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Summary

It is generally believed that active galactic nuclei (AGN) and black hole X-ray
binaries (XRBs) have a similar central engine and that they could be described
with a unified model. However, this model is not yet established. In this
thesis we present a symbiotic disk/jet model for both classes. Energy and mass
conservation can be used to derive scaling laws for the emission of a jet. This
allows us to identify the main parameters of the system: the mass of the central
black hole and the accretion rate.

We follow the idea that the spectral energy distributions (SEDs) of all
slowly accreting black holes are probably jet dominated while highly accreting
black holes are thermally dominated. Thus, the developed model can be used
to argue for a unifying view of all slowly accreting black holes: a unification of
XRBs and AGN. We classify the zoo of AGN in jet and disk dominated sources
and test our unification scheme of slowly accreting sources by establishing a
universal radio/X-ray correlation for XRBs and AGN.

Our model is further tested by exploring the phenomenon of ultra-luminous
X-ray sources (ULXs) which are bright off-nucleus X-ray point sources. If the
central engine of XRBS and AGN is indeed similar, there should be a stel-
lar analogue of a blazar (a blazar is an AGN with its relativistic jet pointing
towards the observer). We have shown that these microblazars can indeed
explain the known population of ULXs. As the detection of a compact ra-
dio core at the positions of the ULX would strongly support this explanation,
we have monitored a sample of ULXs to search for radio flares and continu-
ous emission. We interpret the non-detections in the context of the universal
radio/X-ray correlation.

Finally we investigated if the complex timing behavior of accreting black
holes is in agreement with our jet model. The power law in the spectrum
created by synchrotron emission originates mainly from one area in the jet.
Thus, the power law in the SED can only vary in intensity and spectral index.
Such a pivoting power law can be used to explain the Fourier time lags and
other statistical properties of XRBs. Thus our disk/jet model is in agreement
with the observations and connects stellar mass XRBs to the supermassive
AGN.
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Introduction

Accretion is probably the most powerful source of energy available in the Uni-
verse. It is thought to power active galactic nuclei (AGN): compact sources
which can be more luminous than a whole galaxy. It is also the energy source
of X-ray binaries (XRBs), cataclysmic variables (CVs) and has a strong im-
pact on young stellar objects (YSOs). Accretion is therefore a central theme in
modern astronomy.

However, its mysteries are far from solved. A good understanding of its
physics will help to understand the central object and to understand why the
accretion process seems to be intrinsically coupled to the ejection of jets (e.g.,
YSO: Bachiller 1996, XRBs: Mirabel & Rodriguez 1999, AGN: Zensus 1997).
The emission from jets in many cases contributes significantly to or even dom-
inates the overall emission. Furthermore, the kinetic power of the jet can sig-
nificantly alter its surrounding medium. In this thesis we establish and test a
unifying view of the jet-dominated sources of all masses and power.

The accretion and ejection process can be best studied for black holes, be-
cause they can be described by very few parameters, namely their mass and
spin. Due to their event horizon there is no radiation or magnetic field coming
from the central object itself, only the accretion flow and the jet are visible.
Black holes started as a mathematical concept with the development of gen-
eral relativity (Schwarzschild 1916), but in recent years there is increasing evi-
dence that this concept is indeed realized in nature. The most certain cases are
probably the center of our Galaxy (c.f., Melia & Falcke 2001 and references
therein) or NGC 4258 (Miyoshi et al. 1995), but there are numerous other in-
direct arguments for the existence of black holes (e.g, Narayan & Heyl 2002).
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The accretion flow around a black hole can reach down to the innermost stable
orbit, where general relativistic effects play an important role. Thus, these ex-
citing objects provide an opportunity to study general relativity but we have to
understand the accretion and ejection process to use it as a tool.

A good understanding of black holes in the Universe is not only interesting
in its own right but is also important for cosmology, galaxy evolution and early
star formation. They also play an important role for astro-particle physics, as
they are major sources of high-energy particles and photons (Rachen & Bier-
mann 1993). Until now we know two islands of black holes: supermassive and
stellar mass black holes. Supermassive black holes are thought to be in the cen-
ter of every galaxy (Kormendy & Richstone 1995) where, if they accrete, they
reveal their existence as AGN. An XRB is thought to be a close binary system
of a compact object (neutron star or black hole) and a star. Mass donated by
the star will accrete on the compact object. Stellar-mass black holes can be
observed in those XRBs, whose compact object is too heavy to be neutron star.
Currently there are of the order of 10 active black hole XRBs known. Until
now no intermediate-mass black holes have been unambiguously identified, al-
though there are some recent candidates (see e.g., Colbert & Mushotzky 1999;
Strohmayer & Mushotzky 2003). Besides their possible existence in the center
of globular clusters such black holes are also expected as remnants of primor-
dial stars. This ‘missing link’ between the supermassive and stellar black holes
is also important for cosmology, as the central black holes of galaxies seem to
be connected to galaxy evolution through the bulge/black-hole mass correla-
tion (Gebhardt et al. 2000; Ferrarese & Merritt 2000).

It is generally believed that AGN and XRBs have a similar geometry
(Mirabel & Rodriguez 1998; Mirabel & Rodriguez 1999): a central black hole
surrounded by an accretion disk which usually powers a relativistic jet. They
differ mainly in the scales and the source of accreting material. Quasars, one
type of AGN, are among the brightest objects in the Universe and are visible
up to very high redshifts. They and other AGN harbor supermassive black
holes with up to 10° M, and powerful jets extending millions of parsecs (see
also the bottom of Fig. 1.3), while black hole XRBs have stellar masses. Mi-
croquasars, i.e., XRBs showing radio jets, have jets reaching only a few light
years (see Fig. 1.1). Thus, the time scales for accretion and injection processes
also differ by many orders of magnitude, so that a process that may require
hundreds of years to evolve in an AGN can be observed in hours in an XRB.
To understand the physics of AGN and XRBs it is therefore important to look
at both classes and to use the knowledge of one class to understand the other.
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FiGURE 1.1— The quasar-microquasar analogy, reproduced from Mirabel & Rodriguez (1998).
Both types objects have a similar central engine: a black hole surrounded by an accretion disk.
Only the mass donor is different.
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FIiGURE 1.2— On the left: Low hard state of Cyg X-1, the overall spectrum is dominated by a
hard power law. On the right: The high state is dominated by thermal emission. This plot has
been reproduced from Frontera et al. (2001).

However, both classes cover distinct parameter spaces and the connection
is complicated by the zoo of different types of AGN (Antonucci 1993) and
the variety of different spectral states exhibited by XRBs. The most promi-
nent states (c.f., Tanaka & Shibazaki 1996) are the low hard state (hard power
law in the X-ray spectrum, see Fig. 1.2), the high state (soft thermal spec-
trum, Fig. 1.2), and the very high state (soft power law in the X-rays). The
spectra are usually modeled using emission from an accretion disk and a hot
corona (Sunyaev & Triimper 1979). However, there is an ongoing discussion
about how much the relativistic jet contributes to the overall emission (Falcke
& Biermann 1999; Markoff et al. 2001a; Zdziarski & Gierlinski 2004). This
thesis further explores the effects of the jet on the appearance of AGN and
XRBs and thus tries to connect the two islands of known black holes. This
connection is crucial to exploit synergies between the two fields of research
and may lead to a better understanding of black holes in general.

1.1 The Current Paradigm

The observed emission from AGN and XRBs is usually interpreted using dif-
ferent concepts. Models for radio-loud AGN involve jets, which are probably
responsible for the broad band emission (radio to y-rays). For a prototype ra-
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FiGurRE 1.3— Top: Map of the central region of Cygnus-A together with the flat spectrum
of the core component measured with very long baseline interferometry (Kindly provided by
Bach 2004). In this thesis we concentrate on the emission from the core. Bottom: Large scale
radio-map (from the Very Large Array) of Cygnus-A and steep spectrum of one hot-spot. The
hot-spots dominate the overall spectrum of the source. Reproduced from Perley et al. (1984)
and Carilli et al. (1991)

dio galaxy see Fig. 1.3, where we show Cyg A on small and large scales. In
this thesis we concentrate on the emission from the central core. The accre-
tion disk and its corona are mainly used to explain the thermal component and
partly the power law X-ray emission. The prominence of the jet in the spectral
energy density (SED) of radio-quiet AGN is still under debate. Most models
for XRBs, even for radio-loud microquasars, focus on the accretion flow only.
Only recently is the effect of jets being discussed (Falcke & Biermann 1999;
Markoff et al. 2001a; Fender 2001).

As mentioned above, XRBs are observed in a number of different spectral
states, which are thought to be created by different accretion flow geometries.
From these states the low hard and the high soft state are the most common.
The low hard state is often found in weakly accreting systems and the sys-
tem changes its state once it reaches a critical accretion rate. The high state is
characterized by bright soft component (see Fig. 1.2), which is interpreted as
thermal disk emission. Here and for the very high state the standard geometri-
cally thin, optically thick disk probably reaches in to the innermost stable radii
(see Fig. 1.4) and may be accompanied by a hot corona (see e.g., Shakura &
Sunyaev 1973; Haardt & Maraschi 1991). Besides looking at the continuum
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FiGuRE 1.4— Sketch of the low and high state. In the low state the standard disk is truncated
and turn into an radiative inefficient accretion flow.

spectra, this idea can be tested by the observation of the iron line emission,
which can be explained by fluorescence in the innermost parts of the disk (see
e.g., Miller et al. 2001). For strongly accreting XRBs the jet is only visible in
the very high state; in the high state it seems to be quenched or non existent.
Low-state objects on the other hand have truncated standard disks (Esin
et al. 1997), for a sketch see Fig. 1.4. The accretion flow turns into a radia-
tively inefficient flow in the innermost region at the transition radius (ADAF
or similar; Narayan & Yi 1994). This thick disk usually powers a relativistic
jet. The prominence of jets supports the finding that the power for jets can
be extracted more easily from thick disks than from standard thin disks (c.f.,
Meier et al. 2001). The non-detection of a relativistic iron line in low hard
state objects further supports the idea of a truncated disk. The spectral energy
density is often fitted only with the accretion flow (the weak thermal emission)
and the corona (the power law component, see e.g., Shapiro et al. 1976), if
one excludes the radio emission. But the spectra of these objects can also be
described by jet models (Falcke & Biermann 1999; Markoff et al. 2001a). As
the accretion flow is radiatively inefficient for the inner radii it may be that the
jet emission can even dominate the total radiated power (Fender et al. 2003).
AGN on the other hand are classified into a zoo of different types of
sources. For radio-loud sub-classes the jet emission plays an important role in
the models. Jet emission is intrinsically broad band, reaching from radio up to
y-rays (see e.g., von Montigny et al. 1995). Its SED has two components (see
Fig. 1.5), at lower photon energies the emission is thought to be synchrotron
emission from a population of relativistic particles, while the X-rays and y-rays
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FIGURE 1.5— In Mkn 421 the effect of synchrotron and inverse Compton emission is clearly
visible. While the first ’bump’ at lower frequencies is created by synchrotron the second can be
explained by inverse Compton scattering (reproduced from Maraschi et al. 1999).

may originate from inverse Compton processes (see e.g., Gursky & Schwartz
1977; Fossati et al. 1998). For weakly accreting AGN (e.g., low-luminosity
AGN, FR I radio galaxies (Fanaroff & Riley 1974), BL Lac objects) the jet
emission can dominate the total power of the AGN. Some AGN can also be
classified as ‘high state’ objects - objects whose SED is dominated by a ther-
mal component in the optical wavelengths (e.g., Seyferts, quasars, FR II radio
galaxies). As for XRBs the standard disk probably reaches to the innermost
stable orbits. In some of these strong accreting AGN one also observes a rel-
ativistic iron line (Fabian et al. 2000). However, some AGN that show many
characteristics of the high state have powerful jets (FR II radio galaxies). The
reason for this discrepancy with high-state XRBs is still unknown.

