves
of Cygnus X-1 are rather the coincidental outcome of whiteaetatistics. Interpret-
ing this result as a breakdown of radio—X-ray correlatiomsloorter 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 thedigiges a brief out-
look.
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CHAPTER 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 Hale
from a cartoon by Sidney Harris

1.1 The Black Hole

Black holes (BHs) are fascinating astronomical objectshiniave become a kind of
symbol for highly sophisticated astrophysics in the pubhievertheless the idea of
a body which “locks” everything, even light, was alreadyrbar the 18th century,
independently by Michell (1784) and by Laplace (1796). Thatimation of these
people becomes clearer against the background of the Nemttmeory of gravity.
For an object to completely leave a celestial body with mdsand radiusR, its
velocity v must be equal to or greater than the escape velogity,eof that celestial

body, given by
[2GM
Vescape— T (1-1)

whereG denotes the gravitational constant. When light with a wewvgth is con-
sidered as single photons with mass- h/ Ac, then a celestial body can be imagined
whose escape velocity is greater than the speed ofdighd., photons cannot escape
from that body. With the detection of the wave characterglitithe idea of massive
photons was forgotten, and with it the notion of aroyps obscu:

It was not until the beginning of the 20th century when AlbEmistein had de-
veloped the general relativity theory (GRT) that these $dsare re-introduced as a
singularity in the 4-dimensional space-time continuuml®i6 Schwarzschild, then
a German front soldier, published a solution of the GRT dqunatfor the case of a
spherical non-rotating body with mas4, featuring a singularity of the “metric” at

1Corps obscyri.e., hidden body, is the term which was used by Laplace@)l&9denote this kind of
gravitationally invisible stars.

10
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Axis of rotation

Black hole

Ergo—
sphere

Singularity

Figure 1.1: Geometry of a black hole. The event horizoiRat Rs marks the area from
which no signal can escape. Due to the frame-draggdifege an ellipsoidal region within the
static limit forms around a rotating BH, the ergospherediasf which accreting material must
corotate with the BH and from which rotational energy canXieaeted (after Karttunen et al.
2003, Fig. 14.9).

the Schwarzschild radius

2GM M
Rs = z ° 3 km(M—o) (1.2)
(Schwarzschild 1916). If the radilsof that body is smaller thaRs, neither matter
nor photons — thus no information — can escape fromit.

The belief that highly compact objects like this could realkist grew with the
advances in the theory of star evolution that were made &titha. In 1931 Chan-
drasekhar’s calculations for a white dwarf suggested tlegbbd a mass limit of
1.4M,, the Fermi-Dirac-degenerate electron gas cannot withstiaadjyravitational
pressure any more and the white dwarf would collapse (Clese#thar 1931). By
1934 the existence of a neutron star as the result of a swaewas considered possi-
ble by Baade & Zwicky (1934) and some years later Oppenhefmdaiko ff (1939)
presented detailed theoretical models for this compa&abbjrhey had not failed to
notice that even a neutron star —just like a white dwarf — hagigper mass limit. Due
to the uncertainty with respect to the equation of state fatten denser than atomic
nuclei, the Oppenheimer-Volkomass 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 possasass.

BH type angular momentum charge
Schwarzschild J=0 Q=0
Kerr J>0 Q=0
Reissner-Nordstrom J=0 Q#0
Kerr-Newman J>0 Q=+#0

range 18—-3M,, (Shapiro & Teukolsky 1983). Beyond this limit no stable cgofia-
tion to counteract gravity is possible and matter will cantrto a collapsar, for which
the more popular term “black hole” was established in thedl86

The gravitational potential around a non-rotating masspieere according to the
Schwarzschild metric is a modification of the Newtonian tlyeteading to conse-
guences for the orbital geometry around the mass. @eetds that the innermost
stable circular orbit (ISCO) is at a radiRs= 3Rs, which plays a role in the formation
of accretion disks. Another result is the advance of thegs&an for an elliptical
orbit. This second féect 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 theoreticiamsriany decades and
more and more of their nature has been discovered (Fig. THg.theorem “black
holes have no hair” means they have no observable exteragdateristics that can
be used to determine what they are like inside. The only ptgsea BH can possess
are massM, angular momentund, and electric charg®, and it can be completely
specified by these three parameters (Table 1.1). In the daseotating BH (0 #
0) the GRT predicts the dragging of inertial frames arourartitating mass. This
so-called Lense-ThirringfBect causes matter falling toward the spinning BH to be
dragged around it (Bardeen & Petterson 1975). Hawking &HE1IB73) and Hawking
(1974, 1975) confirmed the hypothesis that the entropy of asBloportional to its
horizon area and found that BHs can emit thermal radiattenso-called “Hawking
radiation”. Recently, Wilms et al. (2001) found spectratfees that suggest the
extraction of energy from a Kerr BH via the Blandford & Znajdl®77) process.

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

?In literature on BHs the rumor is spread that J. A. Wheeler9@7lor 1968 was the first to refer to a
collapsar as a “black hole”. However, this term has obviptiglen in use already years before (Rosenfeld
1964).
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As it is per definitionem impossible to directly observe a Bldny authors prefer to
use the term BH “candidate” (BHC).

This thesis deals with observational results from Cygnuk, X-typical represen-
tative of stellar BHs in a binary system, which have massdas@brder of 16 M,
and in many cases are bright sources due to intense intaragtiith their compan-
ion. For stellar-mass black holes which are located in odaxyahe acronym GBHC
for galactic black hole candidate is regularly found in tiverature. It is suggested,
though, that the vast majority of GBHC are isolated BHs wthriegimain undetected
because hardly any radiation can theoretically be expdobed them (Reynolds &
Nowak 2003). Another class of BHs, the so-called supermas3Hs (SMBHSs)
with masses in the range of #a.(° M, reside in the cores of active galactic nu-
clei (AGN), actually of most galaxies. For the existence &MBH in our Galactic
center, designated SgrAconvincing evidence was supplied by Schddel et al. (2003)
The formation process of the SMBHs is yet unclear, thoughilf but rather spec-
ulative class are the primordial BHs: it is possible thay #8Hs which evaporate by
emitting gamma rays could have formed in the primordial erse (Page & Hawking
1976). Lastly, evidence has accumulated for a class ofrirediate-mass BHs, with
M ~ 10°—-10* M, in the cores of dense stellar clusters (Miller & Colbert 200

More than 300 years ago, BHs were introduced as a Gedankeniment. Today,
BHs — fascinating both by their mathematical elegance j\ausharacter, and sheer
power — are conceded a firm position in the cosmic orchestlasaem to play a
major role in the symphony of the universe. In our near cosmighborhood we
are constantly reminded of the actual existence of stallass BHs by the immense
X-ray emission we receive from BH binaries. The next sectidhdeal with their
properties.

1.2 Black Hole X-ray Binaries

X-ray binaries (XRBs), named for their conspicuous X-rayission, consist of a
“normal” star and a compact object. Leaving aside the whitarfl systems — also
known as cataclysmic variables — where nova and dwarf nawatiens predomi-
nantly shine in the ultraviolet and visible wavelength rangeutron star and BH
X-ray binaries (BH XRBs) are characterized by enormous aghlifvariable X-ray
emission. The compact objects are remnants of relativesiva stars that evolved
in a binary. During their evolution they transferred masthtothen smaller compan-
ion, and mass transfer in the binary keeps remaining an esiggocess in XRBs, as
is shown in section 1.3.

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

(Mcompactsm i)3 _ Pv?

f(My, Mcompact i) = m G

(1.3)

where M, is the mass of the companion star, dnd the inclination of the orbit.
With reference to the Oppenheimer-Votkmass limit, a mass functioh > 3 Mg, is
considered proof of a BH. If the mass function is not avadalan XRB is taken to
contain a BH if the spectral and temporal characteristichefcompact object are
similar to an established GBHC. In other cases emissiongsti@s may help to iden-
tify the compact object. Type | X-ray bursts, spin pulsasioor spectral single-color
blackbody components are expected only from a neutron stause they require a
surface to be produced (Tanaka & Lewin 1995).

Currently~ 18 confirmed BH X-ray binaries in the Galaxy are known (Mc@lok
& Remillard 2004). They are divided in two classes accordmghe mass of the
secondary, i.e., star component: in low-mass X-ray bisafliMXBs), 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 caiapdO or B) with
M > 10M. The spectral type may be inferred from optical identifisatingor from
the mass function. Three sources, all of them HMXBs, sholy parsistent activity
(LMC X-1, LMC X-3, Cyg X-1), while the majority belongs to thteansient sources
which semi-regularly experience large amplitude outtsuictowed by long periods
of quiescence.

BH XRBs form a laboratory for the study of high-energy ashygics. Their im-
mense energy output is powered by the flow of atmosphericrrabbem the stellar
companion to the BH where it falls into the deep gravitatiomell of this compact
object, setting free its potential energy in the form of adidin, mainly in the X-ray
range. Details of these processes are given in the nexbsecti

1.3 Accretion

Accretion, i.e., the growth of a body by means of the gramtet! force it exerts on
surrounding matter, is a common mechanism in the universén-Alepth description
of accretion can be found in Shapiro & Teukolsky (1983), krahal. (1992), and
King (1995). Due to the conservation of omnipresent angmamentum, particles
cannot fall radially on the accreting body but form an adoretisk (AD), as can be
seen, e.g., in very young stars (T Tauri), in AGN, in protar@tary systems, and in
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XRBs, where they circle the accretor on quasi-Kepleriart®rhith angular velocity

Ok ~ VGM/R, (1.4)

whereR is the radius of the orbit around the accretor. In many cabkesaccreting
matter is limited very closely to the orbital plane so that thisk flow can be con-
sidered as two-dimensional, known as the thin disk appration. This thin disk
is relatively cold and can be regarded as optically thiclkatafsom the innermost re-
gion of the disk). Because offtierential rotation of the disk, the particles lose angular
momentum due to turbulent friction (most likely involvingagnetic fields) between
adjacent layers, and spiral inward. The frictional foFcgvhich is transmitted to an
areaAis given by

F = pvAdv/dx (1.5)

wherep is the mass density, is the kinematic viscosity, andvgdx is the velocity
gradient perpendicular td. It was found that the common molecular viscosity is
far too weak to account for the accretion disk particles s&langular momentum in
an dhicient way (Pringle 1981). In absence of an exact theory difutient viscosity,
Shakura & Sunyaev (1973) introduced the parameter 1, which is related to the
viscosityv by

v = acsH (1.6)

wherecs is the sound speed, amtis the typical vertical scale-height of the disk, i.e.,
broadly speaking the half-thickness of the disk, which iatesl tocs andQyx as

Cs
H =~ O a.7)
(see, e.g., Frank et al. 1992). The angular momentum of thilea is transported
outward and — spiraling into the deep potential well of thetd object — a consider-
able fraction of the potential energy of the particles isigiated as heat locally within
the disk, and subsequently emitted as thermal radiatioe.ofier fraction, one half
of the potential energy of the patrticles, is transformed kibetic energy (Tanaka &
Lewin 1995), continuously accelerating the particles &y tipproach the innermost
region around the compact object, where most of the gramitatenergy is released.
This standard picture of an AD is known aslisk or Shakura-Sunyaev-disk.

Apart from the thin disk approximation, several other sols to the hydrody-
namic equations of the accretion flow are known, which havergrise to a multi-
tude of geometrifphysical accretion models for GBHCs (see section 1.5). Gaan
of luminosity and of other system parameters like spectrat@y distribution or vari-
ability observed from GBHCs, apparently are related fiedént accretion conditions
(see section 1.4).
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The enormous luminosities observed from AGN or XRBs are ped/dy the re-
lease of potential energy through accretion. Accretionyidds the most #icient
astrophysical energy source, even in comparison to nuftiseim, as will be shown
by the following estimation. The accretion of mas$érom infinity to the surface of a
neutron star with magsl ~ 1M, and radiuR ~ 10 km sets free potential energy of

M
AEace = GTm = 13x 10%ergg? (1.8)

The typical astrophysical nuclear reaction of hydrogeiofuso helium, the proton-
proton chain

4'H - “He+ 2e" + 2v + 2y + AEqq (reaction balance) (1.9)

releases a maximum energy yield SEn ~ 0.007m& = 6.3 x 108ergg?, i.e.,
only about a twentieth oAE,... In case of a neutron star it is possible that the total
of AEyccis set free, as there is a surface where the kinetic enerdyeahtiss can be
transformed to thermal and then radiation energy. In caseB#, however, the mass
and its kinetic energy is lost beyond the event horizon. Iwfgeian theory, the total
energy of a Keplerian orbit according to the virial theoremequal toGMmM/2R =
AEacc/2. As this energy is lost to the BH, this gives an upper estn@athe energy
that is set free in the disk around the BH.

An order-of-magnitude estimate for the accretion lumityosiith great practical
importance is obtained when making the assumption thatélaelg accreting material
is mainly hydrogen and fully ionized. Then radiation frone tbentral object exerts
an outbound force on the spherically symmetrically acogetnaterial, mainly the
electrons, via Thomson scattering, whereas gravitatioting on electron-proton-
pairs, drags inwards. At the Eddington limit

Ledd = 1GMmyc/or = 1.3x 10%3(M/Mo) erg s (1.10)

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

If the fraction of released gravitational potential enetiggt is transformed to ra-
diation in the AD is given by the dimensionlesfigiency quantity;, the accretion
luminosity is

Lace = 2nGMmM/Rs = nind (1.12)

wherem is the accretion rate (Frank et al. 1992). For a solar massarestary ~
0.15. For a BH, a precise calculation in the GRT metric resultsypical dficiency
values ofp = 0.057-042 for Schwarzschild and Kerr type, respectively (Shapiro &
Teukolsky 1983). Inserting realistic values in eq. (1.21)x(0.1,m ~ 10° Mg a™!)
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delivers a typical accretion luminosity bf,, s ~ 10°” erg st in a BH binary system.
Assuming the disk thermally radiating as a black body and an&tds of 1M, the
luminosity of a typical accreting BH,yp g1, COrresponds to a typical photon energy
of ~ 0.5keV (Tp, = 5 x 10°K), which can be derived from equating

o T = Liyp.ar/4nR3 (1.12)

whereo is the Stefan-Boltzmann constant. If for the thin disk appration it is as-
sumed that all released gravitational potential energyigted locally as blackbody
radiation, the temperature of the plasma inside the diKriscc r=3/4, where r is the
distance to the central object. The disk temperature iseerom a low value near
the outer edge to a maximuT, at the inner edge of the disk Bf, ~ 3Rs, SO most
of the luminosity is set free in the central zone of the AD @lkan& Lewin 1995).

In order to maintain the luminosity on long time scales, tberated material that
is lost to the BH has to be substituted. In the case of an m®IBH, there is large
uncertainty about thefciency of accretion from the interstellar medium (ISM)-set
ting free low-level X-ray radiation (Bondi & Hoyle 1944; Bdn1952; Reynolds &
Nowak 2003). In an XRB the companion star can deliver gasemtter 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 witudar velocityw and
massed,. andMcompactit is convenient to describe the system in a frame of refexenc
rotating with the binary system, where the stars keep a fixaitipn. Under these
conditions, it is possible to derive the potential (graiaal plus centrifugal) and
its corresponding equipotential surfaces. In a point wittiathcer,, to the center of
M., distance compactto the center oMcompact and distance to the rotating axis, the
potential is given by

Y
D =-G (M— + °°”‘pa°t) NEEW (1.13)

" I'compact

(Unsdld & Baschek 2002). Close to each companion, the patéestdominated by
the gravitational potential of each mass, thus the surfaealmost spherical. As one
moves farther from a center of mass, the tidal and centrifiogees increase, and the
surfaces become flatter and more elongated. The first commopaential surface
that is shared by each companion is shaped like an hour ghaksis aalled Roche
surface, the two volumes enclosed by this surface are thedRlobes. The Roche
surface intersects between the companions at the gravigdpotential saddle point,
the inner Lagrangian poirt;, forming a pass between the Roche lobes. Bekide
Lagrangian points,—Ls exist near the binary system, where the gravitational ®rce
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Figure 1.2: Mass accretion in an XRB can work in two ways: vacle lobe overflow (left)

or via star wind (right). In some systems as, e.g., Cyg X-Jitimsgon intermediate between
accretion by Roche lobe overflow and pure, spherical windadion is found (Friend & Castor
1982).

of the two masses cancel out. In the case of our solar systesg t agrangian points,
especiallyL, andLs, represent ideal parking positions for satellites and avered
places to find asteroids, the so-called Trojans. Fartheeach equipotential surface
envelops both companions.

If the normal companion star evolves to a giant and fills itgliolobe, matter is
spilled acros4; into the Roche lobe of the compact object, where it is capthyets
gravitational force and accreted via an AD. In this procssmass-donating star can
lose mass at rates of8108 — 3x 10*M, a ! (Shapiro & Teukolsky 1983). Apart
from Roche lobe overflow, which is the best understood poéseeding the AD,
the mechanism of wind accretion is rather important with HBJ>Xamong various
other possibilities, and will be discussed next.

1.3.2 Wind Accretion

In XRB systems where the normal companion star is of spettpal O or B with
strong stellar wind loss rates of 18-10° My, a* (Frank et al. 1992), wind accretion
can be a relevant process in case the mass-losing star dioisit'oRoche lobe. A
small fraction € 0.1%; Shapiro & Teukolsky 1983) of the highly supersonic plasm
that is symmetrically ejected from the early type star pafise compact object close
enough to get caught in its gravitational potential well aodtributes to the accretion
material. The formation of an AD around the accretor is imghby the little angular
momentum the stellar wind carries, and if an AD forms, it Wil smaller than in the
case of Roche lobe overflow.

The strength of the wind loss rate is usually measured bytthagth of the stellar
wind emission in K (Puls et al. 1996; Gies et al. 2003). In sparse stellar wihes t
Ha spectral line is present as an absorption line, and grows &rassion line due to
recombination near the stellar photosphere in the casensiedeinds.
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Figure 1.3: The high-velocity CO jet of HH 211, a young lowsgagrotostar, taken at 1.3 mm
with IRAM. The small panels show the CO jet superimposed glirté emission (Richer et al.
2000, Fig. 1).

1.3.3 Outflows

Collimated outflows from accreting objects seem to be a comf@ature in the uni-
verse. The observation of very young stars has revealedAbatare closely con-
nected to bipolar outflows along the rotation axis of the Ailg(A.3). Once the
AD, which reaches until close to the central object and ferdterial into the jets,
has dissolved, the jets disappear (Bachiller 1996). The adily available energy
source for the expulsion of matter at very high velocitiethesgravitational potential
energy set free during the accretion process. The undgriviechanism for the jet
collimation seems to be the rotation of the AD by which a teleonfiguration of the
magnetic field is built up, possibly assisted by externasguee (cf. section 4.3.2).
Radio-emitting jets from galactic cores had long been alfanmphenomenon in
radio astronomy, when the “kinematic model” proposed byi&al& Rees (1979)
and Milgrom (1979) as explanation for the periodically Digpgshifted Balmer and
He lines of SS 433 provided the link between AGN and XRBs (Marj984), mak-
ing come true theoretical work that predicted outflows frammpact objects (e.g.,
Shakura & Sunyaev 1973). At the latest since the discovethi@buperluminal jet
source GRS 1915105 it has become generally accepted that our Galaxy hagbors
class of XRBs with relativistic outflows (Fender et al. 1998hey show an intrigu-
ing similarity to quasars and, more generally, to AGN exdeptthe fact that they
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are a factor 18-1° smaller in mass. Thus they have been referred to as ‘micro-
quasars’ (MQs; Mirabel et al. 1998). One of the key propsiieMQs is the ejection

of matter at relativistic speeds in jets. Non-thermal raghaission is detected from
these outflows, which due to its properties is thought to Inelsgotron radiation from
relativistic electrons in the jet (see chapter 4).