Previously, the two classes of black holes (supermassive and stellar) have
been treated separately. We have argued above, that we need to unify both
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types to gain a better understanding of the physics of accretion and jet ejection.
Recently some connections have been been found. For the high-state objects,
McHardy et al. (2004) showed that the power spectral density (PSD) of the X-
ray noise shows similar features in a narrow line Seyfert 1 galaxy as in X-ray
binaries in the high-state. Abramowicz et al. (2004) suggested that quasi peri-
odic oscillations in the X-ray variability could also be used to connect XRBs
to other black holes. Both ideas are mainly empirical and theoretical studies
are needed.

1.2 Scope of the Thesis

In this thesis we explore the effect of jets in XRBs and AGN and search for
connections between both classes of objects. The idea of jet-domination of the
SED will be used to unify weakly accreting XRBs and AGN. The developed
analytical jet model correctly predicts the correlation between radio and X-
ray emission. This finding further strengthens the idea of X-rays originating
from jets also in XRBs, and other implications of the jet model are tested. By
analogy with the blazar phenomenon, which are AGN with their relativistic
jet pointing towards the observer, there should be microblazars. This idea will
be used to explain some of the recently-detected ultra-luminous X-ray sources
(ULXs). Up to now these sources are - unlike blazars - mostly detected in
the X-rays. We have therefore monitored a well defined sample of ULXSs to
search for radio emission. Finally we will explore whether the observed X-ray
variablity is in agreement with the jet picture.

In chapter 2 we develop the jet model, it forms the basis for the subsequent
studies. In chapter 3 it will be used to argue for a unification scheme for AGN
and XRBs. Chapter 4 and 5 covers the ULX phenomenom, and chapter 6 tests
the jet picture for the short time variability of XRBs.



Jet Scaling

2.1 Introduction

In this chapter we derive an analytical model for relativistic jets. Using con-
servation laws we are able to predict the emission properties of jets and their
scaling for changes in accretion rate and black hole mass.

The creation mechanism for relativistic jets and their connection to accre-
tion processes is not fully understood. It is generally believed that relativistic
magneto-hydrodynamic (MHD) processes are responsible for the jet launch-
ing (c.f., Meier et al. 2001). However, analytical solutions for realistic cases
are usually impossible and even simulations on super-computers have severe
limitations. Here we use the approach that the accretion and ejection processes
are connected via a black box”, perhaps MHD, which is described by a pa-
rameter connecting accretion power and the power of the jet. This parameter
will probably depend on the spin of the black hole (the ’spin-paradigm’ c.f.,
Blandford et al. 1990 and ref. therein) or whether the accretion disk is geomet-
rically thin or thick. This chapter is based on the ideas outlined in Falcke &
Biermann (1995). Here the parameterization is different as the present work is
more focused on the scaling of jets. We also improve the prior work by using
exact formulas for the enthalpy and a detailed discussion of inverse-Compton
emission.

The jet will be described by relativistic hydrodynamics. The jet plasma can
either be a normal electron-proton plasma, an electron-positron plasma in the
case that pair creation plays a significant role, or a mixture of both. Besides the
thermal plasma we include a population of highly relativistic particles. This

9



10 2.2. Relativistic Hydrodynamics

population is included as we observe their synchrotron and inverse Compton
radiation in the radio regime as well as in the optical and even y-rays (see e.g.,
Begelman et al. 1984; Stiavelli et al. 1991; von Montigny et al. 1995).

The ingredients of the jet model are:

e The jet is described in the hydrodynamic approximation, magnetic fields
only enter in the enthalpy. This model is therefore unable to yield the jet
launching or create the initial confinement.

o The jet plasma is assumed to be a perfect gas with a constant adiabatic
index. This assumption is valid for a mixture of non-relativistic ther-
mal and ultra-relativistic particles. For slightly relativistic particles the
adiabatic index will vary from % to % (see e.g.,Taub 1948).

e We allow no lateral structure of the jet. For simplicity the jet is assumed
to be homogeneous up to its radius R;. We usually describe the jet using
cylindrical coordinates.

o We use a fixed geometry for the jet. The jet is accelerated and confined
into a nozzle, behind this nozzle the jet will expand described by the
function Rj(z), e.g. it could expand freely (Blandford & Konigl (1979);
Falcke & Biermann (1995) and references therein).

e The Lorentz factor of the jet is a fixed parameter.

e The internal energy contained in the different populations of particles is
assumed to be in equipartition with the magnetic field within a constant
factor. This factor can be used to also describe sources which are not in
equipartition but where the internal particle energy is correlated with the
magnetic field.

Using these assumptions we will derive the relativistic plasma properties
in section two. In section three we present the synchrotron and Compton emis-
sion of jet and give their scaling laws in the fourth section. This chapter is the
basis of the following chapters where the ideas developed here will be tested
and applied to black holes across the Universe.

2.2 Relativistic Hydrodynamics

In this section we present the hydrodynamic and thermodynamic concepts
needed for the subsequent jet theory. It follow the presentation given in Konigl
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(1980), which we briefly summerize. For a detailed study the reader is referred
to the original paper.

All thermodynamic quantities given here denote the values measured in the
local rest-frame. We denote the rest-frame particle density as n, the average
mass per particle as m, the temperature as T, the internal energy density as e,
and the total mass-energy density of the fluid is p = mnc? + e. The adiabatic
index I' is defined as

OlnP

= , 2.1
Olnn S ( )
where P represents the pressure and the subscript s denotes that the entropy is

fixed. The first law of thermodynamics can be written as
w
do = —dn + nTdsS, (2.2)
n

where w denotes the enthalpy defined as w = p + P. Combined with the
definition of the adiabatic index the equation can be used to derive the sound

speed, defined as
oP re
Bo=\3| =y 2.3)
Pls w

The proper Mach number is defined as

B
YsBs

where y denotes the Lorentz factor of the fluid in the observer-frame, 8 the
velocity of the fluid divided by the speed of light, and y, the Lorentz factor
of the sound speed (B;). It can be shown that disturbances in the supersonic
relativistic flow can only propergate downstream in a cone with a half-opening
angle of 1/ M. This is the same result as in the Newtonian case, only the normal
Mach number has to be exchanged with the proper Mach number. Thus, the
freely expanding jet will have a half-opening angle of 1/M. Strong magnetic
fields or angular momentum will change this scenario.

M= (2.4)

The stress-energy tensor for ideal fluids can be used to derive that an isen-
tropic (S =const) flow follows the relativistic Bernoulli equation

Yo _ 92 const . (2.5)
n nlo

The right hand side of this equation has to be evaluated at the stagnation point
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B =0).
We generally assume that the fluid can be described as a perfect gas
(P = nkT, k is the Boltzmann constant) and that the adiabatic index I is
constant. The latter assumption is only valid in the nonrelativistic and ultra-
relativistic regime. In between I' decreases slightly with increasing particle
temperature. The adiabatic index has to be in the range % <I< % (Taub 1948).
However, the assumption remains valid for a mixture of an ultra-relativistic and
a nonrelativistic population, e.g., a mixture of thermal protons and relativistic
electrons. In this case the adiabatic index is I' = (4 — %r)/ 3 - %r), where r
denotes the number ratio of the two populations.
For such a perfect gas with a constant I' and P = (I' — 1)e we can express
the enthalpy as:
W= mpnc2 + I—1 (2.6)
If the fluid is magnetized we have to include the magnetic energy density
and pressure in the enthalpy. The magnetic pressure of an ordered magnetic
field is
B2
= o
However, the magnetic field also creates a magnetic tension along the field
lines (see c.f., Jackson 1975). In a turbulent field the magnetic pressure will
therefore be reduced to

Py 2.7

1 B2

Pyturb = 381

(2.8)

We can include the magnetic fields in our description by adding this pressure
to the enthalpy (eq. 2.6) with an adiabatic index I" = 4/3.

2.3 The Jet-Disk Connection

In this section we use the relativistic Bernoulli equation to derive the evolution
of the relativistic plasma along the jet. Using equipartition we can calculate the
number of relativistic particles and the strength of the magnetic fields. These
properties will be used in the subsequent sections to derive the jet emission.

2.3.1 Enthalpy and Internal Energy of the Jet

The relativistic Bernoulli equation (2.5) describes the enthalpy along the jet,

once we know the initial condition at the base of the jet. The enthalpy per

particle , at the base of the jet depends on the accretion model. For example
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there could be a split between matter with low enthalpy accreting into the black
hole and matter ejected in the jet. As there are many open questions in the
formation of the jet we will simply parameterize the enthalpy and the matter
transfered into the jet. The matter injected into one jet MJ is assumed to be
a fraction g, of the total accretion rate. Similarly we will assume that the
enthalpy injected into the jet is a fraction g, of the total accretion power Mc?.
Thus, we have the initial condition

wl qucsz _ qemc2 (2.9)
nio qu dm ’ '

where m denotes the average particle mass. In the absence of significant pair
production (e.g., electron-positron plasma) it will be dominated by the proton
mass.

If we assume that the radial structure of the jet with a Lorentz factor of y;
is homogeneous up to the jet radius R; we can derive the particle density n

CImM

= — 2.10
YiPi cm7er2 ( )

Thus, the relativistic Bernoulli equation (2.5) allows us to derive the enthalpy
in the jet at any distance from the black hole:

M
w= @2.11)
7j ﬁjnRj
On the other hand, we know from section 2.2 that
2 Irp 2
w = nmc” + 7 =nmc” +T'Uj, (2.12)

where Uj denotes the internal energy density, in which we are interested. Using
our formula for n we find

Mc
TU; = w-nmc? = ——— — Y , 2.13
and define the reduced coupling factor g. = (qe = qm).