These outflows can be divided in two categories: the contiajgts which appear
as uninterrupted stretched emission regions, and the lgjebtions, with separated
emission knots, which bear similarity with beads on a thrdats and radio emission
are no constant feature of X-ray binaries. They are subjechéinge depending on
the spectral state of the central object. The presence @ eadission seems to be
related to the hard state whereas the soft state shows aleoaislie reduction of radio
emission or even its quenching below detectability (cftisecl.4).

1.4 States

GBHCs are generally found in one of several states which aialyncharacterized
by their X-ray and radio spectral and timing properties (seg., Nowak 2003, and
references therein). These states are spectrally dissimgaiby diferent X-ray broad-
band luminosityL, and by the dterent relative contribution of a soft, quasi-thermal
and a hard, power-law-like spectral component to this lwsity. These two basic
components are generally associated with soft thermadtiadifrom a cold AD, and
high-energy emission produced by upscattering of photo@stiot environment, re-
spectively (e.g., Sunyaev & Trimper 1979).

Figure 1.4 gives a schematic view of the four main stateshénvery high state
(VHS), L is close to the Eddington luminositleqq, and both spectral components
contribute about equally. In the hitgoft stateL is at a slightly lower level, the soft
component dominates the spectrum, and the weak power-layp@oent has a high
photon indexX". In the hard state, the two spectral components have chahged
roles, this time with a dominant hard power-law and a verykieaeven absent soft
part contributing to a relatively low luminosity < 0.05Lgqq. In the transition be-
tween the hard and the soft state, occuring at a thresholisasity of ~ 103" ergs?,
GBHCs are sometimes observed in the so-called intermestatie, which has sim-
ilar features to the VHS, and where the variability and X-spgctral properties are
mostly intermediate between the hard and the soft statdofBedt al. 1996). Ad-
ditionally, some GBHCs, especially transient sourcegldisa quiescent state with
very low luminosity.

Transitions between fierent states are now usually associated with changes in the
mass accretion rate, providing a link to thefeient observed levels of luminosity
(Esin et al. 1997). This concept explains the high luminositthe soft state with an
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Figure 1.4: Diagram summarizing the main characteristithedifferent states of BH XRBs.
Major differences found in the observational data concern the extevdriability and the
spectral shape (left). The physical interpretation redultifferent geometries, associated with
a variation of the mass accretion ragcenter). Since the consolidation of the MQ concept,
radio features are assumed to be an integral part of the tgfadtogy (right) (Fender 2002,

Fig. 4).

AD that reaches inwards until the ISCO, providing good ctiods for an éective
accretion process. In contrast to this, the AD of the harg stdruncated at a distance
of several hundreBs and at smaller distances to the BH replaced by a geomeyricall
thick, optically thin hot medium, leading to a lower accoetrate and luminosity.
Since the physical process of scattering photons to highergées by hot elec-
trons, the so-called Comptonization, is indispensablefdeeper understanding of
the states of GBHCs, its basic ideas are briefly outlinedérfeliowing section.

1.4.1 Comptonization

Compton scattering is the scattering of a photon by an @ectks the results can be
explained within the framework of conservation of energgt emomentum, Compton
scattering supplies evidence for the wave-particle doedislight. The energy loss of
the incident photon is dependent only on the scatteringegthghd its initial energy
E = hv, when the electron is taken to be initially at rest. The ep@fgthe photon
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after the scattering proceds,, is then given by

E

1+ :5(1- cost)

’

(1.14)

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

2 Me 3/2
f(v)dv = \/j (—) v? expmev?/2kTe)du (1.15)
7 \kTe
wherekTe/mec? < 1, it can be shown that, averaging over all solid angles, tbeage
relative energy change of the photon is given by

AE _4kTe—E

= o (1.16)

In the case oE < 4kT,, the photons undergo inverse Compton scattering, on a@erag
gaining energy in their encounter with the electrons. Tloeess of multiple inverse
Compton scattering events is referred to as Comptonizafidre electron cloud is
cooled by this process.

1.4.2 The Hard State

The hard state spectrum is similar to the high-energy speftAGN and is charac-
terized by a power-law with photon indéxand an exponential cufiowith folding

energyk;

3_'; o« ET expE/Ef) (1.17)

whereN is the number of photons detected. Typical values of therperers are
I' # 1.4-18 andE; ~ 250keV.

This hard power-law component represents the signature pifyaical process
which releases highly energized photons. It is usually remtiby thermal Comp-
tonization of cool seed photons to very high energies by dicalfy thin, hot plasma
with temperature&T > 100 keV (Thorne & Price 1975; Shapiro et al. 1976; Sun-
yaev & Trimper 1979; Dove et al. 1998). Unsaturated inverse@on scattering,
i.e., the photons on average gain energy by each scatterard, @redicts a power-
law modified by an exponential cufoat energie€ =~ kT, which fits well to the
observed spectrum of BH XRBs. The low-energy seed phot@thaught to be sup-
plied by the cold AD, while the hot electron cloud, which ireéogy to the extremely
hot and rarefied plasma of the solar corona is called acoreligk corona, is situ-
ated somewhere in its neighborhood. The exact geometdagement of these two
components, disk and corona, is still debated.
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Two main properties of the plasma medium that determinetibpesof the Comp-
tonized spectrum are the electron temperalyralso referred to as coronal temper-
atureT,, and its optical depth. For a givenTg, an increase in results in a harder
power-law. For a givem, an increase iff¢ results in both a harder power-law and an
increase in the folding enerds. ThusE; provides an estimate df, (E; ~ 50 keV
gives a plasma temperature™f ~ 10°K), and the photon indek provides an esti-
mate of the opacity.

Below 1keV the spectrum may show a soft excess: a quasi-tieomponent
which is thought to be radiation from a cold, optically thialb with kTy, ~ 0.1—
0.3keV. Additionally, a weak iron line feature (FeaK,) at ~ 6.4keV and a slight
hump between 10 and 50 keV are present in the spectrum.

Iron is the end point of thermonuclear fusion, making it atigely abundant el-
ement in the universe. Also, the K fluorescence yield inaeagth atomic number
Z and is~ 0.34 for neutral iron (Kortright 2001). This accounts for threminence
of the Fe kry, fluorescent lines in many sources, excited by X-ray irréoiaof
relatively cold, dense gas very close to the central comgaect.

An optically thick cool disk irradiated with X-ray photons the energy range
0.1 keV-1 MeV reflects about 10% of the incoming photons. Theisesbsorbed and
re-radiated as soft radiation, the so-called reprocessiing shape of the reflected
spectrum is a result of the energy dependence of Comptotesngtand photo ab-
sorption. ForE > 15keV Compton scattering withAE/E « E is the dominant
process, i.e., high energy photons lose much more energyldlhaenergy photons.
For the reflection spectrum this means that the absorpis/giyonger at high energies
and decreases for lower energies. Eox 10keV photo absorption dominates over
other interactions, with an absorptivity E-3. Both processes together provide that
high energy photons are Compton scattered to low enerdiesops at low energies
are absorbed, forming a reflection hump in the shape of thectafh spectrum.

In the hard state, MQ sources show a considerable radidtgatirich is assumed
to be driven by synchrotron radiation from a plasma outfléidtte central BH. Also,
the X-ray emission is significantly more variable than in $bé 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 energiess 10 keV, the flux is relatively low in the hard state. As the fgeher-
ation X-ray detectors were limited to this lower energy mnpis state historically is
also called the low state.

1.4.3 The Soft State

In analogy to the haytbw state, the soft state is also referred to as high state. Th
spectrum is dominated by a soft quasi-thermal componerdiwdan be described by
a black-body spectrum with a characteristic temperature@b—3 keV. The thermal
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X-ray spectrum in the soft state is generally associatetl wigeometrically thin,
optically thick accretion disk (Shakura & Sunyaev 1973; Mov & Thorne 1973;
Gierlihski et al. 1999). In some sources, a highly variable poaardomponent with
I' ~ 2.0-25 has to be added (e.g., in LMC X-3, a HMXB BHC with= 2.5 or softer
in the soft state).

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

1.4.4 The Intermediate State

The intermediate state bears temporal and spectral featerg similar to the VHS,
but at a significantly lower luminosity. It seems to occur wlzetransition between
the hard and soft state has undergone, but the increase atthetion rate is not
suficient to enter the soft state (Belloni et al. 1996).

The analysis of the lag in the arrival time of hard photonshwispect to soft
photons has become a valuable tool to classify transitstatts of BH XRBs (Nowak
& Vaughan 1996; Nowak et al. 1999). Within the framework af thomptonization
models (section 1.5.1) this time lag was explained as a dklayto scattering in the
electron plasma, until it was found that — contrary to for@&sumptions — the X-ray
time lag in the hard state is comparable to the lag in the saft swhereas the time
lag is considerably increased during transitions betwlerhtird and the soft state
(Pottschmidt et al. 2000). In fact, an enhanced time lag tebeuited to determine
an intermediate state than spectral criteria (Pottschatidt. 2003; Benlloch 2003;
Benlloch et al. 2004).

1.5 Models

The simplest AD model and regular ingredient of most modai8H XRBs has al-
ready been mentioned in section 1.3: thdisk model of Shakura & Sunyaev (1973)
features an optically thick, geometrically thin, i.e.,atdlely cool AD. If the mass
accretion rate does not vary in time, the disk is in a “steadtes. Its eponymous
viscosity parametear is usually set at a value 0.1. Assuming blackbody emission
from the surface of the disk with an innermost radi4s~ 3Rs, the resulting spec-
trum is given by the surface integral of the blackbody sgzeatall diferent radii, and
consequently dierent temperatureBs(r) (Tanaka & Lewin 1995). This multicolor
disk model can be satisfactorily fit to the quasi-thermatsmen of the soft state, but
is not applicable to the power-law component which is charastic to the hard state.
For the hard state, workers in this field have developed a euwitdiferent models
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Figure 1.5: Branches of accretion disk solutions as a fanaif accretion ratenand vertical
optical depthr. Apart from the hot solutions of ADAF and the two-temperatdisk model
(SLE), the right hand line at highshows thex-disk model (Done 2002, Fig. 1a).

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

1.5.1 Comptonization Models

The steady coab-disk model is not the only solution to the hydrodynamic eiqures
describing an AD (see Fig. 1.5). An overview over the mostuksed Comptoniza-
tion models is given, e.g., in Nowak et al. (2002). For lowration rates, alternatively
two hot solution branches with optically thin disks exisgfilyan & Yi 1995).

In the two-temperature disk model, also known as SLE-mofief ¢he authors
Shapiro, Lightman, and Eardley. # Tion and all of the energy is dissipated into
the ions (Shapiro et al. 1976). Although the two-temperatglution is valid for
all radii, a hybrid disk was proposed: the inner region of &i2 is optically thin,
hot and geometrically thick, while the outer region coraggs to the steady-disk
model, optically thick, cold, and geometrically thin. Thiay, many features needed
to explain the high energy spectra of GBHCs are containeell photons from the
outer cold disk are upscattered in the inner hot coronarékgon. A fraction of the
coronal radiation is backscattered to the cold disk andogssed, giving rise to the
reflection features observed in the spectra (cf. 1.4.2).prboklem with the SLE-disk
is that it is thermally unstable as small perturbations efékectron temperature can
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Figure 1.6: Possible geometry for the hard state. The intige ef the accretion disk is trun-
cated at a fairly large transition radius from the BH, whislinferred from spectral analysis to
be of the order of 50—10Rs for Cyg X-1 (Esin et al. 1997; Done 2002). The inner regionrnea
the BH is filled with an expanded rarefied medium responsibiettie 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 clpselated to the
SLE-disk. A hot, optically thin, and geometrically thick ADsandwiches the cold
accretion disk in a slab geometry. The heating of the ADCatized by reconnection
of twisted magnetic flux tubes (di Matteo 1998), a process$-kredwn from our sun.
Because of the tlierential rotation in the accretion disk threaded by a magfietd,
an amplification of local magnetic fields can take place whéshilts in the formation
of magnetic flux tubes (Galeev et al. 1979). As these loop4ikuctures rise above
the accretion disk due to magnetic buoyancy, the disk anatwvists the flux tubes.
When regions of oppositely directed magnetic fields mediiwithe disk or between
the disk and the corona, they may explosively reconnecsiogusignificant power to
be dissipated via magnetic flares, thus providing a mechatuseat the corona.

It was shown that a self-sustaining magnetic dynamo prasesdeed able to op-
erate (Tout & Pringle 1992). To make this process work, a ratmgnotational insta-
bility (MRI; Balbus & Hawley 1991) which enhances the magoéeld and accounts
for the transport of angular momentum by producing the tieree needed for vis-
cosity is utilized. The MRI, developing in weakly magnetiadisks, thus bridges the
theoretical gap to the ad haeprescription (cf. eq. (1.6)).

The ADC faces several problems that are predominantly adedéo the sandwich
geometry, i.e., the high covering fraction of the disk by tlheona: due to strong re-
processing in the disk, which increases the Compton coolitige ADC, the coronal
temperature is low, the equivalent width of iron is larged anstrong soft excess is
present, so that this model is not able to explain the hatd sfeectra of, e.g., Cyg X-
1.
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To circumvent those shortcomings, a highly ionized tramsitayer on top of the
cold AD was introduced which reduces the reprocessing featoy its high reflectiv-
ity with respect to coronal photons (Young et al. 2001). Hasvethe physical possi-
bility of such a layer was strongly called into question (Elashin & Dove 2001).

A passable way instead seems to be the sphelisk geometry (Dove et al. 1997).
A central spherical corona with radi®% ~ 100Rs and coronal temperatukd, ~
90 keV around the BH is surrounded by a thin disk Wilfyisk(r) = 150 (/R.)"*eV
(Dove et al. 1998). On account of the reduced covering foacthe former problems
are avoided. The reflection features can be adjusted by #réamof disk and corona.
Similar geometries have been proposed also by other autkigrsl.6).

In the converging inflow (Cl) model, also known as bulk mot@omptonization,
Shrader & Titarchuk (1997) propose that the power-law specin the hard and soft
state is brought about by a radial flow of matter at high sp@eaisrent & Titarchuk
1999). Close to the event horizon the accreting matter movearly free fall,
the so-called converging inflow. The such accelerated relestwithv ~ ¢ possess
enough energy in order to upscatter soft disk photons byse€ompton scattering,
and to account for an extended power-law as observed in thstate spectra, e.g.,
of Cyg X-1 (cf. Fig. 1.9).

This extended power-law of the soft state without €utg to several MeV is in
sharp contrast to the power-law of the hard state (see F)gAs9Comptonization in
a Maxwellian electron cloud (eq. (1.15)) leads to a powervédth exponential cutfy
(Coppi 1999), the applicability of thermal Comptonizattorthe soft state power-law
is questioned and instead a hybricttfermalnon-thermal) plasma model is postu-
lated (Gierlhski et al. 1999). Inverse Compton scattering with non+ttedielectrons,
i.e.,e* from pair production, bulk motion electrons, and synchontlectrons, which
possess a power-law velocity distribution, leads to a spepbwer-law without cut-
off, in compliance with the soft state observation.

1.5.2 The ADAF

The advection-dominated accretion flow (ADAF; Narayan & ¥D5; Narayan et al.
1998) was discovered by Ichimaru (1977) as a second hoti@olexcept the SLE-
solution which is thermally unstable (see 1.5.1). Both loddtons, SLE and ADAF,
work only if the mass accretion rate S below a critical valuangi. Form > My
neither of the two hot solutions is existent and the only Sofuavailable is the cool
thin accretion disk (Fig. 1.5).

The two key assumptions of ADAFs are: (1) most of the enerlpased by viscous
dissipation is not radiated immediately, as in a thin digkt, goes into heating the
ions, i.e., the protons which are ifieient radiators, (2) the energy transfer from ions
to electrons is restricted to Coulomb collisions (Esin etl@97). As the density in
the thin plasma is so low, Coulomb transfer isftient, so that the gas becomes a



28 Chapter 1: The Nature of Black Hole X-ray Binaries

two-temperature plasma (Ichimaru 1977). Energy must besteared from the ions
to the electrons before it can be radiated, but that prosedsw and the gas reaches
the event horizon first, so that the energy is advected wéhithw to the BH — hence
the name ADAF. As the gas falls into the deep potential wethefcompact object,
it becomes extraordinarily hoT,o, ~ 10*%/r K, wherer is the radius in units oRg
(Narayan & Yi 1995). At such temperatures, the gas bloatsraprad the compact
object in a quasi-spherical cloud of low density gas.

ADAFs are attractive models for explaining the emissionasf-luminosity AGN
(LLAGN) or underluminous supermassive BHCs such as Sg(ske, however, Fal-
cke & Markaf 2000) because most of the energy is carried along with thgahend
is lost into the BH, thus not contributing to radiative enoss(Narayan et al. 1995).
It has also had significant success in explaining the hatd sfaXRBs in general,
and in particular quiescent states of several soft X-raysiemts. In these objects,
the transition radiuf, between the outer thin disk and the inner ADAF zone is as-
sumed to be of the order 10? — 10* Rs (Esin et al. 1997; Liu et al. 1999; Merloni
& Fabian 2002). Moreover, the ADAF model has triggered thesttippment of many
variants like, e.g., the convection-dominated accretion (ICDAF; Stone et al. 1999;
Narayan et al. 2000), or the advection-dominated inflowflowtsolutions (ADIOS;
Blandford & Begelman 1999). The ADIOS model, including oatfs from the ac-
creting object, leads over to the jet model described in the section.

1.5.3 The Jet Model

A basically diferent approach to explain the hard state X-ray spectrunfiediging
the currently favored Comptonization models which ignamg gt contributions, is
the concept that synchrotron radiation from a jet domin#itesx-ray flux (Falcke
& Markoff 2000; Markdr et al. 2001, and references therein). The motivation of
this model is drawn from the close analogy of AGN and MQs (geg., Falcke &
Biermann 1996).

Fig. 1.7 shows the diglet symbiosis model originally designed for quasars (Falck
& Biermann 1995), which in a scaled-down version is applieatso to MQs, assum-
ing a scaling factor 19-1¢° corresponding to the respective BH masses. A fraction of
the plasma contained in the hot accretion flow is redirecttmthe jet nozzle, where
it is accelerated by some magnetic processes and beconasanis. One such ac-
celeration process isftlisive shock acceleration (Marscher & Gear 1985, and refer-
ences therein) by a shock wave passing through the adiabatiical, relativistic jet,
triggered by a minor pressure disturbance. Downstream fhenmozzle, the plasma
flow expands sideways with its initial sound speed. To mairitae energy density
of the non-thermal particles producing the broad-bandtspe repeated and dis-
tributed acceleration is assumed (Mailet al. 2003). The jet powdDje; stems from
the mass accretiomy'in the disk and is assumed to be of the or@gs ~ qjetr'ndcz,
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Figure 1.7: The spectrum of a radio loud AGN is shown as a caitgof radiative contribu-

tions from both disk and jet. SSC is the synchrotron self Comgfect, i.e., the Compton
scattering of synchrotron photons by the synchrotron mlest(cf. section 4.1.3). In a down-
scaled version, this model is applied to the jets of MQs (ka& Biermann 1995, Fig. 5).

with efficiencyqjet = 103 - 101 (Meier 2001; Markdr et al. 2003).

The common jet theory assuming that the smallest jet sizde Snearly with the
BH mass (section 4.3.2.2), MQs should emit synchrotronataai which reaches
well into the X-ray regime. By including the spectral proges of an ADAF, this
model is able to explain the radio to X-ray broadband spkd#ta of several GBHCs
(Markoff et al. 2001, 2003), contrary to the common exclusively isgg€€omptoniza-
tion models, which fail to address the radi® wavelengths. It was noticed that the
interpretation of the jet base close to the BH as a hot, mapteplasma fiers the
chance to unify the powerful aspects of both jet and Comp#iitin models, possi-
bly providing a natural explanation for increased time lagthe 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, depigtime origin of the major spectral
components for the hard (upper panel) and the soft state(lpanel) (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 (Boweyeal. 1965), the
optical counterpart (V1357 Cyg, HDE 226868) identified afstathce of~ 2.5kpc

as an 09.7lab supergiant almost filling its Roche lobe (Bolk672; Ninkov et al.
1987, and references therein). Spectral analysis of HDB@2&ads to a mass de-
termination ofM, ~ 18M, (Herrero et al. 1995) and an observed radial velocity of
vsini ~ 76 kms? (Gies & Bolton 1982). With an orbital period = 5.6 d (Brock-
sopp et al. 1999b) and an estimated orbital inclinatien35° (Herrero et al. 1995),
the spectroscopic mass function (eq. (113) 0.252M,, (Gies & Bolton 1982) made

it the first established GBHC withgy ~ 10Me.

Because of the certainty of its high mass — even very consesw@stimations lie
well above the theoretical mass limit of a neutron star — thragact companion of
HDE 226868 has been considered as a prototype GBHC, itsespagtrum and
variability characteristics serving as a standard to dlasarious other BHCs. The
mass loss rate of HDE 226868 derived from infrared exces§is1®° Mg a™* (Persi
et al. 1980), a typical value for OB supergiants which showeang stellar wind. Of
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Figure 1.9: Typical spectra of Cyg X-1 in the soft state anthanhard state. The hard power-
law seen at energies above600 keV in the soft state has been attributed to a non-therma
electron component (Gieflski et al. 1999) (modified diagram after McConnell et al. 200
Fig. 9).

this, about 0.1-1% is accreted onto the BH via focused steltzd (Friend & Castor
1982), leading to a typical luminosity 0f-410°” erg s*.

The radio, IR, optical, and X-ray flux shows a modulation & thbital period
of 5.6d and at~ 150d (Pooley et al. 1999; Brocksopp et al. 1999a). Sometime
the long term variability is instead attributed a period~0o800d (Priedhorsky et al.
1983). The prevalent explanation for this long terffieet is precession or warping of
the AD, the perturbing mechanism of which is either the highvgational potential
of the companion responsible for tidal forces on the AD (Lawal 1998), or strong
radiative pressure from the center of the X-ray source wbidnges the structure of
the disk and leads to a warped and tilted disk (Petterson)1977

Cyg X-1is in~ 70% of time found in the hard state, only rarely changing into
the soft state. The last transition from the hard into theooaral soft state occured
in 1996, since then the soft state was reached only intexdhitt Generally, it shows
spectrally flat radio emission at10—20 mJy in the hard state, whereas this emissior
is quenched during the soft state. Radio flares are seenanelyr

The spectrum at energies2 keV in the hard state is a power-law with a photon-
index ofI' ~ 1.4-17, modified by an exponential cdfowith an e-folding energy
E; ~ 150keV (cf. eq. (1.17)). Due to a rather small luminositffetience between
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the hard and the soft state (Zhang et al. 1997a) and the pesdra power-law
component during the soft state (Giadki et al. 1999), the soft state of Cyg X-1 is
not assumed to be identical to the canonical soft state adrseéher BHCs but rather
comparable to the very high state and intermediate stadpectively (Nowak 2003;
McClintock & Remillard 2004, and references therein).

The PSD of Cyg X-1 in the hard state shows a characteristjpestZelow a break
frequency, at~10"1Hz, the PSD is flat. At higher frequencies, the PSD follows a
f~1 course, and at a second break frequencst a few Hz, the slope steepens to 2
(Belloni & Hasinger 1990; Nowak et al. 1999). The hard stats variability (see
section 2.2.2) is- 30%, while the soft state rms variability is suppressed &vallof
only a few percent (Nowak et al. 1999). The break frequenth@PSD seems to be
correlated with the total source rms variability (BelloniHasinger 1990).

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

1.6.2 Data Acquisition witlRXTE

Cyg X-1 has been observed continuously in a long observingrpm, a so-called
monitoring, by the X-ray satellite Rossi X-ray Timing Expdo (RXTE). RXTE was
launched on December 30, 1995 on board a Delta Il rocket frape@anaveral and
deployed in a low earth orbit (altitude 580 km, orbit 96 mimlination 23). Origi-
nally designed for a mission duration expected to last twiveoyears, it still fulfills a
remarkable workload every day. Besides the All Sky Monita&/), RXTE carries
two co-aligned pointing instruments, the Proportional @eu Array (PCA), and the
High Energy X-ray Timing ExperimenHEXTE), which allow simultaneous obser-
vation in the energy range 1-300keV (Fig. 1.10). The outitanfeature ofRXTE

is the high temporal resolution power of tRE€A (1us) and theHEXTE (7.6us).

The ASM, sensitive in the low X-ray energy range between 1.5keV ahkkeY,
daily scans the whole celestial sphere and provides cuigéturves of~ 350 mon-
itored sources. It consists of three rotating Scanning 8habmeras, each contain-
ing a position-sensitive proportional counter under amshisk with a pseudorandom
pattern (Levine et al. 1996).

The PCA mainly sensitive to photons in the energy range frarkeV to~50 keV,
consists of 5 co-aligned Proportional Counter UnRE(Us; Jahoda et al. 1996) with
a large total collecting area of 6250 éniPointed observations with a field of view of
1° FWHM are made possible by metal collimators. TR@Us are filled with several
propane and Xenethane layers, providing anticoincidence and scienaerimtion,
respectively. Very energetic events above the upper codigeriminator, so-called
Very Large Events (VLE), are filtered out as spurious, as &y mostly due to
cosmic particles. Nevertheless, the VLE rate is an impoitgout for the calculation
of the PCA dead time correction. Due to a failure of the propane lay@res2000
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Figure 1.10: Diagram of the Rossi X-ray Timing Explorer (RXT with instruments labeled
(Rothschild et al. 1998, Fig. 1).

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

The high energy range from 15 keV to 250keV is covered by theater HEXTE
which consists of eight Nal(TALsI(Na) phoswich scintillation counters grouped into
two independent clusters, called A and B, with a total coierarea of 1600 cf
(Gruber et al. 1996; Rothschild et al. 1998). Like in fAR€A, collimators provide a
field of view of I° FWHM.

The data analyzed in this thesis span the time from 1996 esntiy 2003, covering
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Table 1.2: Definition of the energy bands and data modes d?@w high resolution data.

band1 band 2 band 3 band 4 band 5
PCA Epoch 3: data taken until 1999 March 22
P102368
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
P1024%
channels 0-10 11-16 17-22 23-35 36-189
E [keV] ~2-4.1 41-6.2 6.2-8.3 8.3-13.0 13.0-73.5
P10257

channels  0-13 14-23 24-35 36-249
E [keV] ~2-5.1 51-87 8.7-13.0 13.0-100.4

P10418

channels 0-9 10-15 16-21 22-35 36-174

E [keV] 2-3.7 3.7-58 58-8.0 8.0-13.0 13.0-67.1
P10512

channels 0-9 10-15  16-21 22-35 36-174
E[keV] ~2-3.7 37-58 58-80 8.0-13.0 13.0-67.1
P30157

channels 0-10 11-16  17-22 23-35 36-49

E [keV] ~2-4.1 41-6.2 6.2-8.3 8.3-13.0 13.0-18.1

P40099-01 to P40099-05
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, P70414

channels  0-10 11-13 14-19 20-30 36-159
E [keV] ~2-46 4659 59-84 8.4-13.1 15.2-71.8

2 data modes B_4ms_8A 0 35 Hand E_62us_32M_36_1s
b data modes B_2ms_8B_0_35_Q and E_125us_64M_36_1s
¢ data mode E_4us_4B_0_1s

d data modes B_4ms_8A 0 __
€ data modes B_4ms_8A_0_:
f data mode B_16ms_46

9 data modes B_2ms_8
h data modes B_2ms_8

35 Hand E_62us_32M_36_1s
35 _Hand E_16us_16B_36_1s
049 H

35_Qand E_125us_64M_36_1s
35 Qa

M_
0.
0 nd E_125us_64M_36_1s

B
B

the RXTE monitoring programs since Announcement of Opportunity @8A1998)
through AOG6 (20022003). Typical exposure times were 3ks on a weekly schedule i
1998, and 10 ks observations performed every two weeks tiece

After screening the data for episodes of increased backghouve extractedtan-
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dard2flightcurves with a resolution of 16 s from tHeCA data using the standard
RXTE data analysis softwar&EASOFT. From the same detector, also high resolu-
tion data with a resolution of s (~16 ms; AO3) or 28s (~4 ms; other data) were
obtained, processed as lightcurves in edent energy bands (Table 1.2). Also high
energy data from th&/EXTE with a time resolution of 1s were extracted. A de-
tailed description of the data extraction issues is giverPbstschmidt (2002) and
Pottschmidt et al. (2003).

1.6.3 Radio Observations with the Ryle Telescope

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

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

The radio data were taken at 15.2 GHzA 2 cm), with a bandwidth of 350 MHz
(Pooley & Fender 1997). The resulting lightcurves have atisolution of 8s,
and every~ 30 min there is a data gap ef 3.5min in the radio lightcurves due to
calibration (section 4.1.1). The radio flux of Cygnus X-1tastfrequency is in the
range of 10-20 mJy when the source is in the hard state, wheundetectable in
the soft state.
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CHAPTER 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 sorariability patterns are
in fact rather common: the flux from quasars, the water lefeivers, or the stock
exchange price indices all show a characteristic behatfierso-called flicker noise
(Bak et al. 1988). Analysis of the variability parametergy. ethe time scales on
which these variations take place, allows a deeper undhelisig of these systems
and provides information that is not present in the timeraged signal (Beenakker
& Schoénenberger 2003). In the case of BH XRBs short-timealm@lity of X-ray
emission is considered especially interesting since itccprovide better insight into
the physical processes at work near the black hole.

One of the basic tools to do these analyses is supplied bydhedr techniques.
To receive unaltered results it has to be made sure that theed@arameters are de-
coupled from any biasing processes like, e.g., countingeyar detector dead time.
There have been numerous attempts to explain the origin radbibity by various
models. In the past the focus was set on shot noise theotiescdntinuously devel-
oping capabilities of the observatories have broadenetidhieon to a wider range
of sources, adding new interesting alternative explanatio

2.2 Measuring Variability

2.2.1 Fourier Analysis

Fourier techniques are of widespread use in many fields efsei The following
description adopts the conditions in X-ray astronomy andlaised on van der Klis

39
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(1989). To determine the variability, also called flickeyjof a lightcurve the count
ratex(t) =: x is determined for a series aftime intervalgy (k = 0,...,n— 1) with
durationAt. Then the discrete Fourier transform which decomposesighécurve
into n sine curves is defined by

n-1

Xj = Z Xy exp(2ijk /) (2.1)
k=0
wherej = -%,...,3 - 1 andi = V-1, the imaginary unit. The relation between

the zeroth coficientXy and the total number of observed photdis becomes clear
when transforming

1 n-1

_1 _ Non _
X = I ZxkAt = — =1n(X) (2.2)

n-
=0 k=0 At

XO:

=~

with (x) the mean count rate of all time bins.
The discrete Fourier cdigcientsX; are calculated for the independent frequencies,
the so-called Fourier frequencies
i

fi===— 2.3

T T 7 nat (2:3)
whereT = nAt is the length of the lightcurve. In practice the negativerealofj are
disregarded and the usable frequency range is betfygers 1/T for jmin = 1 and
fmax = 1/2At, the Nyquist frequency, fofmax = n/2.

2.2.2 Power Spectral Density

With the result of eq. (2.1) the corresponding periodograuaefined as the squared
absolute value of the Fourier diieients

Pj = AIX;2 (2.4)

wherej € [0, ...,n/2] and the normalization constaftis introduced. When dealing
with a continuous set of values, the mathematically cortexaxt would be power
spectral density (PSD) instead of periodogram. In X-rayoastmy both terms are
used in parallel regardless of the discrete or continuotis@a
The most common normalizations of the PSD are the Leahy €1283) normal-
ization with
ALeahy = 2At*/Noh = 2At/Xo (2.5)

and the Miyamoto et al. (1992) normalization with

AMiyamoto = 2At2/(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 noisexmn{s as measured
from power spectra is usually expressed in terms of fraatimot-mean-square (rms)
amplitude. .. It can be thought of as some kind of mean amplitude of the sitign
variations, expressed as a fraction of the average injensit

This rms amplitude or rms variability;, in short referred to simply as “rms”, is
defined for a set ofi valuesx, with mean({x) as (van der Klis 1989)

n-1
o=\ 20 0 @7)
k=0

Normalizing o to the mearXx) gives the dimensionless fractional rms variability.
The advantage of the Miyamoto normalization (eq. (2.6)h& tntegrating the PSD
over positive Fourier frequencies and then taking the st yields the fractional
rms variability (Nowak et al. 1999). Thus, in Miyamoto nodimation the PSD is
usually given in units of squared fractional rms per frequyeinterval, (rmg(x))?/Hz
(cf. Fig. 2.1).

2.2.3 Noise and Dead Time

Due to the random character of the spontaneous emissiorotdm incoming radi-
ation is subject to Poisson statistics, where the standaridtibon,osp, of the count
rate is related to the medr) as

osp = V(X). (2.8)

Thus the relative contribution of Poisson noise, also knag/ieounting noise, to the
signal decreases with count rate. In the Leahy normalizatfcghe PSD (eq. (2.5)),
the Poisson noise level amounts to a value of 2, independefittie count rate. This
relation is very useful in order to subtract Poisson noieaifthe PSD.

Apart from the intrinsic Poisson noise, the observed nasellis also influenced
by the dead time of the radiation detectors. In the case oPtb& onboardRXTE
(section 1.6.2), dead time is of the order of 10-A8@epending on the energy of
the triggering event. The procedure how to accountf6A dead time when calcu-
lating the PSD has been thoroughly studied (Zhang et al. ;1B9%igan et al. 2000;
Pottschmidt 2002).

2.3 Variability Patterns and Variability Models

With the time resolution of satellite X-ray detectors emtgrthe ms andis regime,
it became clear that the irregular X-ray variability of BH BRseen on longer time
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scales is continued also on the smallest time scales. Wiglagsumption of the X-
ray variability on small time scales being a fingerprint cidX holes had to be given
up, workers in this field have never ceased to propose nevaeapbns for X-ray
variability. Two of the models presented in this sectionl Wwé discussed further in
chapter 3.

For the characterization of the overall shape of a PSD, afsetras is used which
were coined in analogy to light (Harris & Ledwidge 1974). Ayrsal with no cor-
relation in time will give a “white noise” PSD whose power® aonstant over all
the frequency range. On the other hand, the “red noise” PS®faaction of the
frequencyf decreases with increasing frequency. A special case ofoise s rep-
resented by the omnipresent flicker noise, also callgd Hoise”: the PSD behaves
like P(f) = 1/fA, where the exponemtis very close to 1.

The hard state PSD of Cygnus X-1 can be thought to consistreé teeparate
frequency segments with a variability pattern of its owre(5€ey. 2.1). Below a break
at 0.04-0.4 Hz, the PSD is flat, the mid segment up to a brealéatiz approximately
o« f~1, and approximately f~2 at higher frequencies (Belloni & Hasinger 1990;
Nowak et al. 1999).

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

2.3.1 Shot Noise Models

The term shot noise, suggesting an analogy to the pelle¢adflbaded in a cartridge,
was introduced by Walter Schottky who analyzed the causémefdependent cur-
rent fluctuations of a vacuum tube. Noise comes from the tabmotion of the
electrons, the thermal noise, and from the irregular draf@lectrons at the anode.
This second fect, the shot noise, is due to the discrete nature of elextubich are
randomly and independently emitted by the cathode in a Boigscess (Beenakker
& Schdnenberger 2003).

Shot noise models, where the lightcurve is thought of as arpagition of indi-
vidual events, have been used as a phenomenological moebgbkain the aperiodic
variability of XRBs (Tanaka & Lewin 1995). In a mathematickdscription follow-
ing Pottschmidt et al. (1998), a shot noise time sdrfBss given as the sum over all
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Figure 2.1: Noise-subtracted hard state PSD of Cyg X-1 inadigto et al. (1992) normal-
ization for the energy band 0-3.9keV. The solid line repnes¢he “dfective noise” level,
which is essentially the minimum level of variability thadutd have been detected with this
observation (Nowak et al. 1999, Fig. 2a).

eventsk(t) that have taken place at timgs
1) = ) F(t-t) (2.9)
i

The profile of F(t) can take various shapes, for example an instantaneong esd
exponentially decaying shot with decay time

F(t)=U(t)e " (2.10)

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

A

P T

(2.11)
where2 is the mean event rate. To account for all observed featrded®SD, a
multitude of profiles with dferent shapes and durations lasting from milliseconds tc
a few seconds has been studied (Terrell 1972; Lochner e991.)1
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The big drawback of the theoretical description of varipiby the shot noise
model is that many parameters, especially a varietyfédidint relaxation time scales,
are needed for a satisfactory modeling of observed PSDsmfinoved approach us-
ing a linear space state model (LSSM) provides a good dewsripf the lightcurve
variability of accreting compact objects as an auto-regsivesprocess of first order
(Koénig et al. 1997). In the case of Cyg X-1 it was possible tuee the intrinsic
variability to a single relaxation time scate= 0.19+ 0.03 s, leading to the interpre-
tation of the system variability as stochastic superpmsitf 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 accretingfy systems may ex-
hibit well defined peaks in the PSD, the so-called quasiggéioscillations (QPOS)
(Fig. 2.2). They are specified by a quality factor

Afrwhm

Qi

(2.12)

wheref; is the central, i.e., resonance frequency, ariglyyy is the full frequency
width of the QPO profile at the half maximum value. QPOs arallgmodeled by a
Gaussian or a Lorentzian profile, the latter in the literwsually given by

2R2Q fy

. _ -1
Li(f) == 2+ 4Q2(F - fy)

(2.13)
whereR; is a normalization constant (Nowak 2000; Pottschmidt 2@03). Broader
QPO features as seen in BHCs are also referred to as pealssdcoonponents (van
der Klis 1995).

The manifestations of QPOs are complex, and workers in gl flaced with a va-
riety of specialties. In spite of that, four distinct clase$ QPOs can be distinguished
in accreting neutron stars with a low magnetic field (Psditislorman 2000): in
the frequency range below 100 Hz the normal branch osciiatand the horizontal
branch oscillations (HBO) are present, while in the rarg200 — 1300 Hz the twin
phenomenon of the lower and upper kHz QPOs with centroidigrqiesf; and f,
respectively, has been detected (see review by van der BU8)2 QPOs in BHCs
are less established because only few observable soue&sa@avn. However, the
QPOs in BHCs and neutron stars seem to follow similar tightedations (Psaltis
et al. 1999; Wijnands & van der Klis 1999).

The analogy of the QPO phenomenon in BHCs and neutron staffavired inter-
pretations which work under assumptions that are commontto $ystems. Among
the most straightforward parameters one would think of lagesiccretion mass rate,
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Figure 2.2: PSDs of the BHC Cyg X-1 (left) and the neutron &Ar340+0 (right) at low ac-
cretion rates: below a break frequengyea, the band-limited noise component approximately
following a 1/ f dependence turns into a flat spectrum. Superimposed onrtid@d{pand noise
is a bump-like feature, a so-called QPO. The dead time-neatifioisson level has been sub-
tracted from the PSD values (Wijnands & van der Klis 1999, E)g

m, or the inner disk radius;,. The correlation of QPO frequencies with flux, which
according to energy conservation is expected to be prapatttom, is not satisfac-
tory, though (van der Klis 1995). On the other hand, beatueagy models which
associate QPOs with the Keplerian frequency;aiand the spin frequency of the
neutron star are not applicable to BHCs (Alpar & Shaham 188H8er et al. 1998).
Nevertheless, the variability expressed by the QPOs shmikbmehow connected
to the irregular nature of the accretion flow, particulahg tktHz QPOs serving as
a probe of the innermost regions near the accretor wheragsfield gravitational
effects are manifest (van der Klis 1995).