As mentioned in the introduction the internal energy is assumed to have
three parts: the energy of the magnetic field, the energy of the relativistic par-
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ticles, and the turbulent kinetic energy of the nonrelativistic particles,
Uj = U + U + Upe. (2.14)

We will assume that the different energy densities are correlated with each
other. This connection will be established automatically if there is a mecha-
nism, e.g. shocks, that can transfer one type of energy into an other. If these
energy densities are in equipartition all three will be roughly the same. To
include the non-equipartition case as well we define ’equipartition parameters’

U U
kel = _rel’ keuro = turb’ and keq =1+ kpel + kturb> (2.15)

Us Us

that describe how strong the jet deviates from equipartition. Therefore we can
write the enthalpy as

w —nmc* =T (Upgp + U + Urel) = keqUUs. (2.16)

This parameterization allows to solve eq. (2.13) for the magnetic field:

Ge M
o | _87@eMc 2.17)
Ly BinR ke

Using the parameterization described above we can also derive the sound

speed
P g
Bo=|— = +|L@-1=VT=1 [1-yi (2.18)
w qe qe

The maximal possible sound speed is therefore B; = VI — 1. However, this
maximal sound speed will only be reached if the total power injected into the
jet is much higher than the power stored in the rest mass and their bulk motion
(geMc?* > qmijcz). In this case the kinetic energy of the matter inside the
jet is comparable with the rest mass itself and the gas becomes ’photon-like’
and the sound speed in the jet reaches the sound speed of a photon gas.

2.3.2 Relativistic Particles

From the assumption that the total energy of the relativistic particles is con-
nected with the magnetic field we can derive the relativistic particle density. In
optically thin radio jets one usually observes a power law in the spectrum. This
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power law is interpreted as synchrotron emission, which is created by power-
law distributed relativistic electrons. Such a distribution also arises from shock
acceleration theory (see e.g., Begelman & Kirk 1990). Thus, we assume that
the relativistic electrons and protons are distributed as

dNep = Nep.07, dveip: (2.19)

where 7y, denotes the Lorentz factor of the electrons or protons in contrast to
the bulk Lorentz factor of the jet y;. The power law index of the relativistic
particles is denoted by a lower case p. In principle the power law indeces
for electron/positron and protons could be different. We will usually only use
the value for the electrons, the proton contribution will be absorbed into the
relativistic electron/proton ratio. With the parameters defined in eq. (2.15) we
find:

B2 ‘max,e B ‘max,p _
kre]g = Nepo fw ymec’y Pdy + Npo fw ympczy Prdy.  (2.20)

Ymin,e Ymin,p

The integrals can be solved analytically, and name their solutions

(2.21)

Ymax.elp

2— 2—
Ao = {(ymirl:elp - ymai,dp) /(p—=2) forp+2,
elp = )

Ymin,elp

Only the electrons are visible in synchrotron radiation in almost every case
(but see Aharonian 2002), we therefore describe the relativistic particles with
the electron density, and connect the protons to this quantity. The relativistic
electron/proton ratio is defined as

NpoApmy
=14+ —, 2.22
Help Ne,OAeme ( )
and the fudge-factor f as
A
f o Detlelp, (2.23)
krel

With these parameters we find for the normalization factor N, of the power-
law distribution
BZ

Neog= —.
0 87 fmec?

(2.24)
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We can use this distribution together with the magnetic field strength to derive
the jet emission.

2.3.3 The Parameters
Observable parameters needed to fix the setting

The following parameters describe the central engine and its jet. They are in
principle measurable.

e M denotes the mass of the central black hole. For XRBs the mass will
only be a few solar masses, while AGN masses go up to a few times
10° Mo,

e M is the accretion rate. It describes the total mass/energy rate brought
into the central engine.

e 7; gives the Lorentz factor of the jet. For many XRBs the Lorentz factor
is not well constrained (Fender et al. 1999), usually lower values than for
AGN are given, including the range y; = 2—5. In some blazars these val-
ues can go up to 25 (see e.g., Ghisellini et al. 1993). The Lorentz factor
can either be deduced from the spectral energy distribution or measured
directly via VLBI (c.f., Cohen et al. 1977; Kellermann et al. 2004).

e p is the power-law index of the electron distribution. As we will see in
the section 2.4 p can be deduced from the measured power-law index
of the optically thin part of the spectrum. Values around p ~ 2 — 3
correspond to the observed spectral power laws and can be created using
particle acceleration in relativistic shocks (see e.g., Blandford & Rees
1974).

Parameters intrinsic to the model

As we do not derive the connection between the disk and the jet from first
principles we have to parameterize this *black box’.

e ¢. denotes the fraction of energy inserted into the enthalpy at the base of
the jet. Energy conservation limits this value to g. < 1. This maximal
value cannot be reached as an accretion flow is needed to power the rel-
ativistic jet. A fraction of a few percent seems reasonable and is needed
to produce the observed luminosities.
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® ¢n gives the fraction of mass ejected in the jet. Mass conservation limits
gm < 1 as long as pair creation is negligible. We will consider values
around g, < 0.01.

® Je = ge — Yjqm is the reduced enthalpy parameter, it corresponds to the
magnetic energy density in the jet. This combined parameter will, with
the above choices for gy, and g., be of the order of g. ~ 0.01.

® keq gives the fraction of the non rest-mass related enthalpy to the mag-
netic field energy. The ratio of the energy in relativistic particles and of
the turbulent plasma compared with the magnetic field energy is given
by ke and ke, respectively. For total equipartition these latter parame-
ters will be one while keq = 3. If the magnetic field dominates the overall
internal energy kg and kg,p Will get small. Theory of shock accelera-
tion utilizes magnetic fields (see e.g.,Jokipii 1987). Thus, the energy in
the relativistic particles will probably not exceed the magnetic energy
density (ky < 1).

o [ = Acptp/e/krel is the fudge-factor. It combines the equipartition param-
eter kg with the relativistic electron/proton ratio up/. and the integral
factor A.. For p = 2, A, depends logarithmically on the ratio of the
maximal and minimal lorentz factor of the relativistic particles. As we
usually explore the case that p is around two, this parameter will only
vary little. pp/e will be unity if there are no relativistic protons, it will
increase with the proton fraction. The fudge-factor therefore has a lower
bound around 4 and can get very large if the jet is not in equipartition.

® R, is the jet radius where the first relativistic particles are accelerated.
It corresponds directly to the distance from the black hole Z where the
particle acceleration starts, once a jet geometry is given. A typical value
is around 10 Schwarzschild radii. Such a value is often found in fits to
spectra (see e.g., Markoff et al. 2001a). This radius also gives a lower
limit for the size of the emitting region, which could be measured using
VLBI. For the Galactic Center the size has been measured recently by
Bower et al. (2004) to be as small as 27 Schwarzschild radii, for earlier
work see e.g., Krichbaum et al. (1998). For M87 Junor et al. (1999) give
an upper limit of 30 Rg at a observing frequency of 43 GHz.
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2.4 Emission from the Jet

In section 2.3 we have derived the magnetic field (eq. 2.17) and the relativistic
electron density (eq. 2.24). With these quantities and the jet geometry we can
calculate the synchrotron and inverse-Compton emission from the jet. In this
section we give the analytical solutions and in the next section we present the
emission formulae in numbers scaled for a black hole XRB.

The jet is usually thought to be accelerated and collimated in a nozzle and it
will expand beyond this nozzle (see Fig. 2.1). A freely expanding jet will have
a conical shape with an opening angle given by the relativistic Mach number
1/M. Here we will allow for slightly more general geometries and denote
the jet radius depending on the distance from the black hole Z as the function
Rj(Z). As we are interested in an analytical solution we will only consider
power-law dependencies, e.g.,

Ri(z) = &12°. (2.25)

However, these simple geometries will already explain the existence of flat
and inverted radio cores. More general solutions would require a numerical
treatment. For the free jet the opening angle in the rest frame of the black hole
is 1/ M, and we find: £ = yj/Mand & = 1.

2.4.1 Synchrotron Emission

The synchrotron emissivity of power-law distributed electrons is given for ex-
ample in Shu (1991); Rybicki & Lightman (1979):

p-1

3Neo€® i1 (2 e 19 1
evzm(Bsma)% ) T r(2+ 22 - =), 26
(p + Dmec? 3e 4 12)\4 12
and the absorption coefficient is given as
) P2
‘= Neoce 3e 2 r 3p+2 r 3p+22 (Bsina)¥ v_#.
4\3mec? \2mmec 12 12

2.27)
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For our jet model we can use eq. (2.24) to eliminate N, . For convenience we
combine all constant parameters into a new constant C:
prs o p-l
e=CBzTvy 2

p—1

V3eé? (sina/)pTH (Zﬂmec)_%r(p N 19)1_(1) 1 )

with C¢ = 5 L g_
8nf(p + 1) (mec?) 3e 4 12) \4 12
(2.28)
The absorption coefficient yields:
p+6 p+4
Ky = CKBT v 2
P+ +2
R (sin@)’% ( 30 )”T r(3p N 2)r(3p N 22) (2.29)
w1 = )
300 V3 (mec?)? \27mec 12 12

The emissivity and the absorption coefficient above is given in the rest frame
of the fluid. In the rest frame of the observer this jet is moving relativistically
with a Lorentz factor y;. To derive the emission in the observers frame we
utilize, that €,/v* and the optical depth 7 are Lorentz invariants (Rybicki &
Lightman 1979). The Doppler factor P is defined as

1
- 7j(1 _IBj Cos iobs)’

(2.30)

where the subscript o, denotes that a quantity is measured in the observers
frame. The relativistic Doppler effect relates the emitted photon frequency in
the comoving frame with the observed value:

Vobs

D

2.31)

Ycom =

It follows from the fact that €,/v? is a Lorentz invariant that the emissivity in
the observers frame will be:

€v.0bs Vobs) = D*€com(Vobs/ D) (2.32)

To derive the optical depth we also need to know the Lorentz transformation
of the inclination angle of the jet:

sini = D sin igpg. (2.33)
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Under the assumption of a conical jet we find, that the Lorentz invariant
optical depth 7 is in the comoving frame 7 ~ 2R;«/ sin i (cylindrical jet approx-
imation), where i denotes the inclination angle of the jet to the line of sight.
The jet gets optically thin around 7 = 1:

2kR;
1= Sll—nslSA (2.34)

If we assume that the jet has a constant speed in the area of interest, we can
rewrite the magnetic field (2.17) as

1
B = By—. 2.
% (2.35)

Using this definition we can solve the equation for the 7 = 1 surface for the jet
radius Rjssa where the jets get synchrotron self-absorbed.

2B.* C ﬁ
Rjssa = —S?n. =1 vt (2.36)
1

p+6
2

For the observers frame, this can be written as:

e, )V

Vobs -1
Rissa = | —2—= ( ) 2.37
JSSA D sin igps D ( )

Thus, the jet emission in the observers-frame can be approximated by

(oo

2 2
Lv,obs ~D Gv,obsﬂ'Rj dz
ZssA

(2.38)

p-1 00
Vobs\~ 2 .23 _ptl gz
M1)2c€( ) ) B’ f R, 7 —-dR;,
D RjssA ! de

as long as the base of the jet is optically thick for the observing frequency.
Using the jet geometry described in eq. (2.25) we can solve the integral ana-
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Inverted
Flat
Steep

FiGURE 2.1— Sketch of the different jet geometries

lytically
s -4 -4+ _eely g
LTI E'EE(B) Pl ac, Vi oes| TOE
viobs = prl 1 D sin igps 0
2 &
(2.39)

Under the assumption that the jet Lorentz factor is constant, the emission from
the central part of the jet can either have a flat spectrum, inverted spectrum or
steep spectrum depending on the jet geometry (see Fig. 2.1):

1. & = 0: The freely expanding jet with R; = ﬁz or a similar linear
expansion leads to a flat spectrum of the central core.

2. & > 0 leads to an inverted spectrum. For high values of &; this can yield
a spectral index of up to unity. It may well be, that in the central part
of the jet, where the energy is magnetically dominated, such a confined,
slower expanding than the freely expanding jet, jet can be found.

3. & < 0 would lead to a steep spectrum. However, such a steep spectrum
is normally not found in the core of an AGN or an XRB.

As we have seen the jet geometry can change the flat spectrum to an in-
verted spectrum. A similar effect can be obtained if the jet accelerates. We
have seen in eq. (2.17) that B ~ @ /(Ryy;). If y; changes with the distance
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FiGure 2.2— GRS 1915 in the Radio/Optical/X-rays, this plot has been reproduced from
Mirabel & Rodriguez (1999)

from the black hole Z, g, will also depend on Z. Thus, an analytical treatment
is hard to achieve. Qualitatively an increasing Lorentz factor with Z, will lead
to the same situation as case 2 above: an inverted spectrum. This has already
been noted by Falcke (1996).

The flat or inverted spectrum therefore arises from the superposition of
self-absorbed synchrotron spectra originating from different positions in the
jet. Higher frequency emission comes from a region nearer to the central black
hole. This effect can be directly observed in GRS 1915 (Mirabel & Rodriguez
1999). In Fig. 2.2 we show an ejection of a jet component probably indicated
by the small X-ray spike during the X-ray dip. The disturbance of the jet travels
outwards and is seen in the optical and afterwards in radio frequencies.

In the case that the point in the jet, where the shock acceleration starts,
becomes optically thin for the observing frequencies, the jet emission is given
by:

& —,L _P_*1+]_l
2 ~1g & (Vo) 2 -
nDPCBY &'6° () 7T el
= Race , (2.40)

Ly p+l 1

2 &
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where R,.is the jet radius at the distance from the black hole where the particle
acceleration starts. The transition frequency between the flat spectrum part and
steep spectrum can be derived from eq. (2.37):
PN
2B,* Cy

Vssaobs = DRy Dsinie | (2.41)
oDs

The synchrotron emission from a jet will therefore have a flat or slightly
inverted spectrum for frequencies below the transition frequency. Above this
transition we observe the optical thin synchrotron power law coming from the
base of the jet.

Emission from the Nozzle

In some cases the electron acceleration may start already in the collimation
phase of the jet, e.g., some emission may originate from a non-expanding part
of the jet. The spectrum of the nozzle can be modeled by the emission from a
plasma blob with the same parameters as the base of the jet. This will add a
self-absorbed synchrotron feature to the overall jet emission.

24.2 Compton Emission

The population of relativistic particles will not only create synchrotron emis-
sion, but they will also scatter with photons leading to Compton emission.
Thus, jet emission always consists of a mixture of the different emission types.
Here we will only consider photons in the Thomson limit, e.g., where Klein-
Nishima effects are negligible (epy < m,c?). For the current X-ray satellites
Chandra and XMM-Newton this is a good approximation. For electrons dis-
tributed in a power law the inverse-Compton emissivity is given in Rybicki &
Lightman (1979) or Shu (1991):

4 _p-l 7

acle) = c7reT4Ne,oA(p)e1 2 fepTlv(e)de, (2.42)
msc

where v(€) is the photon density per energy and volume, and A(p) is defined

as:

P +4p+11

(P+3)(p+35)p+1)

A(p) = 2P+ (2.43)
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FiGUuRE 2.3— Sketch of the SED of a jet:synchrotron and inverse-Compton emission

The spectral power-law has the boundaries
4"ymin,eé S€s 47r2nax,eé’ (244)

where € denotes the mean seed photon energy. A schematic picture of the
resulting spectral energy distribution is shown in Fig. 2.3. We will consider
the cases where the seed photons originate from the synchrotron emission in
the jet itself and from the accretion disk.

Synchrotron self-Compton emission

For the synchrotron self-Compton emission (SSC) the seed photons are created
by synchrotron radiation. We can approximately derive the seed photon density
from the synchrotron emissivity. Near the center of the jet, the photon density
is slightly higher than v(€) = &yncR;j/(ce). Near the boundaries of the jet this
density will be a bit less, but as the photon density only enters linearly in the
SSC formula a small error will not have large impacts. The energy density of
the photon field will be dominated by the optical thin power law part of the
synchrotron spectrum. Thus, we will not consider optical depth effects here.
For simplicity we will only consider the case of a freely expanding jet here.
With these approximations we find for the SSC emissivity in the comoving-
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frame

&

R' _p1 +9 €
_ - 7 pl= max
esscle) = chm2c6A(p)Ce " € > B 7 In (—) (2.45)

€min

Similar to the derivation of the synchrotron emissivity of the whole jet, the
total SSC emission from the jet in the observer frame is the integral of the
emissivity over the jet cone. The emissivity has to be transformed into the
observers frame as before. We find for the SSC emission:

pil

et €1 0bs —I e € R,.2 M
L = D> A c( ) BT In( x| Xae M5 46
ysscle) =n Sfmice (p)Ce D B ) 221, (2.46)

In order to compare the energy loss due to SSC emission with those of
external-Compton later on we also derive the total photon energy density of
synchrotron photons:

Vmax R: 1
UPh,Sync ~ f Gsync(v)?JdV ~ Ce Viax (2.47)
v

‘min 2CR

External Compton

In the central region of the accreting black hole the accretion flow will also
provide seed photons for Compton scatting. As described in eq. (2.42) the
spectrum of the external-Compton emission (EC) will also be a power law
with spectral index pT_l. Thus, we will only derive the energy loss rate for
the electrons and compare this to the energy loss due to synchrotron radiation.
The energy loss of a relativistic electron in the radiation field of the accretion
disk in the Thomson limit is given by Dermer & Schlickeiser (2002). It can
be decomposed in two components: the near field and the far field. In the
far field approximation only the photons moving approximately in the same
direction as the jet are considered. The photon energy will be deboosted’ and
the energy loss declines with increasing jet Lorentz factor. Near the central
black hole, the photons also have a tangential velocity component, which will
be enhanced. This is considered in the near field approximation. The near field

loss rate is 4 0T Les R
. o1C V. /LdiskIG 2 2
_ = s 2,2 2.48
INFe = 3 T ks e (2.48)
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and the far field loss rate is

4 orc Laisk Ve
3mec? 4nR2c (1 + B

—YFFe = (2.49)

The transition radius where the far field energy loss starts to dominate is at
Fe ™ 3ny‘ = 1875(%;/5)*. (2.50)
In the same notation the energy loss rate for synchrotron radiation is given by:

io.Tc?’z B
3mec2 '

_j/Sync,e = (251)
where Up denotes the comoving energy density of the B field.

Near the black hole, the near field loss rate dominates the external-
Compton losses. Whether these losses dominate over the synchrotron losses
depends on the jet parameters:

'j’Sync,e _ @64R3
VNFe ry;%RJ?keqo.mRG’

(2.52)

where 1 describes the efficiency of the accretion flow (Lgiqx = nMc?*) and
Rg = Ci—lzw The jet radius is perpendicular to the jet velocity vector, thus it does
not have to be transformed. In the observers frame we have have R; = R/ M
and find:

')./.Sync,e —0.017 (6]6/001)2 ’
VNF.e (1/0.1)(keq /3)(y j/5)>

where we assumed that M = ﬁyi% with 82 = 1/3. The distance z from the black
hole is measured in gravitational radii (z = Z/Rg). For very small distances
from the central black hole the EC losses will therefore dominate over the
synchrotron losses. This effect will be even stronger, if the jet is not so well
collimated. The EC radiation will dominate the synchrotron radiation up to a
transition distance z; of

(2.53)

(17/0.1)(keq /3)(y/5)*
(e/0.01).

Thus, this effect will only play an important role for high disc efficiencies and
low jet power. It may for example play a role in high state XRBs.

Zt:59

(2.54)
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The far-field Compton losses can usually be neglected compared with syn-
chrotron losses: 5
VSync.e _ 30(516:/0-01)(7}'/5)
VFF.e (1/0.1)(keq/3)

However, if these losses dominate at one point of the jet, external-Compton
emission would dominate the overall emission from the jet and would probably
quench the whole jet.

(2.55)

Finally an external isotropic radiation field like the cosmic microwave
background or radiation scattered by surrounding gas e.g., in the broad line
region will induce radiation losses according to:

decor
. 2.2
—YT,iso = 7e7j UPH,iso

3mec?