The relativistic precession model assumes that the mofiomatter in the AD is
governed only by the gravitational potential of the centigéct (Stella & Vietri 1998,
1999), which facilitates its applicability to both BHCs amelutron stars. QPOs arise
from the fundamental frequencies of the motion of blobs riearcompact object.
While the Keplerian motion of inhomogeneities in the inneatndisk regions gives
rise to the higher frequency kHz QPOsfat the lower frequency kHz QPOs #
are excited by the relativistic periastron precession oéatric orbits, and the HBOs
by the nodal precession of tilted orbits due to the Lenseriflg effect in the same
regions (Markowt & Lamb 1998).

This model is able to incorporate similar approaches: RBs&ltNorman (2000)
showed that a change of the disk properties at a transitradi@lis separating, e.g.,
the outer thin disk and the inner ADAF, acts as a low band-filésisgiving response
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only to certain frequencies dominating the inner disk. T&isimilar to the concept
of normal modes of acoustic oscillations within the inngjioa of the accretion disk
(Nowak & Wagoner 1991).

2.3.3 Magnetic Reconnection

One most likely explanation for variability, e.g., flaresg éocal magnetic reconnec-
tion events in or above the accretion disk. A dynamo mechadisven by the strong
shear due to dierential rotation in the accretion disk is thought to geteenaagnetic
fields (Tout & Pringle 1992). When magnetic loops of oppoditection reconnect,
energy is released in single, shot-like events (see settd). The superposition
of all reconnection events may be causing the variabilityadiation from accreting
BHCs.

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

2.3.4 The Thundercloud Model

Named after its similarity to the properties of terrestlightning, the thundercloud
model proposes that magnetic field reconnection of flux tubkes place in the
corona above the AD in a spatially and temporally correlateshner (Merloni &
Fabian 2001). Referring to the stochastic pulse-avalamebdel of Poutanen &
Fabian (1999) which assumes that hard X-rays are mainlyymexiby Comptoniza-
tion of disk seed photons in magnetic flares in the ADC, each Has a certain prob-
ability to ignite a neighboring flare, sometimes giving risdong correlated trains of
events. The distribution of duration and size of the avdiasaetermines the PSD of
the resulting X-ray emission. The advantage of this mod#ldasit not only accounts
for the temporal features of accreting BHs but at the same tnable to explain the
spectral variability.

2.3.5 The Propagation Model

The disk progagation model (Lyubarskii 1997) tries exptai@ 1/ -2 flicker noise

of XRBs by fluctuations of the viscosity parameteof Shakura & Sunyaev (1973).
These fluctuations af might be invoked by varying magnetic stresses due to mag-
netohydrodynamic turbulence (Balbus & Hawley 1991). Irex@mt, i.e., statistically
uncorrelated variations af at different radiir and, according to (Churazov et al.
2001)

Tvisc ~ (a ($)Z QK)_l (2.14)
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Figure 2.3: The propagation model assumes that the masstiaccrate,m, is modulated at
different time scales depending on the radius from the BH. As tia Xrray emission stems
from the innermost disk regions, the observed X-ray flux ig@esposition of all variations of
mthat propagated from the outer disk to the inner region. dBim based on a figure by Uttley
et al. (2003).)

at corresponding dierent local viscous time scalegs. result in varying accretion
rates at these radii. As these variationsnopropagate down to the inner zone of
the disk, the variations introduced at large radii, i.e loag time scales, modulate
all variations at small radii, i.e., at short time scalesnafly, near the inner radius
of the disk where most of the X-ray radiation is set free, #leased luminosity is

a representation of a sum of independent variations pratlacdiferent radii, and
correspondingly dferent time scales. The observed X-ray flux from the inner zone
of the AD is of the flicker noise type, provided the time scdi¢he o perturbations

is comparable to or shorter than the time scale of propagétion the outer to the
inner disk region.

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

However in geometrically thin disks the chance of accretimte fluctuations to
propagate down to the X-ray releasing inner AD region is sohaé to the difusive
nature of such disks (Churazov et al. 2001). Much better itiond for the propaga-
tion of accretion rate fluctuations on all time scales arsgméin 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 relatibigsbetween the rms
amplitude of broadband noise variability and flux in the X-lightcurves of neutron
star and BH X-ray binaries, and AGN. This linear relationven flux and rms
variability has an fiset on the flux axis, leading to the suggestion that the lightes
of X-ray binaries are made from at least two components: a@meponent with a
linear dependence of rms variability on flux, and one compbwéich contributes
a constant rms to the lightcurve or does not vary at all. Thetfaat the same rms-
flux relation was found in the lightcurves of active galacticlei suggests that this
behavior is intrinsic to compact accreting systems.

In the case of X-ray binaries, the rms-flux relation has urdiV only been inves-
tigated for single observations of SAX J18083658 and for a few hard state obser-
vations of Cyg X-1. Itis important to discover whether thétation applies generally
for many observations of a given object and across a rangatefs Therefore in the
next chapter the evolution and behavior of the rms-flux iatein Cyg X-1 using the
RXTE monitoring data is investigated.



CHAPTER 3

The rms-Flux Relation in Cygnus X-1

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

3.1 Observations and Data Analysis

3.1.1 Data Extraction

The data analyzed here span the time from 1996 until earl@ 2@¥ering ouURXTE
monitoring programs sinc&XTE Announcement of Opportunity 3 (AO3, 1998)
through RXTE’s AO6 (20022003). Additionally, other publiRXTE data from
RXTE AO1 and AO7 were used. The high temporal resolution data tteePCA
in 5 different energy bands, as described in section 1.6.2, weracted; using the
analysis softwareJEASOFT, Version 5.0. Due to integer overflows in the binned data
modes, high soft X-ray count rates can lead to a distortiothefrms-flux relation
for the lowest energy band (see section 3.1.4 for furtherudision). We therefore
use only data from energy bands 2-5 which are tiicéed. As the total number
of operational proportional counter unitBCUs) was often not constant during an
observation, separate lightcurves were generated forafabtle diterentPCU com-
binations. These lightcurves were analyzed separatelyfadititate comparisons,
unless noted otherwise we normalize all data to Ba&J

Table 1.2 shows that the energy limits of the high-resotutightcurves, which
were used for the computation of the rms-flux relation, intgdiffer significantly.
In order to enable comparisons, we normalize all obsematio the energy limits of
epoch 4 (P40099-088, P50110, P60090, P70414). We calculate a flux correctiol
factor to the epoch 3 observations by integrating the catssrof the corresponding
spectrum channels of each observation. This factor hasdpesd also to all values
that are dependent on flux, e@®, o, etc.

49
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Figure 3.1: Relation between tiCA count rateF, and the rms variabilityy, for the obser-
vation of 1998 July 02, showing the typical hard state charétics. The data are extracted
from energy band 2 (4.1-6.2 keV). The dotted line is the b#sig linear model to the data
(see text), the error bars are at thelgvel.

3.1.2 Computation of the rms Variability

To determine the rms variability as a function of source flug first cut the observed
lightcurve into segments of 1 s duration for which the sowmnt rate is determined.
These segments are then assigned to their respective flsixibigeneral, 40 linearly
spaced flux bins were chosen. In the final computation, onk/los containing at
least 20 segments were retained. We note that short timeesggraf 1s duration
are necessary to study the characteristic variability efsthurce which is dominated
by frequencies above 1bHz. Thus using a 1s segment size allows us to measure
rms-flux relations which sample a broad range of fluxes, wdlé® measuring rms
with high signal-to-noise, since the minimum frequencyarfiability sampled within
each segment is well below the frequency where photon coginthise dominates.
Next for each of the lightcurve segments in each of the flug liime rms variability
is determined for the Fourier frequency interval of intered/e first compute the
PSDs of the individual lightcurve segments (Nowak et al.2t9@wak 2000), using
the PSD normalization where the integrated PSD equals th&ad fractional rms
variability (i.e., the fractional variance) of the lightee (Belloni & Hasinger 1990;
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Miyamoto et al. 1992). We then average all the PSDs obtaiaeddgments in the
same flux bin, and bin the averaged PSD over the frequence famgp 1 Hz to 32 Hz
to yield the average power density in that frequency rafigg, Then, the absolute
rms variability of the source in the frequency band of insgre, is obtained according
to

o = [((P) - Cpoisson * Af]l/z F (3.2)

wherecpissoniS the Poisson noise level due to photon counting statjsti€ss the
width of the frequency band of interest, and whEeres the source count rate of the
flux bin (normalized to on®CU). Note that in the comparatively low frequency range
considered here, the detector dead time does not need tkereitdo account when
determining the Poisson noise level. The statistical uaogy of the average PSD
value,A(P), is determined from the periodogram statistics (van des K889)

(P)
VMW

whereM is the number of segments used in determining the averag®alms and
W is the number of Fourier frequencies in the frequency rarigeterest. The un-
certainty ofo-, A(0), is then computed using the standard error propagationlare.
Note that, since we measusefrom the average PSD in each flux bin, our method
differs from that of Uttley & McHardy (2001), who first calculatad®oisson noise-
subtracted rms for each individual segment before binnpgpwbtaine in each flux
bin. Uttley & McHardy (2001) computed the uncertainty®ty calculating stan-
dard uncertainties from the scatter of the rms values in 8agrbin. This method
has the disadvantage that, when the variance due to theesisulsmall compared to
the variance due to Poisson noise, subtracting the exp@disdon noise level can
sometimes lead to negative variances due to the intringiati@ns in the realized
noise level. Our revised method avoids this problem by aiegathe segment PSDs
before noise is subtracted, thus reducing the intrinsi@tians in the noise level.

A(P) = (3.2)

3.1.3 rms versus Flux

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

o =k(F - C) (3.3)

where the slopék, and interceptC, are the fit parameters. This linear model fits the
general shape of the rms-flux relation of the example reddpneell, although the
large y? value of 102.1 for 22 degrees of freedom implies that thesoise weak
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intrinsic scatter. The best-fitting model parameters fer ékample of Fig. 3.1 are
k = 0.30+0.01 andC = 67+5 countss* PCU™ (unless otherwise noted, uncertainties
are at the 90% confidence level for two interesting paramgter

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

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

whereFonstiS @ component of the lightcurve which is assumed to be noyingon

the time scales considered here, and whgggt) is a component which is variable
and thus responsible for the observed rms variability. &ntthy model of eq. (3.4)
the interpretation of the slogeof the rms-flux relationship is straightforward: it is
the fractional rms oF4(t). Furthermore, the intercept of the rms-flux relation on the
flux axis, C, is the count rate oFons: It is Obtained by extrapolatingy,, — 0 in

eg. (3.4).

While the decomposition of eq. (3.4) is the most straightfind, it is not fully
unique. As we will show later, for the majority of our obsetisasC > 0, however,
there are several observations in whi€h: 0. In these cases the above interpretation
clearly breaks down (there are no negative fluxes) and it mai@e sense to write
eg. (3.3) as

o =KF+ o0y (3.5)

In this formulation of the rms-flux relationship we have oducedro, an excess rms
present in the lightcurve, which is positive whene@ek 0. Note that forog > 0
eg. (3.5) predicter — o for F — 0, i.e., the extrapolation of the rms-flux rela-
tionship to flux zero predicts that there is still varialyilpgresent, which is clearly
unphysical. We do not consider this behavior a problem, ewes the rms-flux
relationship is measured only fér > 0. We deem it reasonable to assume that for
F =~ 0 other variability processes which do not obey the lineas-fiux relationship
will become important and forae — 0 for F — 0. Finally, we note that foro < O
the observed rms is reduced with respect to a linear rms-élationship withog = 0.
This is possible, e.g., if a constant flux compon&its; is present in the lightcurve
(the majority of our fits imply reductions of about 25% in rmglwespect targ = 0).

Observationally, degeneracies in the fit prevent us frottindjeishing between the
two interpretations of the rms-flux relationship. Since trafsthe observations of
Cyg X-1 presented in the following ha¥& > 0, and to enable the comparison with
other analyses, we have chosen to use eq. (3.3) as our fitdone¥e ask the reader,
however, to keep the second interpretation of the rms-fllatiomship in mind.

The best test of linearity is g test of whether a straight line fits the data. On the
other hand, it is usually very filicult to fit a simple model to variability properties be-
cause of the scatter in the data points. It may be misleadidgtard an observation
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as being ‘non-linear’ just because a straight line does npply a goody? fit. We
found that Kendall’s rank correlation cfieient, which tests whether a correlation is
monotonic, serves as a good indicator of linearity in theseghat the bulk of points
follows a straight trend, while allowing for some pointse@ominantly at high fluxes
(cf. Fig. 3.1), to diverge.

Therefore we choose to characterize the goodness of treg lioerelation between
N data points ofr andF using Kendall's rank correlation cigient,r, defined by

S

" NN -1)72 50

-
Here S is the sum of scores which are determined if to each ofNH&l — 1) /2
possible pairs [£i/Fi), (o;/F;)] of the sample €1/F1),...,(on/Fn) a score of+1

or —1 is assigned, depending on whether their ranks are in the sader or in the
opposite order on the andF axes, respectively (Keeping 1962).

The correlation in Fig. 3.1, e.g., has= 0.95 (the range of the correlation coef-
ficientis—1 < t < 1, with a perfect correlation being indicated by= 1). For the
remainder of this chapter we set a minimum threshold,gf = 0.9 below which we
do not accept the hypothesis of a linear rms-flux relatignsi@iven this criterion,
the fit with this simple linear function works for the majgritf all observations (201
out of 220). With a few exceptions, the rejected observatioith v < T, generally
have short exposure times and therefore bad countingtetstisesulting in a scat-
tered rms-flux relation. In the following discussions of thehavior ofk andC we
will not include these observations (but see section 3.2.2)

Even though the? fits for linearity are not always so good, the maximum devia-
tions from the best fit straight line are generally less tha#b 1\We therefore think that
it is acceptable to test linearity byand use the fit parameteeandC for correlations
with other variables, although these correlations mayaiargome approximate only
data points due to fitting a model which does not exactly dles¢he data.

3.1.4 Byfer Overflows inRXTE Binned Data Modes

Due to integer overflows in the binned data modes, high safiy<eount rates can
lead to a distortion of the rms-flux relation for the lowestrgy band. During phases
of high soft X-ray flux, the rms-flux relation for energy ban@-2-4.6 keV) shows
a clear deviation from its typical linear behavior. Thesag#s are characterized by
a smaller rms than what would be expected when extrapol#ategms-flux rela-
tion measured for smaller fluxes (Fig. 3.4). We initially @sdated this breakdown
of the relationship with changes in the Comptonizing cordunang phases of high
luminosity (Gleissner et al. 2003), however, this intetatien was wrong.

Instead, the “arches” are caused byfbuoverflows in the?CA hardware (see also
Gierlihski & Zdziarski 2003; van Straaten et al. 2003). For the bihdata mode
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Figure 3.2:a) Kendall’s 7, the long-dashed line indicatesg,,, observations withr < T,
were not included in the further analysis) Mean RXTE PCA count rate for energy band 2
(~4-6keV).c) MeanRXTE ASM count rate, rebinned to a resolution of 5.6 days, thetalrbi
period of Cyg X-1 (Brocksopp et al. 1999a). The four most grant intermediate states are
indicated by vertical dotted lines.

B_2ms_8B_0_35 Q, with which most of our low energy data aken, 4 bit wide
counters are used to form the binned spectrum during eacte@ hisning interval.
During phases of very high flux, which are especially likelyidg short outbursts
possible during the failed state transitions, thesfes will overflow. Due to the
softness of the X-ray spectrum during the failed state ttians, the likelihood for
such overflows is highest in the lowest energy band. ThHeebwverflows become
apparent when comparing the lightcurve of the binned daemath the lightcurve
as determined, e.g., from the GoodXenon data, which doesufi@r from these
problems. Except for phases of high flux, these lightcurggse During phases
of high flux, however, multiples of 16 events are missing i@ fightcurve from the
binned data. Since the fiar overflows only occur for a few bins of the high resolution
lightcurve, the flux determination is barelffected, however, the rms is reduced and
“arches” such as that shown in Fig. 3.4 are observed. Fordhgatation of the
rms-flux relationship, we therefore resorted to using epband 2, where the overall
photon flux is lower and kiter overflows do not occur.

Note that GoodXenon data are not available for all obsevaatconsidered here,
furthermore, the energy resolution of the GoodXenon dataotsgood enough to
allow the study of other timing parameters. We note that the-flux relationship is
especially sensitive to Ifier overflows as the data are sorted according to flux. For
the determination, e.g., of power spectra, longer lightesiare chosen, and theftar
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Figure 3.3: Fit parameters and Cyg X-1 system propertiegfiergy band 2~4—6 keV).a)
Slope, and) x-axis intercept of the rms-flux-relationshig) mean rms valueg(o), d) mean
RXTE PCAcount rate for energy band 2. Error bars given for slope ateddapt are uncertain-
ties at the 90% confidence level for two interesting paramsef&riangles indicate observations
which cannot be described by a linear rms-flux relation, (. 7min).

overflows are only apparentin a slight change of the rms lghible power spectrum.
Therefore, btfer overflows at the level seen in the data here only very #igtfifect
the normalization of the PSDs such as those used in Pottdtletral. (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’s, the meanRXTE PCA count rate(F), for energy

band 2 ¢4-6 keV), and th&RXTE All Sky Monitor (ASM; Levine et al. 1996) count
rate for the time from 1996 to 2003. In Figs. 3.2b and c the staHte that took

place 1996 March—September and the “soft state” of 2001 liect2002 October
are reflected by increased count rates. The fact that thedféidinsitions and the
soft state behavior of 2004002 look similar inC together with the observation that
the radio emission is not always quenched in the 28002 soft state (G.G. Pooley,
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Figure 3.4: In energy band 1 the rms-flux relation for obs@rma2000 Nov 03, just as several
other high flux observations during intermediate and satest, displays an “arch-like” form.
The given error bars are at the level.

private communication), allows one to speculate that tH&,2W02 soft state shows
intermediate state phases (see, e.g., Zdziarski et al)2G0&n the uncertain nature
of the 20012002 soft state we must be careful not to assume that it is@nézad soft
state or equal to the 1996 soft state without further prodfrfi&/et al. 2004, in prep.).
Between the 1996 soft state and the 2RQ00D2 interval, Cyg X-1 was usually found
in the hard state, infrequently interrupted by the “failéats transitions” described in
Pottschmidt et al. (2003) and section 3.2.2.

Figs. 3.3a—d show the fit paramet&r<, mean absolute rms variability), and
meanRXTE PCA countrate(F). The most apparent correlation is betwéei and
(F). To examine this correlation, we display the rms-flux relatof the long term
variations ino- in Fig. 3.5. A tight linear correlation betweén) and(F) can be seen
in the hard state and, with a slightly lower slope, in the stdte data. It seems that
the linear rms-flux relation observed on short time scales applies on much longer
time scales. A leagt? fit (y? = 15589 for 161 dof) of a linear model to the hard state
providesk = 0.2230+ 0.0003 and an intercept @ = 6.8 + 0.2 countss! PCU™.
These values ok andC are lower than the values typically observed in the short
term rms-flux relation. The corresponding fit for the softest@ata ¢* = 30 660 for
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Figure 3.5: Mean rms variabilityc-), as a function of meaRPCA count rate{F). The hard
state observations line up to follow a linear rms-flux r@aship. There is also a linear rms-flux
relationship for the soft state observations, but with ghgly smaller slope.