B?
J
1+ 3 } (2.56)

As we are interested in the jet near the central black hole, the cosmic mi-
crowave background will not contribute significantly to the overall energy den-
sity in the jet. However, if there is a medium that reflects the radiation from the
accretion disk and creates an isotropic radiation field, it will lead to significant
inverse Compton losses. To quantify this effect we assume that a fraction @ ¢
of the emitted light will be scattered and forms an isotropic radiation field. If
the reflecting material is uniformly distributed the resulting radiation field will
still decline quadratic with distance to the central black hole:

n VM

_ 38
Uph,iso = @pefl.2 X 10 0.1 47R%¢

(2.57)

And we find for the fraction of energy loss due to synchrotron radiation com-
pared to this kind of inverse Compton losses:

'YSync,e _ UB _ -3 (66/0-01)
— = — =9x10 5
YT.iso )/j UPh,iso(4/3) a’ref(n/o- 1)(keq/3)(7J /5)

(2.58)

Thus, if some of the emitted disk radiation is scattered into an isotropic radia-
tion field, external Compton emission can dominate the synchrotron emission.
The crucial parameters governing this effect are the disk efficiency 7 and the
fraction of the isotropic radiation field @ qf.
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2.4.3 High Energy Cut-off

Here we consider acceleration of the radiating electrons themselves. If these
relativistic particles are accelerated in shocks in the jet we can equate the ac-
celeration time scale with the cooling timescale to get the maximal Lorentz
factor. However, this value could be greatly enhanced if the particle accel-
eration could be mediated via hydronic processes (see e.g., Mannheim et al.
1991). The acceleration timescale is given in Jokipii (1987):

eB
= —,8 (2.59)
M meclye mecd ye
The main cooling mechanism will be synchrotron and inverse Compton radi-
ation. Adiabatic cooling will not play an important role in the vicinity of the
black hole. The synchrotron cooling timescale can be written as:

_ 4 Up
fogne = —O'Tyeﬁgm. (2.60)
€

3
As discussed above, the inverse Compton time scales are similar to synchrotron
time scales, if one exchanges the energy density of the magnetic field with the
energy density in the photon field

4 2 UPh

he = 30%56 (2.61)

For the maximal Lorentz factors the acceleration and cooling times are equal:

9 B
Yo = —= = Bone . (2.62)
16 BZor(Ug + Upn)

The maximum synchrotron frequency is

3y2 ..eBsina
Vmax = 0.29—————, (2.63)

drm,c

so we find for the maximal Lorentz factor:

27Bsne* Ug si
Pne Ugsma o100, Y8 212 (2.64)

e = 0.29
Y 8mecior(Ug + Upn) Us U

where ¢ = 100, and isotropic pitch angles @ ~ 54°. For the case of By, =
Bs = V1/3 and that synchrotron cooling dominates the losses the maximal
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frequency corresponds to an high energy cutoff of 140keV/{, — independent
of the magnetic field or the black hole mass. The independence on the black
hole mass does not seem to be realized in nature, as in low-hard state XRBs
one often observes a cutoff around 80 keV, but even for TeV-blazars such high
values have never been observed. For AGN the cutoft seems to be lower and
but it depends on the energy density in the photon and the magnetic field (see
e.g., Ghisellini et al. 1998). As expected one sees an anti-correlation between
maximal synchrotron frequency and the ratio for inverse-Compton radiation to
synchrotron radiation.

In the case that there is an isotropic photon field as described by eq. (2.57)
the inverse Compton processes will dominate the cooling of the accelerated
electrons. In this case the effective photon field can be over a factor 100 higher
than the magnetic field density (see eq. 2.58). This will significantly reduce
the synchrotron cutoff to around 1keV/{, for the parameters discussed above
with @ of ~ 1 — again independent of the black hole mass. However, as this
cooling mechanism will not only effect the population of relativistic particles
in the jet, but will also act on the normal jet plasma. In principle this could
quench the whole jet.

The cooling timescales (eq. 2.60) are extremely short for the magnetic
fields and photon densities around active black holes. In the case that the
relativistic electrons are accelerated only once, the electrons will loose energy
with the distance from the acceleration zone. Thus, the maximal energy of
the electron distribution decreases with distance. This leads to a steepening of
the power law in the spectral energy distribution for frequencies above a break
frequency. This break frequency depends on the spectral age of the particle
distribution (v, ~ B73/172, see e.g., Pacholczyk 1970). The spectral index
above this frequency is modified by -0.5 (see e.g., Carilli et al. 1991). If there
is more than one acceleration zone, e.g., the electrons are repeatedly reaccel-
erated, the average distance between these zones define the spectral age of the
relativistic particles. As no such break is observed in low-hard state XRBs, we
conclude that the electrons are nearly continously reaccelerated.

2.5 Scaling of the Jet

As we want to emphasize the scaling of the jet emission with mass and ac-
cretion rate, we describe the system using dimension-less variables, which are
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denoted by small letters. The black hole mass is measured in solar masses

M
Me = —, (2.65)
Mo
and the total accretion rate M in terms of the Eddington accretion rate
M
V== . (2.66)
Mgqa.
The numerical value used in the subsequent formulas is Mggq = 1.28 X

1039%. Lengthscales will always be measured in gravitational radii of the

central black hole e.g., the radius of the jet R; will be written as
_GM

== with Rg =
. RG G C2

(2.67)

In this section we choose the electron power-law index p = 2 and consider the
freely expanding jet with &, = 1, and &| = ﬁ The Adiabatic index is assumed
tobeI' =4/3.

In this section we give numerical values from stellar mass black holes and
parameters we consider to be of the correct order of magnitude. For these
parameter we find for the magnetic field (eq. 2.17):

Ge2V 105

B=179x10°G )
[kegme 1y i

(2.68)
2.5.1 Synchrotron Emission

At low frequencies below the transition frequency vssa the jet emission is
given by (eq. 2.39)

(4/0.01)Vm, )% DO Msint i erg .69

LV=8.5><1019( )
keg (7/5)% (f/10)s scm’Hz

As we are considering the freely expanding jet we find a flat spectrum. The
transition frequency is (eq 2.41):

1
A 2q,2 3
(§e/0.01)=V ] 10 GHz (2.70)
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Above this synchrotron self-absorption frequency the optical thin power law
takes over up to the high energy cut-toff (eq. 2.40):

(f]e/0.0l)Vm.)% MD?S ( y )—% erg
11
2.2

ke 5 H 3
4 (f/l())(yj/S)Zm.ralCC GHz scm3Hz

2.71)

L, =32x10% (

The synchrotron cut-toff is at

max IOOO)ZD (./0.01)V
max = 6.8 x 1010 Ormax/ GH 272
Yma A e 1)\ kg o1 (T2

if we fix the maximal Lorentz factor of the relativistic electrons (1 keV = 2.4 x
108 GHz). As we know that the cut-off is much higher for XRBs than for
AGN, we do not improve our model by using the cut-off itself as a parameter.
If the maximal Lorentz factor changes with black hole mass or accretion rate
the scaling has to be changed accordingly. Furthermore, we do not consider an
evolution of the maximal lorentz factor along the jet, even though it depends
on the magnetic field which evolves with distance z. The derived cut-off is
therefore only an approximation.

To derive the total emitted synchrotron luminosity we only have to take
the steep spectrum into account. If the low and high energy cut-off is well
separated we can approximated the total emitted power (in the fluid rest frame)
as

=53% 1037 (')/e,max/IOOO)MM(QG/O'Ol)Zv2 erg

—. 2.
R0 1005 s T

LSync,total

We will usually be interested in the total emission in the rest frame of the
jet, thus we have set the Doppler factor to one here. For the total integrated
luminosity of the jet in the observers frame, we have to integrate the included
Doppler factors over all angles. For a bulk Lorentz factor of 5 and @ = 0.5 this
gives an additional amplification of a factor 2. The emitted synchrotron power
has to be less than the total injected power of the jet. This constraint will be
used to limit the possible parameter-space.
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2.5.2 Synchrotron Self-Compton Emission

For the parameters used above the SSC emission is given by

(qe/OOI )(Vm' )% Min (i:?:) sXcrerf3gkeV ( € )_%
3 9 .
keq moz (f/lo)z(racc/10)%’)/j2 keV
2.74)

LSSC,E =69 x 1036 (

The lower energy cut-off is, assuming ymin = 4,

o = 7.2(7max/1000) V@e/o'm)(vkeV. (2.75)
(¥j/5)(racc /10) RY, keqime

The lower cut-off of the Lorentz factor may depend on other parameters like
the black hole mass as well. For AGN y > 100 has been suggested (Biermann
et al. 1995) due to hadronic interactions. For XRBs this value may be as low
as the assumed yp;, = 4.

The high energy cut-off is scaled for stellar mass black holes:

3 A
SO(Ymax/looo) V(Cle/o-Ol)(VMeV' (2.76)
(¥j/5)(racc/10) RY, keqime

Even though this high energy cut-off is well above the electron rest mass en-
ergy, the effects due to the Klein-Nishima cross section will not be extreme.
The total cross-section for Compton scattering decreases for photon energies
comparable with the electron mass. This cross section is defined in the rest
frame of the electrons (c.f., Rybicki & Lightman 1979). For ypn.,x = 1000 the
scattering photon will have an energy around 450 keV and the Klein-Nishima
effects reduce the cross section roughly by a factor two.

€high =

The total luminosity is again given by the integral of the flux density. The
derived value will be too large as we do not consider the Klein-Nishima effect.

2
Ormane/1000) 505 In 2 MM(Ge 001V
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For moderate Lorentz factors with a high energy cut-off of a few hundred MeV,
the over-prediction will only be a factor two, not a magnitude. Furthermore, for
very high photon energies pair production has to be included, which increases
the total energy loss again. The total luminosity has to be corrected for Doppler
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boosting as the synchrotron emission.
To get an estimate when the total SSC emission dominates over the exter-
nal Compton emission we divide the synchrotron photon density (eq. 2.47)

by the equivalent far field photon density (see eq. 2.49) Uphgisk =
12103858 V.

s chﬁ
Yssc —619 (')’max/IOOO)(f]e/OOI)Q(V(,yJ /5)1/2 .,
YEC (f/lO)kgq VFace /10) V(z/100)(17/10) .

The far field component of the external Compton emission will become domi-
nant only for strong departures from the equipartition or for very low accretion
rates. As we have seen in eq. (2.58) the external Compton emission is strongly
increased if the photon field is scattered in the surrounding medium, for exam-
ple in the broad line region, to produce an isotropic radiation field. In this case
we find:

. ~ 2
35E _ 55 (s /1000)4e /0.0 279
Vrio O3/5)7(F /100K V(raee TT0) VGTT00)(1/10)

For large ¢ and 7 the inverse Compton emission can dominate the overall
emission. This dominance increases with decreasing ¢, and V but is indepen-
dent of the black hole mass.

2.5.3 The Assumption of Equipartition

To derive the relativistic particle density we assumed that the energy density
of the relativistic particles is — up to a constant factor k. — in equipartition
with the energy in the magnetic field. It is generally assumed that the rela-
tivistic particles are accelerated in shocks using magnetic fields, thus we have
to demand k) < 1. Energy conservation demands that the jet radiates less
power than has been injected into the jet. The total power injected into the jet
is geMc?* from which the fraction i gmMc? is contained in the bulk motion of
the plasma, and can not be radiated away without disrupting the jet. Therefore,

the total luminosity of the jet has to be less than §.Mc?, e.g.,
Liettor < 1.21037(51@/0.01)m.(V% (2.80)

For a low luminosity object this condition is easy to fulfill, as V enters
quadratic in the total synchrotron luminosity and in the third power for the
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SSC luminosity (eq. 2.73 and 2.77). Furthermore, in these slowly accreting
systems the radiative efficient standard disk is thought to be truncated and turns
into an ADAF or a similar inefficient accretion flow in the innermost regions.
The total disk efficiency is low and external Compton cooling from disk pho-
tons will not play a significant role. For highly accreting systems EC and SSC
losses will be of a similar order (eq. 2.79). As EC cooling needs one additional
unconstraint parameter (af) compared to SSC losses, we will focus on SSC
emission here, which will dominate the synchrotron emission in this regime.
Thus, we find for the ratio of the emitted and injected power:

2
L (Ymax/1000)" (Vinin/4)* (In 2522 /10)(g /0.01V)?
SSC,tot — 1 150 ymin,e

Qjet,tot (f/ 10)2(7J /S)S(racc/ lo)z(keq/3)3

(2.81)
where we include a factor 1/2 to account for the over-prediction due to the
used Thomson cross-section. The most uncertain parameters of this equation
is the equipartition parameter k. which enters into the fudge-factor f. The
other parameters are reasonably well constrained. For a low-hard state XRB
the synchrotron cutoff is at roughly 80 keV, so the maximal electron Lorentz
factor has to be around 2000 —4000. The minimal Lorentz factor vy y;, has only
a minor effect. Both parameters enter into the ratio only in low powers, thus
small changes will not have a big impact. As we do not want to overestimate
eq. 2.81 we choose ynin = 4. The logarithmic factor is therefore of the order of
10. The jet radius where the particle acceleration starts can also not be varied
a lot as discussed in section 2.3.3. A parameter of r,.c = 10 corresponds to
a distance from the black hole of z ~ 86 for an Mach number of 8.6. For
the parameters used the acceleration jet radius has to be increased a factor of
30, which would correspond to a distance zacc from the black hole of 2500
Schwarzschild radii — far more than usually found. The Lorentz factor y; has
the largest impact, as it enters in the fifth power. At for XRBs Lorentz factors
significantly larger Lorentz factors than 5 are usually not found, but see Fender
et al. (2004). Only for blazars and some other AGN Lorentz factors of y; = 20
have been reported.

<1,

With y; = 5 the constraint can only be fulfilled for a strongly accreting
system (V = 1) by leaving equipartition or by changing the overall settings,
for example by quenching the whole jet. The qualitative behavior is sketched
in Fig. 2.4. The radiated energy decreases quadratically with the accretion
power, thus, low power accreting black holes can reach equipartition. Another
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FIGURE 2.4— Stability of the jet: Qualitative dependence of the stability of the jet on the
accretion rate and the fudge factor. The requirement that more energy is injected in the jet
than radiated away is used to analyze whether the jet can be stable. The arrows indicate the
displacement of the zone borders for an increase of the shown parameters, e.g., an increase of
racc Would enlarge the zone where the jet is stable. The term M /M denotes the accretion rate
divided by the Eddington accretion rate.

possibility for equipartition jets are fast jets with y; = 20, which are seen in BL
Lac objects. Here the constraint is nearly automatically satisfied. As the jets of
AGN tend to have higher Lorentz factors, AGN jets can stay in equipartition
over a wider rage of parameters than XRB jets.

2.5.4 Dependence on the Parameters

In this section we have given the emitted power of a jet for all major emission
processes: synchrotron, SSC, and EC emission. Which one of these processes
dominates the overall emission depends on the parameters of the jet. The pro-
jection of the parameter space to the accretion rate and reflection parameter
@yef is shown in Fig. 2.5, where the dominant emission process is indicated.
For aof =~ 0 (no isotropic radiation field) only external Compton emis-
sion from the near and far field part is present and we have seen that syn-
chrotron and SSC radiation dominates this effect (eq. 2.78). As the total SSC
emission declines with V3 and the synchrotron emission only with V2, syn-
chrotron emission will be the dominant process for low accretion rates. For
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FIiGURE 2.5— Dominant radiation process depending on the accretion rate and fraction of an
isotropic radiation field (a o) for a constant disk efficiency 1 ~ 0.1. The arrows indicate the
displacement of the zone borders for an increase of the shown parameters, e.g., an increase of
racc Would enlarge the zone where the synchrotron process is dominant and decrease the SSC
zone. The other crucial parameters besides aof and V are f, Y Ge, and .

higher accretion rate SSC emission will dominate. If the isotropic radiation
field reaches a considerable fraction of the total radiation field emitted by the
disk (aef > 0) external Compton emission of an isotropic radiation field can
dominate the overall emitted power.

The relative prominence of the different zones in Fig. 2.5 depends on the
other jet parameters. Of main importance are the fudge factor f, which de-
scribes the equipartition of the jet, the Lorentz factor y; and the jet radius of
the particle acceleration zone r,... An increase of any of these three parame-
ters increases the parameter zone, where the synchrotron process is dominant
in respect to the SSC zone. Similarly y; and f increase the EC zone. For a
quantitative evaluation of the dominant process see Fig. 2.6. In this plot we
present the dominant emission process for a set of usually used parameters.
Furthermore, the effect of a change of the Lorentz factor is shown. It is impor-
tant to note, that for the jet and the disk the black hole mass m, enters linearly
in the total luminosities. Thus, the black hole mass has no influence which of
the processes dominates.
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FIGURE 2.6— Quantitative analysis of the dominant radiation process similar to the sketch in
Fig. 2.5. Above the lines, the system is EC dominated, while it is synchrotron or SSC dominated
below. The dashed line is the result for y; = 5 and the solid line for y; = 2. The other parameters
used are: 1y = 10, f = 10, keq = 3, ¥max = 1000, and the SSC energy loss has been evaluated
at the first acceleration region.

Up to now we have assumed that the total disk efficiency is a constant,
however, this is probably not the case. It is usually assumed that only for high
accreting systems the standard geometrically thin accretion disk (Shakura &
Sunyaev 1973) reaches the innermost stable orbit. For slowly accreting sys-
tems the inner region (< 100R) of the accretion flow is probably an geomet-
rically thick, optically thin inefficient flow (Esin et al. 1997). For larger radii
this inefficient flow turns into a standard disk. The total power originating from
an ADAF (Narayan & Yi 1994) or a similar solution changes with accretion
rate as M2. Once one reaches the critical accretion rate, where the ADAF turns
into a thin disk, the disk efficiency will increase rapidly. In this regime the total
luminosity scales with M'. This behavior is shown in Fig. 2.7.

The luminosity of the jet depends on the square of the accretion rate for
a synchrotron or external Compton dominated jet. In the SSC regime it even
goes with the third power of the accretion rate. However, this at least quadratic
dependence can not hold for the whole parameter space, as the jet can not radi-
ate more power than injected (see the discussion in the last subsection). Once
the jet radiates a significant fraction of its internal energy, the total emitted lu-
minosity can depend at most linearly on the accretion rate. This has also been
sketched in Fig. 2.7. Two possibilities are shown. As suggested by Maccarone
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FiGURE 2.7— Scaling of the intrinsic jet and disk luminosities on the accretion rate if the jet
synchrotron dominated.

et al. (2003) it may be that the jet is first quenched and reappears for very
high accretion rates (very high state objects). The quenching may happen by
EC cooling from scattered disk photons. The other possibility is that the jet is
always there and just changes its scaling.

If one includes the scaling of the accretion flow in Fig. 2.5 we arrive at
Fig. 2.8. If the disk efficiency declines fast for accretion rates smaller than
the critical accretion rate, EC from scattered accretion disk photons will not
contribute to the total jet emission. Thus, synchrotron emission is the domi-
nant process for low accreting systems. For large enough @ s parameters such
that EC cooling plays a role, we find that for increasing accretion rate a jet
is first synchrotron dominated, than EC dominated and finally for the highest
accretion rates SSC dominated. It is suggestive to speculate: Jet emission with
such ¢ values may explain the behavior of Galactic XRBs. In the low-hard
state the system is dominated by synchrotron emission. For larger accretion
rates the system changes its state into the high state. Due to the EC cooling the
relativistic jet is quenched and no longer visible. Only when enough energy
is inserted into the jet it reappears in the very high state as an instable SSC
dominated jet.
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FiGURE 2.8— Dominant radiation process depending on the accretion rate and fraction of an
isotropic radiation field (a,qf) if the disk turns into an inefficient flow for V < V. For com-
parison see the similar plot in Fig. 2.5. The arrows indicate the variation of the zone boundaries
for an increase of the given parameters.

2.6 Discussion

In the previous sections we have derived the emission of a simple jet model.
As the process of launching relativistic jets is still under debate and there are
no analytical models available, we treat the connection between the accretion
flow and the jet ejection as a black box which we parameterize. Using these
coupling parameters and the relativistic Bernoulli equation, we can derive the
magnetic field and the relativistic particle density. The main parameters de-
scribing the jet are the black hole mass and the accretion rate. Further impor-
tant parameters are the bulk Lorentz factor y;, the fraction of non rest-mass
accretion power ejected into the jet §., and the fudge-factor f, which describes
if the jet is in equipartition. The magnetic field and particle density are used
to derive the synchrotron and SSC emission from the jet. The formulas de-
scribing the emission have been formulated in a way that the scaling which jet
power and black hole mass is apparent.

We have shown, that the total emitted power of the jet can either be dom-
inated by synchrotron, SSC or EC emission. Which one of those dominates
depends mainly on the accretion rate and the fraction of the isotropic radiation
field @ .. Besides these two, it also depends on the jet radius in the first par-
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ticle acceleration region racc, the Lorentz Factor 04 and the fudge factor f. In
the case that the external Compton emission dominates the emission from the
jet, it may well be that the jet will be quenched, as the bulk motion will also be
’Compton cooled’. Such a behavior is for example seen in Galactic black hole
XRBs. The radio emission of high state XRBs is quenched by at least a factor
100 compared to their low-hard state (c.f., Tanaka & Shibazaki 1996). Only
for very-high state objects the jet reappears but is instable.

The constraint that the total power of the jet has to exceed the radiated
power has been used to argue that moderately fast jets (y; ~ 5) of strongly
accreting systems can not be in equipartition. If there is a mechanism that
transfers energy from the magnetic field to the relativistic particles, so that
the jet approaches equipartition fast, it may be that the whole jet is unstable or
quenched. This constraint of the total power is easily fulfilled for low accreting
systems or very fast jets.

The optical thin part of the spectrum of a jet can always be described by a
simple power law up to the synchrotron cut off. If the source varies, the power
law can only vary in intensity and spectral index. This constrains the type of
variability a jet-dominated source can have.