50 dof) provides a slope df = 0.1867+ 0.0004 and an intercept at the flux axis
of C = 16.8 + 0.6 countss' PCU L. 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 behaviorkafFig. 3.3a). During the soft states of
1996 and 2002002,k takes a significantly lower value than during the hard state
During the last three “failed state transitions” before #01/2002 soft statd de-
creases to the soft state level. The values of the intertept gifferent levels, too:
while in the 1996 soft stat€ is larger than or equal to the hard sta@,n the
20012002 “soft state” is smaller than in the hard state. This mayxdénnected to
the special soft state character of the 2@0D2 interval. The detailed characteris-
tics of the rms-flux relation in the fierent states will be discussed in the following
sections.

One of the main results of a previous work on Cyg X-1 was that988 May
a change of the general long term behavior of Cyg X-1 from aéighard state”
to a “flaring hard state” took place that coincided with a deaim the PSD shape,
resulting in adecreaseof the relative rms amplitude from an average ofz36% to
29+ 1%, for the total 2-13.1 keV power spectrum (Pottschmidt.e2@03, Fig. 3d).
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Figure 3.6: Contour plot at the 90% confidence level showlegtivo fit parameters slope and
intercept at the flux axis.

This change is seen in Fig. 3.3 as a riskk@indC, while the mean rms valuéy),
stays on a constant level. This apparent discrepancy caxptaireed by taking into
account that the total rms is measured fren2 x 103 Hz to 32 Hz in Pottschmidt
et al. (2003), i.e., over a much broader frequency rangelibam As we show below
(section 3.3.2), the drop in the global rms in 1998 May is du@ tthange of the
PSD outside of the frequency range covered by our measuteroéthe rms-flux
relationship.

To illustrate the correlation betwedrmandC, Fig. 3.6 shows the 90% confidence
contours for these parameters. The points inki@&plane fall into two separate
regions corresponding to hard and soft states. A possibitelation betweerk and
C can be seen within the soft state, but a much stronger cooelbetweerk andC
is present within the hard state. Interestingly, ki@ values in the hard state fall into
a distinctive, fan-like shape, which suggests that a monedmental relation may
underly thek-C correlation in that state. The “fan” appears to convergbat/alues
of k andC measured for the long term rms-flux relation of the hard gf@ig. 3.5),
suggesting that the patternloAndC 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 retattan produce the
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observed fan-like shape of theC correlation in the low state. First, consider that the
meano- of theith observation{o), is related to the mean fluxE;), by

(o) = ki((Fi) = Cy) (3.7)

wherek; andC; are thek andC values determined from the rms-flux relation of that
observation. According to Fig. 3.57;) is also given by

(o) = klong(<Fi> - CIong) (3-8)

wherekiong andCiong are thek andC values of the long term rms-flux relatiokdyg =
0.2230,Ciong = 6.8). From egs. (3.7) and (3.8) it is easy to see that

_ klong ((Fi> - CIong)
TR -G

(3.9)

and

ki<Fi> - kIong ((Fi> - CIong)
Ci=
ki
The distribution of thek;, C; values is thus caused by the requirement to maintair
the rms-flux correlation on all time scales. The “fan like’suiibution of the in-
dividual values is the result of the requirement that Kor— Kiong, Ci — Ciong.
Confirming earlier results, we find th&t is not correlated with flux. In order to
maintain the long term rms-flux correlation, this resultaicorresponding scatter of
the values ofC;, forming the “fan”. We can test this directly by plottirg versus
((Fi) = Ciong)/ ((Fi) — Ci) (Fig. 3.7), which gives a linear relatiogq = 308 for 153
dof) with slope 02312+ 0.0004 & kiong), as expected from eq. (3.9). We conclude
that the various values & C and mean fluxF) map out a “fundamental plane” in
the low state, governed by the requirement that the long lieear rms-flux relation
is maintained. We will examine the consequences of thisified¢tail in section 3.3.
Now that we have described the general evolution of the patersiof the rms-flux
relationship, we turn to describing the individual relasan greater detail.

(3.10)

3.2.2 The rms-Flux Relation in the Hard and Soft State andiguffailed State
Transitions”

The high values of Kendall's in Fig. 3.2a prove that a linear rms-flux relation is
valid throughout all states, the hard stated the soft stateandthe “failed state tran-
sitions”, with relatively few outliers. Note, however, thmnumber of soft state ob-
servations, predominantly during the atypical 2@0D2 “soft state”, have rms-flux
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Figure 3.7: For hard state observatidksjersus (Fi)—Ciong)/ ((Fi) — Ci) gives a linear relation
y = bxwith slopeb = 0.2312. The error bars dhare the formal & error, the horizontal error
bars are calculated from propagating formaldrrors ofF; andC;.

relations with a negative fluxftsetC (see Fig. 3.3b). This negativefset cannot
be explained if, for these casds,simply represents a constant component to the
lightcurve, but can easily be explainedGf represents a component witlonstant
rms In Fig. 3.8a—c we give examples for the overall rms-fluxdirity.

There are a small number of observations which cannot baidedowith a lin-
ear model. These deviations from a linear relation have tivcjpal reasons: (1) As
discussed in section 3.1.3, many observations withrm, Simply have a short obser-
vation time, so that the number of segments per bin is relgtiow which produces
the strong scatter, resulting in a poor correlation. (2)dnteast, the “wavy” rms-flux
relation shown in Fig. 3.9b results from short term variasion the parameteiS
andor k of a linear rms-flux relation. If a single observation (ongistales of a few
100s) consists of several parts, each witffiedlent average flux (see Fig. 3.9a), then
the superposition of the linear rms-flux relations of alltpawill result in a “wavy”
rms-flux relation, as each part displays a slightlfetientC andor k value.

To describe the flaring events when Cyg X-1 attempts the ahlxogr the common
hard state into the soft state, without reaching the sak stee coined the term “failed
state transitions” (Pottschmidt et al. 2000, 2003). Depenon how far its state
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Figure 3.8: Linear rms-flux relations during exemplafjyhard statep) “failed state transi-
tion”, and c) soft state observationsd)—f) give the corresponding PSDs. Error bars of the
rms variability are at thedt level. See Pottschmidt et al. (2003) for a description ofRE®
decomposition into single Lorentzians (does not work fdt state observatiof)).

evolves, during these failed transitions Cyg X-1 can reaehintermediate state as
defined by Belloni et al. (1996), or its behavior can remaimliséate-like during these
flares.

We examined four “failed state transitions” that were cedeoy RXTE observa-
tions in detail: 1998 July 15, 1999 December 05 (extractadiaseparate lightcurve
parts), 2000 November 03, and 2001 January 29 (probablyrastfb state, see Cui
et al. 2002). The values &fandC of the first failed state transition on 1998 July 15
are not diferent from the surrounding hard state observations. Duhiedatter three
failed state transitions, however, the valueka@andC change to the soft state level.
For one exemplary observation on 2000 November 03, thisvi@hia displayed in
Fig. 3.8b. Comparing the failed state transition with thedhstate observation im-
mediately before (Fig. 3.8a), the rms-flux relation of 2008v8mber 03 changes to
a lower slope and a smalhegativeinterceptC during the “failed state transition”
itself. The PSD of this observation shows that this changkeénmrms-flux relation is
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Figure 3.9: The observation of 2002 Feb 25 consists of fivetsegments 1-5a) Segments
1-3 are at lower flux, while 4 and 5 are at higher flux, so thatihe-flux relations for each
part are shifted with respect to each ottiBrThe superposition of all parts results in a “wavy”
rms-flux relation. Error bars are at the level.

accompanied by a decreasing Lorentzian compolgand an increasing Lorentzian
componentz (Fig. 3.8d—e).

3.2.3 Spectral Dependence of the rms-Flux Relation

We confirm a correlation between the photon spectral infigke., the hardness of
the spectrum, and the mean rrits), of the examined observations. In the hard state,
the photon spectrum of each observation can roughly be ibesgcas the sum of a
power-law spectrunE" with photon indexl” and a multi-temperature disk black
body (Mitsuda et al. 1984). The correlation of Fig. 3.10a&takito account only hard
state and “failed state transition” observations and shibvas(c) increases as the
spectrum grows softer. As rms variability and flux are lilgaorrelated in the hard
state, this correlation betwe&rand(c-) is equivalent to a correlation betweErand
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 hardnessdhticorrelation in the
hard state.

We note that we adopt the definition of Pottschmidt et al. 800sing the term
“failed state transitions” for those observations whichibk a significantly increased
time lag compared to its typical value, since the X-ray timg $eems to be a more
sensitive indicator for state changes than the X-ray spettrAs has been already
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Figure 3.10:a) Mean rms variability{o-), b) slope k, andc) flux intercept,C, as a function of
photon spectral indeX;, for failed state transitions and the hard state obsemstiDiamonds
designate “failed state transitions”, crosses are for btatd observations. Error bars foand
C are given at the 90% confidence level for two interestingipatars.

been noted in section 3.2.2 there are only four correspgratiservations.

The filled diamond at” ~ 2 in Fig. 3.10 belongs to the “failed state transition”
of 1998 July 15. The fact that this data point is situated ithe value range of
hard state observations in Figs. 3.5 and 3.10 confirms tis&ffliled state transition”
has to be treated separately and classified as being close batd state, as already
mentioned in section 3.2.2. Allowing for the split in valugfik andC, respectively,
between the hard state and failed state transition datacamglation between the
photon index and, or C, cannot easily be detected.

So far we concentrated on the rms-flux relation in the secowddt energy band,
i.e., energy band 2 in the rangel—6 keV. This approach is justified as the linear
rms-flux relation is found to be valid for all energy bands sidered here (see, e.g.,
Fig. 3.11), such that the general behavior described farggrizand 2 is also seen in
the other bands. Even the rms-flux relation in energy bandi8hwdontains the iron
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Figure 3.11: Shape af)-d) the rms-flux relation ane)-h) the corresponding PSD for the
observation of 1999 May 21 for energy bands 2-5, respeytivel

K line does not show a ffierent behavior, in agreement with the results of Maccarone
& Coppi (2002b) that the iron line tracks the continuum asten the soft and tran-
sition states. Nevertheless, there are subfiedinces in the shape of the rms-flux
correlation.
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Comparing the values d€ andC for the diferent energy bands, our energy re-
solved results for the rms-flux correlation show thawhich represents the fractional
rms variability of the time variable component of the engssin the 1-32 Hz band,
generally decreases with energy when the source is in thiedtare (Fig. 3.12), in
agreement with earlier results (e.g., Nowak et al. 1998 Jdme is true fo€ (see
Fig. 3.13). For the highest energy band 5, our analysis tewhatk andC only
slightly correlate with energy band 2 (Figs. 3.12c and 3)13dis result confirms
earlier work claiming only a ‘loose coupling’ between theuste variability at low
and at high energieZycki 2003; Churazov et al. 2001; Maccarone et al. 2000; Gil-
fanov et al. 1999). In terms of Compton corona models, thetifya of photons from
the accretion disk significantly decreases when proceddingenergy band 2 to en-
ergy band 5. Therefore we take our result to confirm earland that the variability
properties of Cyg X-1 are driven by coronal fluctuations antllsy changes in the
soft photon input to the putative Compton corona (Maccaedrad. 2000; Churazov
et al. 2001, and references therein).

To examine the overall spectral shapes of the two variglilitmponents charac-
terized byC andk, respectively, we plotted these values for the energy barés
normalizingC by (F) to account for the instrument response. Fig. 3.14 shows tw«
examples with dferent photon spectral indelX, For most observations withlower
than~ 2.0, which means for the majority of hard state observations,dpectral
shapes ofC and ofk are similar, but the spectral shape®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—bgnMre proceed to higher
I', observations begin to display a flat or even tilted spectiten lower values at
low energies and higher values at higher energies, moreopraed forC than for
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energy band 2. The dotted line indica@s= C, 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 normalizéxdf. Figs. 3.14a and

c) is caused by the combination of an intrinsic change in gexisal shape of the
unnormalizedC anda change in the spectral shape(Bf. Suggestions that the two
variability component€ andk, representing a constant and a variable rms compo-
nent, will have basically dierent energy shapes cannot be confirmed, but to a certain
degree in the low state the spectral shap€ g flatter and harder than the spectral
shape ok.

3.2.4 The rms-Flux Relation on Short Time Scales

The fact that- tracks the flux implies that the “lightcurve” of the rms vaduse similar
to the flux lightcurve. This fact can be used to probe how the r@sponds to flux
changes on short time scales. For example, if the rms doeesdhiack variations on
all time scales, the PSD of the “rms lightcurve” should lookitar to the PSD of the
conventional “flux lightcurve”. In contrast, if the rms ontliacks variations on time
scales longer than, say, 10s, the PSD of the rms lightcurveldtbe sharply cutd
at 0.1Hz. In order to test this issue we created 0.25s lightécsegments and cal-
culatedF ando for each of these segments to make flux and rms lightcurvesn Fr
these lightcurves, we calculated the PSDs (shown for attrarity chosen observa-
tion in Fig. 3.15). In this case, we do not correct the rmstighve for Poisson noise,
since the stochastic nature of the noise process meanaitttaascorrection is only
possible when averaging over comparably long time interidbte, however, that the
effect of the Poisson noise and intrinsic noise contributiorteé rms lightcurve is to
add power to the rms PSD at high frequencies, not to caus@spgurigh-frequency
cutoffs or breaks.

Over the frequency range).01-0.2 Hz the rebinned PSDs show the same features,
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Figure 3.14: Spectral shapes of the two variability comptmeharacterized b€ andk, re-
spectively.C has been normalized B¥). a)-b) show a typical hard state observation (2001
April 7) with T = 1.89, whereag)-d) give an example of the tilted spectral shapes which can
be found for higher" (“failed state transition” observation of 2001 Jan 29 Witk 2.76).

as indicated by the flat ratio in Fig. 3.15c. Therefore it kely that the rms-flux
relation is fulfilled on time scales from 5s to 100s. Abovel®z2 however, Poisson
noise starts to dominate the rms PSD such that the shape ohthand flux PSDs
cannot be compared.

Similar tests dealing with the variability onftiérent time scales have been dis-
cussed by Mineshige et al. (1994b) and Maccarone & Coppid20

3.3 Discussion

3.3.1 The Origin of the rms-Flux Relation

Uttley & McHardy (2001) have interpreted the rms-flux redatin terms of the disk
fluctuation model of Lyubarskii (1997), where variationglire accretion rate occur
at various radii and propagate inwards to modulate the Xemayssion. The fact
that variations at larger radii should have longer chargstie time scales naturally
explains the fact that the short term rms variations are hateld by longer time
scale flux changes. As the slower variations in the accréionpropagate inwards
they are able to modulate the variations on shorter timeescafotov et al. (2001)
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Figure 3.15: PSDs o#) F lightcurve andb) o lightcurve for the hard state observation on
1999 July 05. The original flux lightcurve with time resohutiof At = 278 s has been divided
into 0.25 s segments, and the frequency range4—128 Hz was chosen for calculation of the
rms variability of each segment. To compute PSDs from the dluok the rms lightcurves —
consequently both with the time resolution of the segmemjtleAt = 0.25s — segments of
1024 time elements<1024x 0.25s= 256 s) were used, thus resulting in a frequency range
from vmin = 0.004 Hz tovnax = 2 Hz. We rebinned this range to 84 logarithmically spaced.bin
¢) Ratio of theF lightcurve PSD to ther lightcurve PSD in order to quantify the similarity of
the two PSDs.

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

Churazov et al. (2001) have pointed out that in a standanddisk, viscous damp-
ing will smooth accretion rate fluctuations on a viscous tsoale, i.e., before they
reach the inner disk, implying that for the Lyubarskii (19@Yodel to work, the fluc-
tuations in accretion rate must happen in an optically thigemmetrically thick flow,
such as an advection dominated accretion flow (ADAF) or ardifpe of thick disk.
We have shown that the linear rms-flux relation is seen in igh and low flux
states, so that it very well might be associated with somepoorent of the system
that is common to both states. Since the X-ray variabilityriythe soft state appears
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to be associated with the power-law emission rather thammtéleemission from the
disk (which may be constant, Churazov et al. 2001), it seédmbylthat the rms-flux
relation is associated directly with a corona which is pnése both hard and soft
states. We therefore speculate that the rms-flux relatid@yigp X-1 (and probably
also other objects showing linear rms-flux relations) magspnt evidence for accre-
tion rate variations in 8uctuating coronal accretion flosee, e.g., Smith et al. 2002;
van der Klis 2001, and references therein). The suggediatrthe corona itself ac-
cretes has been used to explain a number of observationatdsaf both AGN and
galactic BH systems (Witt et al. 1997), and since an opfidalin coronal accretion
flow is similar to an ADAF, such a model would not encountergihablems faced by
a thin disk origin for the accretion variations (Churazoale2001).

3.3.2 The Long Term rms-Flux Relation

In the previous sections we have shown that the linear rnxsréllation seems to
apply on very long time scales, since the average 1-32Hz fras @bservation
scales linearly with the average flux of the observation. Adwel and soft state data
form two separate long term rms-flux relations, witkfelient slope&iong (Somewhat
lower in the soft statekjong = 0.19 versukiong = 0.22 in the hard state). Intriguingly,
the flux-dfsetsCiong in the long term rms-flux relations of both hard and soft state
are very close to zero, and certainly of much smaller amghdithhan the typicalfisets
observed in the short term rms-flux relations of either statee scatter in the hard
state long term rms-flux relation is particularly small.

Combined with the almost-zerdfeet of the long term relation, this tight corre-
lation implies that the fractional rms of the 1-32 Hz varigpiin the hard state is
remarkably constant (similar &ong, i.€.,~22%). This result is rather surprising be-
cause the hard state PSD is clearly not stationary, i.eL,dhentzians which success-
fully describe the PSD change significantly in both peakdemty and fractional rms
(Pottschmidt et al. 2003). The most obvious example of swattaage in the PSD can
be seenin 1998 May (see Pottschmidt et al. 2003, Fig. 3) wieepdak frequencies of
the Lorentzians simultaneously increase, and the fraations of thelL; Lorentzian
(which lies between 3—10Hz) and the fractional rms of thaltBSD both decrease
significantly. However, despite such a marked change in 812, fhe data before and
after 1998 May lie along the same long term hard state rmskéilation. The fact
that the fractional rms in the 1-32 Hz band seems undisturpeibnificant changes
in the PSD suggests some sort of conservation of fractionalat high frequencies,
even though the low-frequency (and hence the total) fraations changes signifi-
cantly. Although the specific 1-32 Hz band chosen to meakerens-flux relation is
somewhat arbitrary, we point out that the bulk of the powehia band is associated
with theL, andLs Lorentzians, and the band fully encompasses the rangeqfdre
cies between 3-10Hz in which a strong and well-defined antietation between
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Lorentzian peak frequency and fractional rms is clearhngsee Pottschmidt et al.
2003, Fig. 6). We suggest, therefore, that some processvaoicserves fractional
rms above a few Hz may be at work, with fractional rms inltgé.orentzian decreas-
ing as thel, Lorentzian moves further into the 1-32 Hz band, resulting constant
fractional rms in that band. We now examine how such a phenofogical model
relates to the observed fundamental plane of short ternflumselation parameters
k, C, and flux.