The above developed theory in the version of Falcke & Biermann (1995)
has been tested for AGN in subsequent papers e.g., Falcke & Biermann (1999);
Falcke et al. (1995b) and others. In this thesis we use the model to unify all
low-power accreting black hole and further test the model for AGN and XRBs.
In the next chapter we will establish the radio/X-ray correlation for AGN and
XRBs. The beaming hypotheses contained in the model is explored for the
phenomenom of ULXs. The strong constrains for the variablity of this model
will be tested as well.



A Scheme to Unify Low-Power
Accreting Black Holes

3.1 Introduction

In the previous chapters we have developed the jet/disk connection for XRBs
and AGN. Here we will use the scaling laws to argue for a unifying view of low
power accreting stellar and supermassive black holes. This work has mostly
been published in Falcke, Kording & Markoff (2004). While the signature
of the accretion flow is usually a thermal component in the spectral energy
distribution , the jet can contribute significantly over a broad energy range:
from radio to I'-rays (see e.g., von Montigny et al. 1995). For stellar mass
XRBs accretion flow models (e.g., Shakura & Sunyaev 1973) accompanied
by a hot corona correctly predict the soft X-ray emission (Sunyaev & Triimper
1979). These models can be scaled for the black hole mass and accretion power
to AGN, where this thermal component is often called the “big blue bump”
(Sanders et al. 1989; Sun & Malkan 1989). The jet emission scaling, which
governs at least the radio cores, has been developed in chapter 2 or Falcke &
Biermann (1995); Kaiser & Alexander (1997); Heinz (2002) and successfully
applied to XRBs and AGN (Falcke et al. 1995b; Falcke & Biermann 1996,
1999).

The most important parameters of accreting black holes are probably the
mass and the accretion rate, both of which can vary over many orders of mag-
nitude. Additional parameters which likely impact the observable character-
istics of black holes are the spin and the inclination angle of their spin axes.

41
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Inclination-based unified schemes of AGN merge apparently different objects
based on the angle between the spin axis and the line of sight (see e.g., An-
tonucci 1993; Urry & Padovani 1995a). The success of this scheme supports
the evidence for angle-dependent obscuration and relativistic beaming.

However, the exact effect that changes in the accretion rate have on the ap-
pearance of their associated black holes systems is a matter of ongoing debate.
A good understanding of this is crucial for modeling the cosmic evolution of
black holes and for disentangling the different source classes.

A number of recent results suggest that the transition from a high accretion
rate black hole to a low accretion rate one is not smooth, but rather accompa-
nied by a “phase transition”. In the low-power phase, the optically thick disk
emission is either dominated by emission from an optically thin corona, com-
pletely reduced to a radiatively inefficient inflow, or is truncated and an opti-
cally thin inner radiatively inefficient flow exists closer to the compact object
(see Poutanen 1998 for a review of the various models). For XRBs Esin et al.
(1997) estimate that this transition occurs once the accretion rate for a black
hole of mass M, drops to less than a critical value (~10% of the Eddington ac-
cretion rate, Mpgq =~ 2 X (M. /1083My) M, yr‘1 for Mgqq = Lgqa/0.1¢?). More
recent work suggests that this transition could already occur around 2% Lggq
(Maccarone 2003), and that there is a hysteresis in the critical accretion rate
value depending on which direction the transition is going along (Maccarone
& Coppi 2003). Regardless of the exact details, a crucial point for this chapter
is a phase-transition as a function of black hole mass and accretion power.

We have suggested in chapter 2 that the contribution of jets and outflows
on the spectral energy distribution (SED) of black holes can be significant in
supermassive as well as stellar mass black holes (for earlier studies see, Falcke
& Markoff 2000; Markoff et al. 2001a; Fender 2001; Yuan et al. 2002a) and
that the jet contribution may in fact dominate the disk emission in a JDAF — a
jet-dominated accretion flow. Jets are inherently broad-band, since they remain
self-similar over many orders of magnitude in spatial scale and produce non-
thermal particle distributions ranging over many orders of magnitude in energy.
For this reason they should always be considered as potential contributors at
every wavelength. This concept of jet domination has now been empirically
demonstrated for XRBs, where below Lggq ~ 107 the kinetic energy output
through radiatively inefficient jets (assumed to radiate only radio through IR)
dominates the radiative output of the optically thin or thick disk (assumed to
solely account for the X-ray emission; Fender et al. 2003). The same holds true
for LLAGN (Nagar et al. 2004, in prep). If the jet contributes to the X-rays as
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well, the jet domination may hold at even higher absolute luminosities.

The importance of jets to the emission of low-power accreting black holes
may hold the key to understanding the relationship between stellar and galactic
sized systems. In the next section we suggest how this concept can be used
to provide a unified picture for AGN as a function of mass and power for a
range of sources that may be operating at sub-Eddington accretion rates. This
directly leads to a prediction of radio/optical/X-ray scaling which we test on
data from several sources in Sect. 3.

3.2 Low-Power Unification

3.2.1 A Scheme for Sub-Eddington Black Holes

Our proposed scheme is based on three assumptions:

I) The accretion flow and disk form a coupled jet-disk system, with jet and
disk always being present in some form (“jet-disk symbiosis”, see Falcke &
Biermann 1995).

II) Below a certain critical accretion rate, M, =~ x X Megq (x =~ 0.01 —0.1),
the inner part of the accretion flow becomes radiatively inefficient (e.g., Esin
etal. 1997, Fig. 2.7).

III) Below M., or for face-on orientation (relativistic beaming), the jet
emission dominates the emission from the accretion flow (e.g., Yuan et al.
2002a).

In short, the postulate is that near-Eddington black holes are disk-
dominated and distinctly sub-Eddington black holes are jet-dominated.

Can we classify many of the various accreting systems we know of in terms
of this scheme, based on observational evidence? Let us first consider X-ray
binaries where time scales are short enough that individual sources can appear
in a number of different states. The two most pronounced states are the high
(soft) state, with a soft power-law spectrum dominated by a thermal “bump”,
and the low (hard) state characterized by a dominant hard power-law and weak-
to-absent thermal spectrum (e.g., Nowak 1995). The former is commonly in-
terpreted as multi-color blackbody emission from a standard thin disk, while
the latter is commonly attributed to an optically thin accretion flow or corona.
However, Markoff et al. (2001a) have suggested that the hard power law could
also be attributed to synchrotron emission from the jet in these systems. This is
strengthened by the finding of a tight non-linear correlation between radio and
X-ray luminosity in GX 339—-4 (Corbel et al. 2003) and other X-ray binaries
in the low state (Gallo et al. 2003, see Fig. 3.1), which exactly fits the non-
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FiGure 3.1— Universal radio X-ray correlation for low-hard state black hole XRBs. While
the first five sources are typical low-hard state objects, the other objects like Cyg X-1 are never
totally in this state and change states regulary. This plot has been reproduced from Gallo et al.
(2003).

linear predictions of the jet model (e.g., Markoff et al. 2003, for GX 339-4).
This correlation extends down into the quiescent state, which is therefore now
interpreted as an extremely low luminosity hard state. It has also been ar-
gued that some of the ultra-luminous X-ray sources in nearby galaxies could
be the beamed equivalents of the well-known Galactic XRBs (“microblazars”;
Mirabel & Rodriguez 1999; Kording et al. 2002).

For AGN, the situation is more complicated since a large number of source
classes exist. When considering higher luminosity sources with strong disk
signatures, the supermassive black hole equivalents to soft state XRBs are
FR 1II radio galaxies, radio-loud quasars, and blazars (with emission lines)
among the radio loud objects. Within the standard “unified scheme” these
are mainly related through different inclination angles. On the radio quiet side,
Seyfert galaxies, radio-quiet quasars, and perhaps radio-intermediate quasars
(Miller et al. 1993; Falcke et al. 1996) are the other analogs for high state
XRBs. All of these AGN varieties show direct or indirect evidence for a soft
ultraviolet bump that can be readily understood as emission from a standard
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accretion disk (Sun & Malkan 1989). This emission also provides ample pho-
tons to produce the strong emission line regions seen in the optical spectra.

On the other hand, several low-power AGN classes seem to lack evidence
of a blue bump and strong emission lines, and are therefore candidates for
equivalents to the hard state XRBs. These are FR I radio galaxies, BL Lacs
and LINERs. The Galactic Center (Sgr A*; see Melia & Falcke 2001) could
also be in this category, but with its faint and soft spectrum it is not clear
what state in XRBs it would correspond to. However, the almost-daily flares
in Sgr A* (Baganoff et al. 2001) have a hard spectrum, so it may therefore
occasionally achieve a state analogous to the hard state in XRBs.

In terms of radio power, FR I radio galaxies form a smooth continuum
with FR II radio galaxies, but are comparatively underluminous in emission
lines and lack a big blue bump (Falcke et al. 1995a; Zirbel & Baum 1995).
While FR I sources do seem to have optical cores, their fluxes scale tightly
with their radio flux (Chiaberge et al. 1999). This has been used to argue
for a synchrotron nature of these optical cores rather then a thermal origin
in the accretion disk. Interestingly, within the standard unified scheme FR I
radio galaxies are coupled to BL Lac objects which are thought to be their
relativistically beamed versions. BL Lacs — by definition — lack emission lines
and there is no population intermediate in inclination angle between FR I and
BL Lacs which does show a blue bump or evidence for a standard optically
thick accretion disk.

Similarly, for low-luminosity AGN and LINERs, Ho (1999) argues that
their SED precludes the presence of a blue-bump and of a standard accre-
tion disk. On the other hand, radio observations of LINERs show a strong jet
presence (Falcke et al. 2000; Nagar et al. 2001) and fits to individual objects
indicate that the higher wavelengths may also be dominated by jet emission
(Yuan et al. 2002b). Some of these LINERs are in big elliptical galaxies and
may be the lower-luminosity continuation of FR I radio galaxies, while others
sit in spiral galaxies and may be somewhere in between Seyferts and our own
Galactic Center in terms of power.

Hence BL Lacs, FR Is, and LINERs are good candidates for sub-Eddington
and jet-dominated AGN. Although this conclusion is already widely accepted
for BL Lacs because of beaming arguments, and the case for FR Is is strength-
ening, the proposal for LINERs remains highly debated.