3.3.3 The hard state k-@) fundamental plane

We have shown that the “fan shape” of the correlation betviieemms-flux relation
slope and its flux-fiset in the hard state can be directly related to the long tersa r
flux relation. The fact thak andC vary but the average 1-32 Hz rmsusttrack
the average flux explains the degeneracy in the correlatibith is the result of the
various fluxes observed for a given pairkoindC values. Thuk, C, and(F) track
out a fundamental plane which describes the forms the rmsdliation 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 constagtaomponent. We con-
centrate on these two interpretations since they are thelestpossibilities, but it
should be emphasized that there are numerous other formartiadility could take,
e.g., a component of constant fractional rms.

We have shown that, in the soft state at le&tan be negative, which is only
possible if the @set in this state represents a constant rms component. \We arg
that the existence of tHeC-(F) fundamental plane also suggests faepresents a
constant rms component in the hard state. For example,d=mei increase in the
slopek between two observations, while keeping the average fluxeobbservations
constant. The increase kicorresponds to an increase in the fractional rms of the
linear rms-flux component of the lightcurve. In order to ntain the constant total
fractional rms as given by the observed long term rms-fluatieh, C must also
increase. Therefore we suggest that both a constant rmsac@npand a linear rms-
flux component exist in the lightcurve and that the relatiwetabution of each varies
in such a way that the sum of both components, the total matirms, is constant.

As a constraint to possible models it should be mentionedlr@ady noted in
section 3.2.3, that the spectral shapek afdC are generally similar, witle tending
to a flatterharder spectrum, and there is no obvious correlation betaectral index
I' andC, Ciong, andk, respectively.
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CHAPTER 4

Radio Emission of BH XRBs

“...acurious straight ray ...apparently connected wittethucleus by
a thin line of matter”
Heber D. Curtis (1872-1942), on the jet of M87

4.1 Radio Emission

In astrophysics two basically fiierent classes of emission are distinguished: ther:
mal radiation and non-thermal radiation. A prominent tyeh@rmal radiation is
blackbody radiation, emitted by a perfect absorber entia¢ltemperaturd. The
main share of non-thermal radiation is released by highéygetic, usually relativis-
tic particles. Synchrotron radiation, the relativistiaéogon to cyclotron radiation,
is the most &icient known mechanism for the production of intense radicssion.
Highly relativistic electrons, usually with a power-lawesgy distribution, interact
with magnetic fields, producing non-thermal radio emissidrich tends to be lin-
early polarized. In the following sections some basic radlations are summarized,
and thermal and non-thermal radiation, especially Syrtobmaradiation, will be dis-
cussed from the radio aspect. The text generally followslgseription 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 usefuh® X-ray astronomer to
recapitulate some basics relevant to the radio band.
The Planck function gives the spectral energy distributiba blackbody

2hv3/c?
exphv/kT) -1

Although stars do not perfectly satisfy the conditions tdteekbody radiators, their
spectra can be fliciently well approximated by the Planck function. At lowdresn-

B,(T) = (4.1)
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cies, i.e., in the radio regime where the relation« kT is valid, the Planck function
can be approximated by the Rayleigh-Jeans law

2)2
181 = 2k @2)

To describe the brightness (specific intensity) of an extersource, the brightness
temperaturdl, at a certain frequency is given by determining the tempesatfia
blackbody which has the same intendityBy using eq. (4.2)T}, is given by

= Z kT (4.3)

The concept of the brightness temperature has the greattadpato reduce specific
intensity to the simple unit of Kelvin and to connect the alied emission with a
fundamental property of the emitting medium. Thermal esndtin the radio regime
have typical temperaturég, < 10*K, whereas powerful non-thermal radio sources
may exceed brightness temperatures df KO(Bastian & Bridle 1995).

The unit of flux densityF,, is

1Jansky (Jyx 102Wm—2Hz? (4.4)

In radio astronomy the spectral index is usually indicatgthle symbokr. Here the
definition
F, ocv® (4.5)

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

The beam widthgragio, IS @ measure of the angular resolution power of a radio
telescope with mirror diametdd, and is usually given on the contour maps of the
radio emission as the half power contour of the beam. It denibie angle where the
energy sensitivity has decreased to the half maximum, adefised as

Pradio = 1-03DL (4-6)
eff

whereg is given in arc anglel is the radio wavelength, arids < D is the dfective
diameter of the mirror. Note that this definition of resabutipower, as used in ra-
dio astronomy, slightly deviates from the definition of fesion power of an optical
telescope, given agyptica = 1.221/D.

When observing with several antennas, in order to derivdoést estimate of the
flux density from a known position, the various baselinedneebe adjusted to get
the correct phase fierences, i.e., to establish the precise paftiedince for the signal



Chapter 4.1: Radio Emission 75

106§

10°-

= =
< QU
T

Flux density [Jy]

=
=

10+

vl vl il il NG

10 100 1000 10000
Frequency [MHz]
Figure 4.1: Spectra of typical radio sources. Moaen= -2, thermal solid body with a mean

temperature ok 200 K. Orion nebula:ia = -2 to @ = 0, thermal ionized gas cloud. Crab
nebula:a = 0.27, non-thermal gas cloud, supernova remnant (after Kré86,1ig. 8-9).

routes via the dferent antennas. This can be done by observing a calibratoceso
close in the sky at regular intervals, and deriving the bestections. This usually
takes a few minutes, and needs to be done at intervals of ttex of 30 min. The

precise interval is a matter of judgement and depends onittomsl like weather

(G.G. Pooley, private communication).

4.1.2 Thermal Radiation

Thermal radiation is emitted by a body as a result of its tenapeeT, i.e., the ther-
mal motion of its electrons. In the case of thermally radigitlectrons, their velocity
obeys a Maxwellian distribution governed by the tempegraigr(eq. (1.15)). Promi-
nent thermal contributions at radio wavelengths are therline emission from H |
regions, and the free-free radiation continuum from H lioeg.

The optical depthz,, of a layer with geometrical thicknesss defined as the path
integral of the absorption céiecienta,

S
Tv:fa'vds (47)
0

If the particles of a gas cloud with optical depth> 1 have a thermal velocity distri-
bution, the simplest form of thermal radiation, blackbodgiationB, (T), is set free.
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Many thermal sources, e.g., stars like our Sun or the Moaplaly a spectral index
a = -2 (Fig. 4.1) which is characteristic of the thermal radiatfom a blackbody
(cf. eq. (4.2)).

In the case of an ionized H Il region, the absorptionfioenta, is proportional to
n?/v?, wheren is the free electron density. Thus a small optical deptmeans high
frequencies, and vice versa. Fgr< 1, it can be shown that the spectral indenf
the radiating gas cloud will become 0, so that the spectrucotbes flat. Therefore,
the overall spectrum of a thermal ionized source will be at—2 for low frequencies,
and then flattens te = 0 for high frequencies (cf. Orion Nebula in Fig. 4.1).

Neither of these thermal processes can produce the exirémght radio emission
seen in XRBs, as the brightness is limited by the maximum &atpre of the plasma.
The spectral index for most non-thermal sources lies betvabeut+0.3 and+1.3,
with an average value neaf.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&@ahElectric synchrotron,
is released when highly relativistic charged particlesaueelerated by a magnetic
field. SR is assumed to be the responsible mechanism for tissiemof most of the
non-thermal radio sources. Descriptions of the propedtfi&R can be found, e.g., in
Ginzburg & Syrovatskii (1965) and Blumenthal & Gould (1970)

The concept of SR can be summarized as follows: In a homogsmeagnetic field
with flux densityB, an electrore with rest massn, and velocityv ~ ¢ perpendicular
to the magnetic field lines is subjected to radial accelendtl the Lorentz force and
moves on a circular orbit with the gyro frequency

eB
= — 4.8
Wgayro YMeC ( )

where the Lorentz factor
y=@1-p)"? (4.9)

with 8 = v/cis used. Because of beaminieets the emitted radiation is concentrated
in a cone of emission of angular width1/y around the direction of the movement.
Like the beacon from a lighthouse, this floodlight of durati hits the observer with
the frequencyvgyro. The Fourier analysis of the series of flashes results in etispe
continuum with maximum at

1
Wmax X E o 7’3wgyro (4-10)
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Figure 4.2: Synchrotron spectrum from a power-law distidouof electrons (after Rybicki &
Lightman 1979, Fig. 6.12).

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

For an isotropic distribution of velocities the total eradtradiation power is

4B?
P = — — 2,2 4.11
sync 3871_0'TC)8 Y ( )

whereo T = 8an /3 is the Thomson scattering cross section with the classieatron
radiusrg = €/mec?. The inversely quadratic dependence on the mass of thdiragia
particle explains why only light particles like= ande® are of practical relevance for
SR.

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

N(E)dE « EPdE (4.12)

whereN(E)dE is the number of electrons with energies betwEesndE + dE, the
resulting spectrum can be divided into two regions dependimthe optical depth
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Figure 4.3: A uniformly expanding spherical electron cloadiates at a fixed frequency in a
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1986, Fig. 10-12).

7, oc y~(P+4)/2
jy = y~(p-1)/2

Fv ={ SV =V5/2

wherej, is the emission cdicient, andS, is the source function (Fig. 4.2). The
relationship

T, <1

i (4.13)

p-1
o= —

2

in the optically thin case is of great importance as it alldwsletermine from the
observed spectral indexthe underlying distribution indeg of the emitting particles.
Therefore in the case of SR, a power-law distribution of tetets produces again a
power-law distribution of synchrotron photons. Typicalues of p lie in the range
1.6 < p< 3.0 (van der Laan 1962).

The study of expanding nebulae of supernova remnantsGap, Cas A) suggests
that the magnetic field strengthl, and the energy of the electrons trapped in the
cloud, E, will decrease inversely proportional to the square of tebuta radius

(4.14)
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(Shklovskii 1960). Concurrently, the observed SR flux digrisj will decrease as
F, oc r~2&+1) (4.15)

where, for constant expansion velocitycan be substituted by tinte The frequency
of maximum flux density also depends gras given by

Vimax r—(4a/+5)/(a/+2.5) (416)
Assuming an expanding electron cloud with initial radigsit can be shown using
egs. (4.13), (4.15), and (4.16) that the emitted SR flux dgRsiat a fixed frequency
vo Will increase until the cloud has become optically thin, #meh decrease, as shown
in Fig. 4.3.

A further radiative process when dealing with SR is the isggCompton upscat-
tering of the SR photons by electrons, the so-called sytidnaelf-Compton (SSC)
mechanism (Jones et al. 1974, and references thereinhghielevant, e.g., for the
explanation of gamma-rays from blazars (Maraschi et al21.99

4.2 Radio—X-ray Observations of BH XRBs

Sco X-1, containing an accreting neutron star, was the fiRB ¥hich was identified
as a radio source (Hjellming & Han 1995). With the extensivalgsis of SS 433, the
understanding of radio emission from XRBs was significabtiyught forward (cf.
section 1.3.3). The concept of radio emission from jets indviQactually borrowed
from the theory of extragalactic radio jets (see, e.g., Br&Perley 1984), because
except for the fact that the masses of AGN and MQs are apartfagtar between
10° and 106, these two classes seem to be very similar. Today many XRBisn@wn
to be strong radio emitters (Hjellming & Han 1995; Fender &gy 2000), and
the non-thermal nature of their spectra and polarizatiatufes persuasively point
to synchrotron radiation. Although only in a few cases a je$ been resolvéd
basically all models which are discussed today evoke ousfenvd synchrotron as the
underlying mechanism.

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

1stirling et al. (2001) give an estimate that only about a dazkthe ~ 250 currently known XRBs
possess radio jets.
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4.2.1 OnLong Time Scales

It has been noticed in many accreting BHCs that there existsomg correlation
between the radio emission and the hard state X-ray luminosn this state, ra-
dio emission is associated with a steady collimated outflew,a jet (Fender 2001).
Non-thermal spectra, high polarization level, and higlglimess temperature of the
radio observations is strong evidence for self-absorbedtsytron radiation as the
underlying mechanism. This radio—X-ray coupling exclagivholds for the hard
state, because the radio emission is attenuated until bedtdectability in the soft
state. Synchronously with the decline of radio emissior,disappearance of out-
flow or jet structures is detected. While the radio behaviathie hard and the soft
state is relatively clear, radio emission and correspandutflows seems to be much
more diterentiated during other states, like intermediate and ligfly state. It is usu-
ally during these transitional states that strong radi@$flan connection with single
eruptive outflow events are observed.

The hard state being connected to a hot corona (sectional &jaight interpre-
tation of the radio—X-ray observations is to assume a stamgpling between the
corona region and the jet, most probably the corona actingeabase of the jet (see
section 4.4.3). Gallo et al. (2003) proposed a firm correfatietween the flux den-
sities of radio Fragio, and of X-ray,Fx, during the hard state which holds over three
orders of magnitude in luminosity (Fig. 4.4)

F radio & F?(] (4.17)

The major constituents of this correlation are the pensisteurce GX 3394 and the
transient source V404 Cyg, which display the greatest bditiain X-ray luminosity
among the set of analyzed BHCs. At high X-ray luminositieselto the Eddington
limit Leqq, @ sharp turnover of the radio flux density down to an, in mases, unde-
tectable level occurs. Interpretations of this correlatidll 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 $tate, while radio
activity is strongly reduced during the soft state. The meatio flux density at cm
wavelengths is about 14 mJy in the hard state (Pooley et @B)18isplaying a very
flat radio spectrum with spectral index close to zero (seémsed.3.3). The radio
flux is regularly seen to be modulated at several periodsbeirey the orbital period
of 5.6d which is superimposed on another one-at50d, probably associated to
precession of the accretion disk (cf. section 1.6.1). $tn@dio flares, disrupting
the uniform hard state radio level, are observed only rarelyery distinctive one
recently, where the decay from a pronounced top level at 1§0lmack to the base
level of ~ 15mJy at 15 GHz within 1-2 hours was covered (G.G. Pooleyatwi
communication).
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Figure 4.4: Between radio flux and X-ray flux, a strong cotietaover a wide range of lumi-
nosities seems to exist in the hard state, which turns oveigher luminosities (Gallo et al.
2003, Fig. 2).

There seems to exist a hard state radio—X-ray correlatio@yg X-1 on long time
scales which is best discernable at high X-ray energies€28kMeV), and during
flaring states (Pooley et al. 1999; Brocksopp et al. 19998ha$ to be admitted,
though, that this correlation is not comparable with the mdearer cases of, e.g.,
GX 339-4 (Hannikainen et al. 1998; Corbel et al. 2000) or V404 Cyglifi>et al.
2003). The stellar wind from HDE 226868, constituting a digive medium where
the velocity of wave propagation is a function of frequerbys smearing the radia-
tion from Cyg X-1, may be invoked as a possible explanatioewata, testing these
earlier results, will be presented in section 5.

4.2.2 On Short Time Scales
4.2.2.1 GRS 1915105

GRS 1915105 is known for its singularly complex X-ray behavior whighnot
observed in any other X-ray source (Belloni et al. 2000; kdéfolt et al. 2002). At
the same time, this highly unusual and energetic systenesepts one of the most
spectacular radio sources in our Galaxy, showing appavperkiminal motions in a
two-sided ejection of synchrotron-emitting componentsrfithe source (Mirabel &
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Figure 4.5: GRS 1915105: within~ 1/2 hour, an X-ray dip, followed by IR and radio peaks
is observed (upper panel). Above the lightcurves, an inational diagram displays the
ejection of a plasma cloud from the central object which bee® successively detectable at
longer wavelengths. The bottom panel gives the hardne$&ofray radiation (Mirabel et al.
1998, Fig. 7).

Rodriguez 1994; Fender et al. 1999).

GRS 1915105 is a MQ which clearly shows radio—X-ray correlations wnet
scales of tens of minutes (see, e.g., Pooley & Fender 199¥dfect al. 1997,
Mirabel et al. 1998; Fender & Pooley 2000; Klein-Wolt et 2002). One peculiarity
of its lightcurves is that they usually exhibit quasi-péimdips in the X-ray emis-
sion which are related to radio oscillations with a typicatipd Posc ~ 20—45 min
(Pooley & Fender 1997; Mirabel et al. 1998). Fig. 4.5 showlrad-band observa-
tion of GRS 1915105, where after an X-ray dip successively IR and radio paeks
observed. This relationship was interpreted within thenfeavork of jet formation
(cf. section 4.4.2) as a rapid disappearance of the inneetiag disk, followed by
the ejection of relativistic plasma clouds in the form of elgrotron flares at IR and
radio wavelengths (Mirabel et al. 1998). Assuming a onefierelation between an
X-ray dip and a subsequent oscillation peak in the radio gioms Klein-Wolt et al.
(2002), using a database of 101 simultaneous radio—X-ragrghtions, arrived at an
estimated time delay of radio with respect to X-ray of 14—-39.m
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4.2.2.2 GX3394

GX 339-4 displays similar spectral and timing properties as Cygatd is therefore
assumed to be a black hole. The high brightness temperdtitseradio counterpart
suggests non-thermal synchrotron radiation from relgtitvielectrons (Corbel et al.
2000). While radio—X-ray correlations on time scales of k&t® months are clearly
present, a similar correlation on time scales of hours apgeed by Corbel et al.
(2000) is questionable.

4.3 Jets

Jets are found in various sizes and in a diversity of astrejghl/host objects, like,
e.g., very young stars, AGN, and also XRBs, as was mentiongekition 1.3.3. These
outflows of matter are called jets because they are collidhageto large distances
from the ejecting souréeand because of their high velocities, sometimes reachin
well into the relativistic regime. MQs, i.e., BH XRBs with @etion disk and jet
emission, only show mildly relativistic jets (Meier et aD@L, see, however, Fender
et al. (2004) who report a MQ jet withier > 10). Astrophysical jets are encountered
as twins, reaching out from the central object in oppositedtions. In many jets,
single mass ejections can be resolved while in other systieengniform jets seems
to be formed by continuous outflow of matter. In all objectdchipossess jets also
an accretion disk is present, establishing the close aatlreilationship — ‘symbio-
sis’ as it was called by Falcke & Biermann (1995) — of jet ansgkdiThe jet axis is
generally assumed perpendicular to the disk plane (seesd@wMaccarone 2002).
Since the non-thermal radio emission detected from thégetsnventionally thought
to be synchrotron radiation from relativistic electrongtie jet (Blandford & Konigl
1979), magnetic fields have to be present in the ejected matiehis section, the
relativistic dfects which are relevant for jet observation are reviewest) the major
jet-generating mechanisms being discussed are mentianddjnally the main pa-
rameters of the jet of Cyg X-1 are given. Comprehensive vevien jets of XRBs
have been presented, e.g., by Mirabel et al. (1998) and F¢pdi@2).

4.3.1 Relativistic Bects
Describing the dynamics of matter at relativistic speegd0.1c, the Lorentz factor

2 ~1/2
Tiet = (1 - @) (4.18)

2Dealing with extragalactic radio jets, Bridle & Perley (¥98&lefine that a jet must have an opening
angleg 15°.
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Figure 4.6: Schematic twin ejection of plasma blobs at spdeam a central source (Mirabel
& Rodriguez 1999, Fig. 6).

is used. When dealing with jets, the bulk motion LorentzdaF}; gives the speed of
the jet front, plowing through the ISM, and is to be distirghéd fromy, indicating
the velocity of single particles within the jet (cf. eq. (.9

At high velocitiesgiet, relativistic dtects appear which will be discussed in this
section. For the purpose of a clear description, a two-sidatier ejection with ve-
locity v = BjetC from a central source is assumed, Witk 6 os measuring the angle
between the jet direction and the line of sight of the obsg(ivig. 4.6).

4.3.1.1 The Relativistic Dopplernfect

In close analogy to the classical Doppléieet, at relativistic speeds an emitted signal
at frequency will be observed at a étierent frequency. The Doppler factor, i.e.,
the ratio ofv/vy, is given in the case of the approaching jet by

1
Vapproach _ (4.19)
Yo Tt (1 = Biet COSHLos)

Dapproach=

and in the case of the receding jet by

1
Drecede= Trecede _ (4.20)
Yo Cet (1 + Biet COS@LOS)
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It is worth mentioning that the relativistic Doppleffect is observable even for a
transversal direction of motion, i.e., féros = 90°.

4.3.1.2 Boosting

Radiation from matter which moves at relativistic spe@ds 1 in an optically thin,
isotropically emitting jet towards us is intensified to a fllensityF,s, compared to
the flux densityFo of a source resting relative to us, such that the ratio of tive fl
densities is E
approach K+a

F—O = Da;proach (4'21)
wherex is the spectral index of the emission, dad a geometry paramete £ 2 for
a continuous jet, ankl = 3 for discrete ejections). Correspondingly, receding ematt
will radiate with a lowered flux density

Frecede _ Dkﬂl

Fo recede (4'22)
Thus we have for the ratio &fapproachtO Frecede
F 1 + Bjer COSOLOs T
approach _ ( ,Bjet LOS) (4.23)
Frecede 1- ,Bjet CosfLos

which is plotted in Fig. 4.7 as a function of inclination a&glos for several ejection
speeds.

4.3.2 Production Mechanisms

Penrose & Floyd (1971) proposed that in principle it is plolesio extract energy and
angular momentum from a rotating BH, an idea which was ads@te explain the
generation of electromagnetic fields and even outflows iwittieity of BHs (Bland-
ford & Znajek 1977; Blandford & Payne 1982). One of the mostrpising models
to explain the production of jets from a magnetized accretizk is the magneto-
hydrodynamic model.

4.3.2.1 The Magneto-Hydrodynamic Model

In the idealized magneto-hydrodynamic (MHD) model as primaresented by
Blandford & Payne (1982) it is assumed that a highly conahgcticcretion disk is
threaded with large scale poloidal magnetic field lines Wwrdce “frozen” into the
disk matter. As the plasma cannot flow across the field linésforced to move like
a bead sliding on a rigid wire. In case the angle between tigneta field lines and
the disk plane i 60°, plasma can be catapulted centrifugally out from the diske D
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Figure 4.7: The ffect of Doppler boosting for two symmetric discrete ejecdiam velocities
B = 0.9, 0.6, and 0.1 as a function of inclination angles: For 6.0s = 9C°, the ratio of
FapproachtO FrecedelS @always 1, whereas at smaller inclinations the Dopplesting significantly
enhances the ratio, particularly in the highly relatidsggime.

to the diferential rotation of the AD, the field lines are wound up armbthe rotation

axis, forming a twisted helical coil (Fig. 4.8). Far from thisk the expelled matter
trapped in the field coil gets pinched towards the rotatiols By a magnetic hoop
stress which is finally collimating the outflow to a jet (Megdral. 2001). As angu-
lar momentum is lost with the outflow, thus allowing disk nrétkto accrete onto
the central compact object, the jet power mechanism is sgplith more released
energy and a self-sustaining process is triggered.

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

According to Blandford & Znajek (1977) and Livio et al. (199he MHD jet
power,Luyup, and the scale-height of the disk(cf. eq. (1.7)) are related as

Lmup o H? (4.24)

From this it is clear that the power of a jet from a thin diskIviié significantly
smaller than that from a thick disk. This result is impresgivmirrored by the radio
behavior of MQs. In the soft state, the thirdisk reaches in until the BH and the radio
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Figure 4.8: Magnetic field lines anchored in the accretedenatbiting a central BH form a
rotating helical coil which drives the trapped plasma outisgMeier et al. 2001, Fig. 4).

emission is surpressed or even totally quenched, contatyethard state, which is
associated with a geometrically thick accretion disk caron a blown-up ADAF
region, respectively, displaying significant radio enassi

Another parameter controlling the power and speed of a jgteispin of the BH,
which has been confirmed by simulations (see, e.g., Koidé 2080). In the case
of a Kerr BH (Table 1.1), additional rotational energy nekfter the generation of
jets is supplied from the BH spin, resulting in higher jetoaties compared to a
Schwarzschild BH (Meier et al. 2001). This conclusion hadtethe assumption that
all BHs which have a jet are fast rotating BHs, the so-callgd 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 modd developed to explain
the synchrotron radio emission from XRBs (Hjellming & Jotoms1988). It assumes
a twin jet which is formed by collimated conical sheaths afhdtically expanding
relativistic plasma. Connected to previous results of &mii (1960) and van der
Laan (1962) (see section 4.1.3), the concept of conicalgatapable to explain the
radio characteristics both of stable quiescent sourcesGikg X-1 and of periodic
emitters.
The very flatinverted spectra of several BH XRBs, amongst them Cygnus X-!

(Fig. 4.11), do not show any turnover at higher frequencéeshserved in AGN and
as expected within the framework of synchrotron radiaticin £ig. 4.2). This was
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Figure 4.9: The conical jet model explains the flat spectrith turnover frequencymax as a
spectral superposition from thefidirent emission sections. The smallest jet scale determines
the highest observed frequency. The scaledown of AGN jetiset@ize of MQs will lead to a
corresponding shift of the maximum synchrotron frequenfiem the radigmm regime up to

the opticglUV/X-ray bands (Falcke et al. 2002, Fig. 1).

interpreted as a scalindfect (Falcke et al. 2002): The jet is considered the source
of flat spectrum synchrotron radiation resulting from thpesposition of all contri-
butions from various emission sections within the jet. Theory of the conical jet
model predicts that the smallest physical scales withipeghwill determine the high-

est frequency of these contributions: sizel/v (Falcke et al. 2002, and references
therein). As in a GBHC the smallest jet scale is a factor ¢-10° smaller than in
AGN, the synchrotron radiation observed from their jetsudticgcale up and reach
until the X-ray region (Fig. 4.9).

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

4.3.3 The Jet of Cygnus X-1

The rareness of radio flares with Cyg X-1 has forwarded themagtion that this
source maintains a continuous jets rather than multiplenpten ejection. Several
observations detected a radio-emitting structure spagatending~ 15 mas from the
core of Cyg X-1 (Stirling et al. 1998; Spencer et al. 2001118 et al. 2001). A clear
picture of a collimated outflow has actually been resolvedvbBA observations
(Fig 4.10) which show that a significant fraction of the 8.423Hix is resolved. The
jet emission is relatively smooth and does not show the karodsblobs seen, e.g., in



Chapter 4.3: Jets 89

MilIARC SEC

|
2 o

m | P | | |-
2 4 6 8 10 12 14
MilliARC SEC

Figure 4.10: VLBAVLA images of Cyg X-1 at 8.4 GHz, taken on (from left to right998
August 10, 12, and 14, respectively (Stirling et al. 2004. ). The contouring represents
factors of 2, the lowest contour being all@Jy. Solid contours are at positive flux densities,
dashed contours at0.1 mJy.

GRS1915105. The radio emission displays a flat spectrum throughat®m+mm
regimes (Fig. 4.11) with spectral index close to zéup€ 0.1 between 2 and 15 GHz;
Pooley et al. 1999; Fender et al. 2000), which has been mibdslslowed expansion
in a continuous jet (section 4.3.2.2).

The linear scale of the outflow is of the order

Dcygx1
lviea ~ 15 masy 5x 104 cm| —2- 4.25
VLBA X ( 2kpe ( )
whereDcygx1 = 2kpc is the distance to Cyg X-1.
The observed lower limit on the jet-to-counterjet briglameatios is (Stirling et

al. 2001)

F
5 = _approach g (4.26)
I:recede
whereF gpproaci@nNdFrecedeare the radio flux from the approaching and receding jet, re:
spectively (section 4.3.1, Fig. 4.7). This constrains #térjclination to be (S. Heinz,

private communication)

61/(k+a) -1
Ccos GLOS) > m ~ 0.42 (427)
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Figure 4.11: Broadband observations of Cyg X-1 show a flattspe in the range from radio
(3 datapoints below #HHz) to mm (2 datapoints between'i®z and 16? Hz) wavelengths,
with no indication of a cutfy at higher frequencies (Fender et al. 2000, Fig. 3).

and, for a given viewing angl& os, it constrains the jet velocity to be

1 61/(k+a) -1 61/(k+a) -1

Fiet = Cos frog) 6V + 1 = & 4 1 (4.28)

whereq is the spectral index anklis a parameter which is related to the geometry
of the ejections (see section 4.3.1). Since the jet spedswiserved to be flat, and
since the emission is relatively steady= 0 andk = 2 seem to be fiducial values.
Then a lower limit to the jet velocity g8 > 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 Xemitting regions have
to be excited by a common mechanism, the most natural bengtioas in the mass
accretion ratan. As theory suggests, the bulk of X-ray emission takes pladae
vicinity of the BH, whereas radiation at radio wavelengthgioduced by a process
connected to outflow regions at ample distance from the cohgtgect. The idea that
the radio emission could stem also from the corona has bepnodied (Wilms et al.
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1999; Brocksopp et al. 1999a; Fender & Hendry 2000). Undesedltircumstances a
varyingmwill be mirrored in the X-rays first and then, with a time lagogeding on
the corresponding travel time of matter, in the radio erais$iom the jet.

4.4.1 The Coronal Outflow Model

Observations show that radio emission from BH XRBs is asgediwith the hard
state. Although it is not clear whether the corona or the ADFRcept is more
realistic, the following model favors the first alternativa this case, a good part of
the energy released during the accretion of matter by a BHdsmwed as hard X-ray
emission from the corona. In this picture, a straightfodvarechanism to produce
radio—X-ray correlations in the hard state is realized wadractionn of the power
released into a magnetic corona is used to energize a jet.

Merloni & Fabian (2002) define the power release from the ©ardhe corona
luminosity L., as a fractionf of the total power release of the accretion disk-corona
system Lo,

Le = thot = meEdd (4-29)

wherem is the mass accretion rate in units of the Eddington one fasrarotating
black hole,m = 0.08Mc?/Lgqq (Merloni & Fabian 2001), antlgqq is the Eddington
limit (cf. eg. (1.10)). Advocating a corona as an “ideal leimg platform for power-
ful jets” (Merloni & Fabian 2002) either by MHD or thermallyiden processes, they
show that in the jet powel,et = 7L, a substantial fraction of the total luminosity is
contained. Farther from its launching site, the jet will quoe 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 19185 in the spectrally hard, power-law
dominated C state can enter X-ray variability classes wramt® oscillations occur
with a period of about 12 to 60 min (see, however, Nayakshial.e2000). This
unsteady behavior has been explained as cyclic outflow gfesbilobs, i.e., transient
jets. Each jet is formed by the depletion of the inner AD, tijees d¢f and sets in
again when the disk has been refilled with plasma (Mirabel &fiuez 1999). The
amount of depletion in the inner disk, observable as X-rg@g dis connected to the
rate of ejection of radio-emitting clouds (Mirabel et al 989.

The similarities of the outburst pattern with dwarf novaeevthe starting point
of interpreting the sudden transitions between high andllmainosity in X-rays as
a cycle of depleting and refilling the AD (Belloni et al. 1999 Triggered by a
viscous-thermal instability, a heating wave causes inaespf the disk to fall to the
central object, causing a decrease of X-ray luminosityiasibt plasma gets lost. The
refill of the depleted regions takes place during a quiesstate. When the accreted
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Figure 4.12: The jet model is capable to fit the observed ratlimy correlation of GX 3394
only by changing the input power into the jet (Mafket al. 2003, Fig. 6).

matter to some extent is redirected and expelled as an outftaviributing to radio
emission via synchrotron radiation, this model can accéamtorrelations between
X-rays and radio luminosity on time scales of minutes to Bpdepending on the
travel time of plasma from the inner accretion disk to theg&itting regions in the
outer jet.

4.4.3 The Unifying Jet Model

Radio—X-ray correlations are a natural outcome of the jedeh{Falcke & Markdf
2000; Markdr et al. 2001, and references therein; cf. section 1.5.3p#eXray and
radio emission are assumed to be produced by synchrotr@egses (synchrotron
radiation, synchrotron self-Compton) in the same meditamely the jet (cf. Blazar
jets).

As mentioned in section 4.2.1, GX 338, among other BH XRBs, shows radio—
X-ray correlations over a wide flux range. The relation betweadio and X-ray,
Fradio o F%’, as advocated by Gallo et al. (2003) (section 4.2.1) can pedeiced
from analytical predictions of the jet model by the variataf only one main parame-
ter, the power inpujet (section 1.5.3) into the jet which is assumed to be propoaiio
to the accretion rate (Market al. 2003) (Fig. 4.12). Thus the model assumption that
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changes of the mass accretion rate modulate the input ofrioteethe jet and con-
sequently the X-ray and radio emission from there seemsilkeu

In combination with the assumed ADAF, the jet model has bemrldped as a
radiatively indficient jet dominated accretion flow (JDAF) (Falcke et al. 2004s
major merit is the merging of X-ray and radi@ properties into a single model by
unifying the concepts of jet and corona (see, however, Zgkiat al. 2003; Poutanen
& Zdziarski 2003).



CHAPTER 5

Radio—X-ray Correlations of Cygnus X-1

As this chapter is based on two publications (Gleissner. @08l4a,b), it adopts the
characteristic publication style. Section 5.4 and partseaftion 5.5 were extracted
from a previous version of Gleissner et al. (2004b) and éoméssults that were kindly
contributed by S. Markid 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 teg Reray Timing Ex-
plorer (RXTE) and radio data from the Ryle Telescope. In Fig. 5.1a theorthai of
Cyg X-1is displayed, binned to a resolution of 5.6 days, ttiéal period of Cyg X-1
(Brocksopp et al. 1999a). All flux points are assigned to syimaccording to their
state, following a state definition which is based on the spephoton index and
the time lag between soft and hard photons (Benlloch 2008|I&h et al. 2004),
amended by the criterion that a soft state must have a radicflBmJy. This def-
inition distinguishes three states: The canonical hardsafidstates, as well as the
failed state transitions (FST) (Pottschmidt et al. 200@)iclv 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 beginofir@03, covering
our RXTE monitoring programs P40099 (1999), P50110 (2000-2002) P&D090
(2002-2003) (Fig. 5.1c and d). The analyses of radio—X-mayetations were per-
formed using theStandard2fightcurves with a resolution of 16 s from tCA data
using the data analysis softwaBASOFT, Version 5.2. Also high energy data from
the HEXTE with a time resolution of 1 s were extracted.

In our scheduling of the monitoring of Cyg X-1 in radio and &yrbands, we
strived for strictly simultaneous observation times. Theearvations which are ana-
lyzed here are marked with the dots in Fig. 5.1b. Due toRXd E orbit, the X-ray
data of each observation are composed of several shortliglg segments of a typ-
ical duration of~0.5 h, while the radio data generally consist of a longeriooous
lightcurve of several hours. Fig. 5.2 shows simultaneogistdiurves 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 ®ti8ys,
the orbital period of Cyg X-1b) Times of simultaneous radio—X-ray observations with Ryle
Telescope andRXTE. ¢c) Mean RXTE PCA count rate.d) Mean RXTE HEXTE count rate.
Hard states are indicated by crosses, soft states by teisnahd 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 dlameous observations
were rebinned to a time resolution of 32s. Only lightcurvéha length of at least
15min were considered. We then applied the Savitzky & Gol®64) smoothing
filter, i.e., a least squares polynomial fit which can be useshiooth a noisy signal
(Press et al. 1992). After this smoothing, every single iomius X-ray lightcurve
segment and radio lightcurve within a time lag 810 h to each other was cross-
correlated. The cross-correlation €ogent is calculated only when the overlap of
the radio and X-ray lightcurves is more than 15 minutes. Thasfind the max-
imum cross-correlation cdigcient, MCC, and the corresponding time lag for each
radio and X-ray lightcurve pair. Depending on the data samgmnd the length of
the lightcurves, the maximum possible relative shift betwéhe radio and X-ray
lightcurves is about10 h, in most cases, however, the maximum shift is much less
Fig. 5.3 gives the distribution of the relative shifts beémehe radio andCA X-ray
lightcurves which are covered by our calculations for CygyXul. A negative shift
means that the X-rays precede the radio. As the bulk of obSens covers only a
relative shift of~ 5 h, our analysis is significant on time scales from minutes .
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Figure 5.2: Cyg X-1: Observation on 1999 February 25 viRBA X-ray and radio data re-
binned to a time resolution of 32 s and smoothed, showingtemimpted segments of X-ray
(upper curve) and radio (lower curve) lightcurves.

Due to thePCA dead time after processing an event, the detected X-rayt caten
is diminished with respect to the actual count rate. To tdstther a correction for
this dead time #ect was necessary we followed the description given byRK&E
Guest Observer Facility (GOF), using the Very Large EvertE)Ydead times as
given by Jernigan et al. (2000). We verified that the influesfaead time correction
of the PCA lightcurves on the resulting MCC and time lag is small: whaleglating
the cross-correlation with and without dead time correctihe results of only 8
observations out of 87 had significantly changed. As dueddaiure of the propane
layer since 2000 May 12 it is not possible to compute a redialglad time correction
(section 1.6.2), we have chosen not to apply the dead timedadn in our X-ray
lightcurves.

5.2 Sensitivity of the Procedure: Application to GRS 10136

If a radio and an X-ray lightcurve are truly correlated, tloeresponding MCC will
have an absolute value close to 1. Due to statistical reahon®ver, there is a finite
probability of finding a large absolute value of MCC even feotrandom lightcurves,
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Figure 5.3: Cyg X-1: Histogram of the relative shift betweha radio and X-ray lightcurves
that is covered by the used cross-correlation calculafmrthe 301PCA lightcurve segments.
Only in few cases the maximum relative shift extends up to,1riting the significance of
our analysis to time scales of less thahh.

e.g., white noise lightcurves. For a large sample of simelais radio and X-ray
lightcurve pairs, however, the distribution functions o€&s computed for pairs with
random correlations and computed for pairs with a real ¢aiom will be different.
By comparing the MCC distributions computed from white edlightcurves with
those from the real data, it is thus possible to test for tlesgmce of a correlation
between the radio and the X-rays in a statistical sense.igrsdttion we show how
such comparisons are performed. Before working with tha fdam Cyg X-1, we
first test the method outlined above with data from a sourceravla multitude of
observations indicate the presence of a radio—X-ray Grogl.

The actual radio—X-ray correlations of GRS 19185 turn it into an appropriate
source to serve as a benchmark for the cross-correlatiateguoe used here (see
section 4.2.2). For this benchmark, we used a set of 120 simedus radio—X-ray
lightcurve segments of GRS 194505, taken from the data base of Klein-Wolt et al.
(2002), and applied the same cross-correlation procedutlescribed in section 5.1.
The data of GRS 1915105 were taken witlRXTE PCA and the Ryle Telescope.

The one-to-one relation between an X-ray dip and a subséqaettiation peak in
the radio emission of GRS 194405, that was mentioned in section 4.2.2, is equiv-
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Figure 5.4: GRS 1915105: Histograms o&) the distribution of MCC and) the distribution

of time lags for observed data (solid line) and simulatedtevhbise data (dotted line). The
histograms takes into account 120 separate lightcurve.pBire 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-tb. When the shift of the
X-ray lightcurve relative to the radio lightcurve is contd forPgs/2, i.e., until the
X-ray dip coincides with the subsequent oscillation valdéyhe radio emission, we
obtain a positive MCC close tel. As in the used cross-correlation procedure the
absolute maximum value of the cross-correlationflcoient is determined, due to the
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Table 5.1: Characteristics of the Kolmogorov-Smirnov festwo samples: test statisti@qns
for observed and standard white noise distribution, an@&hitity P for Diest > Dops.

a) GRS 1915105 b) Cygnus X-1

MCC timelag MCC timelag
Dops 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 thiecamrelation of the
one-to-one relation, in the remaining half it is the posgitoorrelation when the shift
has been continued fd?,s/2. Thus, both negative and positive MCCs close-1o
indicate the same features, i.e., the searched radio—Xeaglations of Klein-Wolt
et al. (2002). We did not correct for this periodicéileet in the histograms of MCC,
but accounted for it when determining the corresponding fizg.

Fig. 5.4a compares the histogréga(MCC) of the MCC for the available data set,
i.e., 120 simultaneous radio and X-ray observations of GRE#4105 (solid line)
with the histogramhgin(MCC) of MCC from 1000 simulated white noise data sets
(dotted line). In this simulation we created random whitésadightcurves for the
radio and X-ray data with the same mean value, standardta®viand sampling as
the observed radio and X-ray lightcurves. Then we croseetaied these simulated
lightcurves exactly the way we did with the observed onesdetdrmined the his-
togram of the corresponding MCC. For the whole data setthe.120 simultaneous
radio and X-ray observations, we ran the simulation 100@siin order to achieve
a suficient statistical significance. Using a similar technique,compared the his-
togram of the observed time lags (determined from the MC@®@) thie distribution of
the time lags obtained from the Monte Carlo simulations.(bigb).

Fig. 5.4 shows that both the MCC and the time lag distribufidorthe observed data
of GRS 1915-105is considerably éfierent from the corresponding white noise distri-
bution. We use the Kolmogorov-Smirnov test statifi¢Keeping 1962) to quantify
the diference of two distributions (see Table 5.1a). From Fig. Svéadetermine
Dobs giving us a measure of theftBrence between the observed distribution of the
data set and a standard white noise distribution, obtaipedéraging over 1000 sim-
ulated white noise data sets. The Kolmogorov-Smirnov tést/a the determination
of the probabilityP that the diferenceDis between a single simulated white noise
data set and the standard white noise distribution is eguad greater thamgps If
P is suficiently small, the null hypothesidy that the observed and the simulated
distributions have been drawn from the same underlyingibligton function is to be
rejected. Carrying out this analysis for both the MCC andl#gedistributions, we
find that the null hypothesis is to be rejected at the 0.1% fevé¢he MCC, and at the
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Figure 5.5: Cyg X-1: Joint radio—X-ray lightcurves of 200prA 7, binned to a resolution of
48 s, showing a possible delay in the radio response to thaeyXariability (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 101@ which were exam-
ined by Klein-Wolt et al. (2002) are reflected by the significkraction of MCCs
with absolute values close to 1. This means that our proesidwapable of finding
radio—X-ray correlations in a data set. Furthermore, time fiags that correspond to
the MCC distribution for GRS 1915105 appear as a clearly increased number of ob-
servations with time lag in the bir-L000 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 eyeaé/geveral observations
that show a similar pattern in the X-ray and radio lightcuwith a delay in the radio
response in the range of minutes. The time delays betweeay ¥#d radio are not
constant in all observations but vary from a few minutes ts tef minutes. Fig. 5.5
shows the most convincing of these observations. The finstyXightcurve segment
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Figure 5.6: Cyg X-1: Histograms @) the distribution of MCC andb) the distribution of time
lags for observed data (solid line) and simulated whiteendita (dotted line). The histograms
takes into account 301 separate lightcurve pairs. The MG€ baen 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-10h to+10h. Original lightcurves have been binned to 32 s and haee be
smoothed by the Savitzky-Golay filter.

leads the radio echo byl3 min whereas the second X-ray segment lies not more tha
~8 min before the corresponding radio pattern.

To systematically investigate these apparent correlativa applied the cross-
correlation procedure outlined in section 5.2. In Fig. SsM@acompare the histogram
hops(MCC) of the available data set, i.e., 301 simultaneousoradd PCA X-ray ob-
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Figure 5.7: GRS 1915105: Histogram of the distribution of MCC for observed da&scaled
to the S/N-level of Cyg X-1 (solid line) and simulatedhite noisedata (dotted line). The
histogram takes into account 120 separate lightcurve.p@irginal data have been binned to
32 s and has been smoothed by the Savitzky-Golay filter.

servations of Cyg X-1 witthsj»(MCC) from 1000 white noise simulations of this data
set. The Kolmogorov-Smirnov test shows that the two histogg bear significant
similarities such that the null hypothesis of identicaltidimitions is to be accepted
(Table 5.1b). We conclude that the MCC distribution of theaved and the simu-
lated lightcurves are similar. The same conclusion is drfmam a comparison of the
distributions of the time lags (Fig. 5.6b and Table 5.1b)IikinGRS 1915105, the
time lag distribution of Cyg X-1 does not show any distinetfeatures and is consis-
tent with that of the white noise simulation. This leads uth®assumption that the
similar patterns seen on short time scales in the X-ray atiteimadio lightcurves are
random events which are a natural outcome in white noisédigties.

5.3.2 Rescaling GRS 194505 to the Level of Cygnus X-1

Although more than 4 times closer to us, Cyg X-1 is relativéilyn in X-ray and
radio, compared to GRS 194%05. The averagPCA X-ray flux level of Cyg X-
1 in the hard state is 1000 countss PCU™?, in the radio band it has a flux of
~14mJdy. In they class state, which is thought to be associated with the ¢ealon
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Figure 5.8: Cyg X-1PCA X-ray and radio flux-flux plot for data from 1999 Jan 14 to 2048 A
06 with 025 < @4, < 0.75, PCA channels 0-128 (mainly sensitive in the range-15 keV).

hard state of other BH candidates, GRS 19185 has an average X-ray flux level
of ~ 8000 counts® PCU ! and a 15 GHz (Ryle Telescope) radio flux-0f40 mJy
(Klein-Wolt et al. 2002). This raises the question: is thgat&e result obtained
in the previous section caused by the low signal to ndig#l, level, or would our
correlation procedure be able to find radio—X-ray correfeiin Cyg X-1 if they were
present the same way as in GRS 19185 but on the loweE/N level of Cyg X-17?

In order to answer this question we scaled the X-ray and rhgidcurves of
GRS 1915105 to the observed level for Cyg X-1, adding the appropaateunt of
Gaussian noise. Fig. 5.7 shows that the MCC distributiohedé¢ rescaled lightcurves
differs from that of the corresponding white noise simulatistritiution, similarly
to Fig. 5.4a. This result proves that our correlation praceds stficiently sensi-
tive to detect any radio—X-ray correlations in Cyg X-1 if $keeare at the level of
GRS 1915105. We conclude that the negative result of section 5.3nbicaused
by an insuficient signal to noise ratio.

5.3.3 Long Term Correlations

In this section long term correlations, i.e., on time scditem days to weeks and
months are considered. As described in section 4.2, no claaelation 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 025 < @y, < 0.75, HEXTE channels 15-255-(15-255 keV).

term time scales between the radio emission andRR&EE ASM soft (2—10keV)
X-ray flux is found (Pooley et al. 1999; Brocksopp et al. 1999&e availability of
the pointed observations allows us to extend these studlieartler energies, using
the data from thePCA (which is mainly sensitive below 15keV) and th&EXTE
(channels 15-255, sensitive above 15 keV). All observatioom hard and soft states
as well as from FST have been included (for state definitienssxtion 5.1). To
account for known orbital modulation (Brocksopp et al. 18892002), we limit the
data set in orbital phas®,,, to observations with.@5 < @, < 0.75.

Fig. 5.8 shows that no correlation between the soft X-ragmfthePCA data and
the radio exists. We note that this pattern is similar to e in GX 3394 (Corbel
et al. 2000). For thedEXTE band, above 15keV, however, a long term correla-
tion between the radio and the X-rays is evident, partityfar the FST (Fig. 5.9).
Spearman rank correlation déeients,rs, have been calculated for the subplots of
hard state and FST data points, and for all data points shovigs. 5.8 and 5.9,
confirming this result (see Table 5.2).

In terms of Comptonization models, thel5keV band is dominated by Compton
reflection and emission from the accretion disk corona,evéil appreciable fraction
of the soft X-rays can be due to the accretion disk. The catical displayed in
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Table 5.2: Spearman rank correlation fméents,rs, of plots in Figs. 5.8 and 5.9. The range of
the correlation ca@cient is—-1 < rs < 1, with a perfect correlation being indicated hy= 1
(Keeping 1962).

Hard state FST All data points
RadigPCA 0.17 -0.37 -0.16
RadigHEXTE 0.05 0.67 0.50

Fig. 5.9 shows that the radio emission is directly linkedhise hard component of the

X-ray spectrum, which is present during the state tramstiand the hard state, but
not during the soft state, consistent with the earlier figdioited in section 4.2. The

correlation is also remarkably similar to the correlatietvzeen the rms variability at

> 15keV 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 (se®) 403set limits on the
time delay between any eventin the accretion disk that n@fyét the jet flux, and the
time when the change in jet flux is observed. This limit on iheetdelay is simply
given by the light travel time from the base of the jet to thetolsphere, modulated
by relativistic aberration.

Since the jet spectrum is flat (see 4.3.3), we conclude tleafethphotosphere is
located at about the projected distance, but somewhatrdloggince only a fraction
of the flux is resolved). We will call this (projected) distanthe photospheric radius,
lohot S lviea. Any emission from well within the photospheric radius (wéhe jet
becomes optically thin) will be strongly suppressed by &yatron self-absorption.

Furthermore, the jet emission region is extended, with gepted size scalkmiss
comparable to, but again somewhat smaller than the phatosptadius,lemiss <
lonot.  FOr a given jet inclinatiorf os, the deprojected size scale is themiss =
lemis¢ SinBLos). Therefore, any variability imprinted on the flow on sizealss
much smaller than this will be washed out and will not be obelgle. The PSD
of the radio emission should therefore show a significartftat frequencies above
Ve 2 Ujet/Temiss ¥ BjetCSiN BLos)/Iphot, WheregBier = vjet/C is the jet velocity.

Correcting for projection, the intrinsic photosphericitest phot is given byrpnet =
lohot/ SiN BLos). Using the limits from eq. (4.28), the travel time for angrsal from
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Figure 5.10: Maximum delay timaAr,.x between the (X-ray) signal in the accretion disk
and the (radio) emission in the jet as a function of arglg between jet and line of sight.
The delay timeArmay is given in units of the light travel timéry over the observedv(=
8.4 GHz) jet length. For a jet of 15mas at a distance of 2 kpc thlet liravel timeAr, is

~ 4.2 h. The lines denote from bottom to top: continuous jet wihg$pectrum (most probable
case), continuous jet with steep spectrum, discrete jétflgt spectrum, discrete jet with steep
spectrum. (Diagram courtesy S. Heinz.)

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

- 1 |phot
h SN
PROt ™ BetC iN (BLos)
|phot (5 1)

. c (51/(k+(y) 1
Sin (0Los) zos frog) 57+

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

| phot cOS BLos)

Atgps = Tphot — c sin (gLOS)
< I"—“‘”cot(@ — 2 A (5.2)
= c LOS, 61/(k+a) _ 1 = max- .

This is the upper limit on the time delay between the X-ray aaio signals
imposed by the observed length of the jet and the obsenadtiinit on the jet-to-
counterjet brightness ratih We have plotted this upper limit for fierent values of
k anda in Fig. 5.10, in units of the projected dela¥ro = lemiss/C. We have also
included limits on the inclination from the binary orbit. it clear from this figure
that Atgps is not larger than a few timesry. Note that this limit will not change
significantly if the source of the X-ray is the jet and not tleeration disk, since the
X-ray emission must be coming from well within the radio pdspheric radius.

At frequencies higher than 8.4 GHz, the photosphere willdmated somewhat
further in, depending on the preferred jet model and geamnetg., Markdr et al.
2003; Heinz & Sunyaev 2003). Conservatively estimating thauchz = 1s.4cH2/2,
we find that

At = l15.46H, _ 2.5X 10*cm [ l1s.46H: | ( Deygxa
0 c c lsacHz/2)\ 2kpc
l154GHz ) ( DCngl)
< 3h 5.3
(|8.4GHz/2 2kpc 3

This is an upper limit because the size of the photosphe@iewhat smaller than
the measured 15 mas extent of the resolved jet. In summangowet expect that the
observed time delay between any event happening at the btsejet and its radio
signature will be longer than about 10 hours (and it might iéecp bit shorter if the
jetin Cyg X-1 is more relativistic than implied by the modierarightness ratio limit
of 6).
The variability cutdt imposed by the extent of the jet is similarly simple. Using

the same limit oiBje; from eq. (4.28), it is

(5.4)

Ve =
¢ Atg oY+ + 1 \lemiss

, fan BLos) 6+ — 1 ( |phot)

Finally, it should be noted that measurements of bth,s andv; can be used
to constrain the viewing angle of the source, the sourcecitgland the size of the
emission region.
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5.5 Discussion

We have described the correlation between the radio and-tiag ¥mission of Cyg X-

1 as seen with observations with the Ryle Telescope and timepldnstruments on
RXTE. The major result of our analysis is that there is a correteietween the radio
flux and the hard X-rays, particularly during intermediat@es (flares, transitions,
etc.), on time scales of days and weeks to months (Fig. S#l)na clear correlation
between the soft X-rays and the radio flux on this time scaig. &:8). This result
lends further support to the jdisk concept (Brocksopp et al. 1999a; Fender 2002;
Markoff et al. 2003). The overall connection of disk and jet has begBrmed in
many observations, while the geometry at the base of the wtli unclear. During
the soft state, the radio emission is quenched and no jebduped. In the hard state,
the outflow from the accretion disk into the jet is relativelyooth, as represented
by continuous radio emission over the length of the jet ({Bgret al. 2001), wash-
ing out smaller variability features. When the mass aconetate in the disk varies
significantly on time scales of several hours to days, thisb®r is seen as X-ray
flares and corresponding radio flares, resulting in radicayXeorrelations during the
flaring state.

On time scales of minutes teb hours, no statistically significant correlation could
be detected (Fig. 5.6). An explanation for this behavioddde that on time scales
shorter than the propagation time between emission regites factors, e.g., inter-
vening turbulence, smooth out or distort any variabilitggent.

We can roughly estimate the time scale for traversing thimjptace a limit on the
correlation times. It was found in simultaneous broadbatadnjodel fits to over 10
different BH candidates that the 15 GHz emission stems fromndissal = 10—
10"*cm out along the jet (Mark®et al. 2001, 2003, S. Marlf private communi-
cation). Although the exact speed of the plasma in the jebtknown, we can set
a reasonable range. From studies of the radio—X-ray ctiopléGallo et al. 2003)
and state-transition luminosity (Maccarone 2003), tharbeg near the base of jets
should be necessarily low, with velocitigs~ 0.2-0.3 (Lorentz factod” ~ 1.02—
1.05). The simplest free jet (no additional accelerating ésjovould be expected
to be accelerated by its longitudinal pressure gradienthese values can safely be
taken as a lower limit to the jet flow speed in its frame. Therstill significant un-
certainty as to whether the steady jets associated withahe dtate can achieve the
high bulk Lorentz factors associated with ballistic events!Qs (e.g.I' ~ 17,8 ~ 1,
in V4641 Sgr, M. Rupen, private communication), but theselmaused as the hard
upper limit. The value o > 0.6 as derived by Stirling et al. (2001) fits well into
this range. Taking these numbers as guidelines and usirgjtipde relatiort = d/Bc
without accounting for any additionaffects like cooling, etc., one can estimate that
the time scale for traveling from the base of the jet to the Hz @Gadio-producing
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region will be between 8cm/c ~ 33s and 18 cm/0.2c ~ 4.6 h. Depending on
the inclination of the jet, the delay between the X-ray arartidio signals when they
reach the observer will be in the same time range.

A similar time scale is also obtained from the radio imagihghe jet of Cyg X-

1 (Stirling et al. 2001). We estimate the upper limit on thedidelay between the
X-ray and radio signalsAtmax, imposed by the observed length of the jet and the
observational limit on the jet-to-counterjet brightnestsaé. Fig. 5.10 shows that for
the most probable case of a continuous jet with flat spectRender et al. 2000) and

O o0s ~ 35°— 407 (Herrero et al. 1995\t max amountsto Dx 4.2h~ 8h.

The VLBA observations provide a relatively reliable valdfedo= 10**cm for the
jet length. Thus, while there may be further uncertainty thugiscosity and other
factors, we deem it safe to say that an absence of radio—Xeaglations at time
scales under 5-10 hours — as found for Cygnus X-1 — is a cldaration for a rather
low jet speed. Taking into account the time rang@af,.x, a jet speed g ~ 0.6, as
deduced by Stirling et al. (2001), may indeed be a realisticrete.

Given that no radio—X-ray correlations on short time scikesminutes to hours
can be identified and that we indeed have correlations on soakes like days and
months, it is consequent to look for correlations on intediae time scales like hours
to days. Probing these intermediate time scales will beithe&an approved®RXTE
observation during 2004.
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Summary

In this thesis, observational data from Cygnus X-1 are aealyhich 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 ditrgattention because
there is convincing evidence that it is indeed a black hotklztause it is a persis-
tently bright source.

One of the key properties of black hole X-ray binaries likegg@ys X-1 is the highly
variable X-ray emission, containing a wealth of informatan the emitting system.
Recently, it has beenffirmed by the detection of a relativistic jet that Cygnus X-1
belongs to the subclass of microquasars. Microquasarsspeeially interesting as
they seem to hold the key for the understanding of AGN.

Taking up these issues, the main results of this thesisaléwn two parts, one
dealing with the rms-flux relation of the X-ray emission, &hd 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 relationshigéet the root mean square
(rms) variability and flux (the “rms-flux relation”) had onbeen investigated for a
few hard state observations of Cygnus X-1 and for singlembsiens of an accreting
neutron star (Uttley & McHardy 2001).

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

The slopek, of the linear rms-flux relation is steeper in the hard stagatin the
soft and intermediate states. Sirceeflects the fractional rms variability, this result
was anticipated (cf. section 1.4). The flux interc&htof the linear rms-flux relation
is relatively constant and positive in the hard state bufvsrde in the soft state: in
the 1996 soft statel is positive and slightly higher than during the hard state, i
the atypical 2002002 “soft state”,C is decreasing relative to the hard state level,

110
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with several observations showing a nega@eDuring “failed state transitions'C
is smaller than in the hard state, similar to the soft statabier.

In the case of a positiv€, these results argue for two lightcurve components, one
variable component responsible for the linear rms-fluxtimteand one non-variable
component with a constant count rate equaCtdf C is negative, the interpretation
as a non-variable component would be unphysical, and aanshs component is
suggested instead.

In the hard state, the slope of the rms-flux relationship rsetated with its flux
intercept, but the correlation is increasingly degeneasateigher values ok andC,
forming a fan-like distribution in th&-C plane. The hidden parameter governing the
degeneracy is the long term average fl(x), 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 coriielas 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 andhéird X-ray emission
of Cygnus X-1 exist on time scales of weeks to months, pdaibuduring interme-
diate states (flares, bursts, etc.). Similar, althoughdessincing conclusions had
also been drawn with independent data by Pooley et al. (1&%9Brocksopp et al.
(1999a). Correlations between the radio andsiée X-ray emission cannot be clearly
established.

These results fit into the picture of a strong diskconnection during flaring states,
with the jet formation significantly reduced or even stallenling the soft state.

Radio—X-ray correlations on short time scales as they haga proven for another
BH XRB, GRS 1915105, do not seem to be presentin Cygnus X-1. Apparent radio
X-ray correlations in the lightcurves of Cygnus X-1 with di@time lag of~ 10 min
with respect to the X-ray signal have been shown to be coimtad events of white
noise statistics.

Taking into account the existence of radio—X-ray correlagion long times scales,
the absence of radio—X-ray correlations on short timesesaaduld be interpreted as
a relatively long propagation time between the X-ray andréttBo emission region.
Any variability features on shorter time scales are distbend washed out.

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

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

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

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