A sketch of the proposed scheme is shown in Fig. 3.2. Note that this is
naturally very rough. In a number of cases the dividing lines between individ-
ual classes may be blurred. Also, in jet-dominated sources there may still be a
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FIGURE 3.2— A proposed unification scheme for accreting black holes in the mass and accre-
tion rate plane. Above a few percent of the Eddington accretion rate, the systems are proposed
to be dominated by disk emission, while below they are inherently dominated by jet emis-
sion (RG=radio galaxy). Standard inclination-based unified schemes (Antonucci 1993; Urry &
Padovani 1995a) are still assumed to be valid but are not explicitly shown here. Given a cor-
relation between bulge mass and black hole mass, the AGN with the most massive black holes
are supposed to reside in elliptical galaxies, while less massive black holes are predominantly
in spirals. This is, of course, not applicable to XRBs.

sizeable disk contribution and vice versa. In addition, as is commonly known,
inclination effects play an important role in unified schemes. For radio loud
quasars, for example, a small inclination to the line-of sight (i.e., in a blazar)
can lead to a significant jet contribution despite the fact that here we classify
these sources as intrinsically disk-dominated. This is in contrast to BL Lacs
objects, which we consider as intrinsically jet-dominated in addition to being
beamed (with FR I radio galaxies as the parent population). This may have
some analogy for XRBs, where some Ultraluminous X-ray sources might be
affected by beaming as well (Kording et al. 2002). In general the selection
of BL Lacs requires significant care (Landt et al. 2002; Marcha et al. 1996)
and the application of the scheme is not always straightforward without good
understanding of source properties and selection effects.
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3.2.2 Consequences and Tests of our Proposed Unification Scheme

With such a scheme at hand, one wonders what the consequences are and how
they can be tested. First of all, if indeed black hole engines make a qualita-
tive transition with accretion power, a number of AGN diagnostics have to be
considered with even greater care. One example is the ratio between radio and
optical flux that is commonly used as a radio-loudness parameter (Kellermann
et al. 1989; Falcke et al. 1996). In most interpretations it is supposed to repre-
sent the relative prominence of jet and disk in a source. This has been partic-
ularly useful for quasars, where one can well assume that the optical flux rep-
resents disk emission. If, however, in sub-Eddington AGN both wavelengths
are coming from the jet, this parameter is physically no longer meaningful as
a jet-strength parameter and other factors have to be taken into account.

This issue is particularly difficult when considering large samples of AGN.
Within each luminosity bin one can expect a range of black hole masses to
contribute and hence Eddington and sub-Eddington black holes may be mixed
if there are no well-sampled SEDs and spectra in radio, optical, and X-rays.
Moreover, mass itself can become a crucial factor. This can in principle en-
hance scatter and spoil any possible correlations or dichotomies. On the other
hand, if the SED of black holes is jet-dominated, it may be possible to describe
their evolution with accretion power in a unified way. In the following we will
now concentrate on the expected scaling of radio, optical, and X-ray emission
from a jet-only model and compare it to data from samples of sub-Eddington
black holes.

3.3 The X-Ray/Radio Correlations
3.3.1 The Predicted Scaling

Here we want to concentrate on the AGN core itself, leaving out the extended
emission. In the simplest picture (Blandford & Konigl 1979; Falcke & Bier-
mann 1995), the jet spectrum can be naturally described by a flat-to-inverted
radio spectrum up to a turn-over frequency v, which reveals an optically thin
power-law (see Fig. 3.3). The flat spectrum is the sum of self-absorbed com-
ponents along the jet, where higher frequencies correspond to smaller regions
closer to the black hole. The power law results from optically thin emission
from a power-law distribution of electrons at the smallest scale in the jet where
particle acceleration exists. One can then roughly approximate the jet spectrum
by a broken power law normalized to a monochromatic luminosity (energy per
time and frequency) L. at v,
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FiGure 3.3— A schematic jet spectrum and its theoretically expected scaling with mass and
accretion rate. The spectrum has a flat-to-inverted, optically thick part below a turn-over fre-
quency v, and a steep optically thin spectrum above. For most sources the flat-to-inverted part of
the spectrum will be in the radio/infrared while the steep part will be in the optical and X-rays.
A change in the absolute accretion rate will shift the spectrum along a diagonal line from the
bottom left to the top right. A change in mass will shift the spectrum horizontally only. Low-
ering mass and accretion rate (e.g., by keeping the accretion rate at a constant fraction of the
Eddington accretion rate) will shift the spectrum towards the bottom right, where stellar mass
black holes are found.

aR
x = L (1) forv < v, and 3.1)
Vt
AN
LX = Lt (_) fOr v > Vi, (32)
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where ar =~ 0.15 and ax =~ —0.6 are the typical optically thick (radio) and opti-
cally thin (optical and X-ray) spectral indices (e.g., Markoff et al. 2003). This
spectrum can be mirrored to higher energies by inverse Compton processes,
leading, for example, to the characteristic ’camel’s back” SED of BL Lacs in a
vL, representation.

Scaling laws for this type of jet spectrum as a function of jet power Q;
and mass have been described in chapter 2 (see also Falcke & Biermann 1995;
Markoff et al. 2003). The main assumptions are that the jet expands freely
(conical shape), maintains an (arbitrary but fixed) equipartition factor, and the
distance of the first particle acceleration zone, z,., scales linearly with mass,
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e.g., is always around some hundred to thousand R;. R, = GM, /c?* is the
gravitational radius of the black hole.

As we want to use a electron power law distribution with p > 2 and include
an inverted radio spectrum we will not use the scaling laws of section 2.5 for
the radio and X-ray emission, but only for the fairly robust radio core and the
synchrotron self-absorption frequency. We know from eq. (2.69) and (2.70)
that L, oc Qj”/ 12 and v, o« Qj2/ 3M;!. As described in Falcke & Biermann (1995)
or eq. (2.39) the exponent of the radio power only changes by 3% if one uses
p = 2.5 compared to p = 2, thus we will use the above mentioned p = 2
values. Hence we find:

H_ZQR 104 v ="
Lp « QJ.]2 STUMR|— forv< v, and 3.3)
VR
H—ZGX 0% v o
Lx « Qj1 UMK — for v > v, (3.4
VX

where vg and vx are two fixed reference frequencies. If we combine these
equations we find the expected radio/X-ray correlation

Lx o LK’M”‘X_’""R 3.5)
where 7
= — 2@
m=12_3Z (3.6)
7~ 3R

Thus, to correct for the different masses of the objects we define an equivalent
optically thin (e.g., X-ray) luminosity

) v ax M maRr—ax
Ly = Lx E oM for v > v,. (3.7

For the examples of agr ~ 0.15 and ax ~ —0.6 we get m ~ 1.38 and the mass
correction factor is predicted to go with M%8!,

For relativistic steady jets, there will also be a dependency on the Doppler
factor D*>* (Lind & Blandford 1985). However, since as a first-order ap-
proximation the monochromatic luminosity at both frequencies is beamed
by the same amount, the correlation between Lr and Lx will only go as
LRr/Lx o< D7 _je. less than linear for typical values. If there is a sig-
nificant velocity gradient along the jet, radio and X-rays could be beamed by
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different amounts and the effect would become stronger.

Further parameters may affect the correlation. For example, source-to-
source variations in the equipartition factors or the turn-over frequency v
caused by different locations of the first acceleration zone z,.. can lead to dif-
ferent X-ray/radio ratios. However, since we have no good theoretical under-
standing of such plasma parameters we have to accept this uncertainty as a
major source of scatter.

The scaling also only holds as long as a non-thermal power law is produced
in the optically thin regime and ax remains roughly constant. This may not
always be the case for sources that approach quiescence, such as the Galactic
Center in its non-flaring state.

At least for an individual X-ray binary, Markoft et al. (2003) showed
that this scaling with accretion rate can exactly reproduce the tight non-linear
radio/X-ray scaling of the X-ray binary GX 339—4. Such a scaling has now
been found to be fairly representative for low-luminosity XRBs (Gallo et al.
2003). In the case of GX 339—-4, the mass term and Doppler factor were not
included in the formula, since only one source was considered. This is fine for
XRBs, where the jet power and accretion rate in one object changes over many
orders of magnitude within months and years. For AGN such changes take too
long to be discovered in individual objects and hence statistical samples have
to be used to cover a large range in instantaneous jet powers and accretion
rates. In this case the mass becomes an important factor for the thermal and
non-thermal spectrum.

An important additional point concerns which wavelength to use in such
comparative studies of different source types and black hole masses. In the
scaling law, we have been mainly comparing the optically thick flux (mainly
radio) to the optically thin flux (mainly X-rays, see e.g. Fig. 2.3 for the syn-
chrotron and inverse-Compton branch). But, it is important to know which
wavelength belongs to which branch of the jet SED in a certain type of source.
In essentially all sources the compact radio emission is safely on the optically
thick branch of the jet core spectrum, however, since the turnover frequency
scales inversely with mass, the useful wavelength range over which one can
probe the optically thin branch of the SED may vary from one type of source
to another. We know, for example, that in BL Lacs at least the optical part
of the SED belongs to the synchrotron branch. In some cases this extends all
the way into the X-rays in other cases, however, X-rays may already be af-
fected by the inverse Compton components of the SED. Hence, optical flux
measurements are a much safer region for BL Lacs (and FR I radio galaxies
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for that matter) to probe the optically thin part of the SED (which we still pa-
rameterize by vx and Lx). On the contrary, X-ray binaries may have a very
high turn-over frequency, so that the optical flux may still be on the optically
thick branch (as discussed in Markoff et al. 2001a). Here, X-ray fluxes are the
better choice, even though also here inverse Compton might contribute. What-
ever one chooses, a proper comparison requires one to normalize the optically
thin and optically thick fluxes to common reference frequencies. This is done
in Eq. (3.7). Since we here use an X-ray frequency as the common reference
frequency for the normalized optically thin flux, we stay with the term radio/X-
ray correlation in the following, even though it could for a number of sources
equally well be a radio/optical correlation.

3.3.2 The Scaling of Synchrotron Self-Compton Emission

Up to now we only considered synchrotron emission, but for high photon en-
ergies inverse Compton emission could also contribute. Especially for XRBs
there are arguments that the X-rays could be created by Compton scattering.
The external Compton emission created through upscattering of disk photons
will scale similar to the synchrotron emission as we only have to exchange the
magnetic field density Up with the photon density Upy, in the emission formu-
las. However, synchrotron self-Compton emission will depend differently on
the accretion rate. To derive its correlation coefficient let us first reconsider the
synchrotron emission. For a flat radio spectrum and a spectral index of -0.5 we
can use the equations from section 2.5 directly to derive the correlation. For
the radio emission we find (eq. 2.69)

17
Le~QF (3.8)
and for the optical thin synchrotron emission (eq. 2.71):

7 _1

Ly~ Qjm,’ (3.9)
and we arrive at a correlation constant of m = % = 1.24. The correlation
constant increases with increasing p (see 2.39 & 2.40). This and the inverted
radio spectrum leads to the used value of m = 1.38. For SSC emission on the
other hand, we have (eq. 2.74)

11
P

1
Lsscx ~ Q) ms* (3.10)
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Thus we arrive at a correlation constant of m = % = 1.94. This constant
will be further increased by the inverted radio spectrum and the steeper optical
thin part. Thus, for SSC we find m > 2, far more than found in the universal
radio/X-ray correlation found for low/hard state XRBS (Gallo et al. 2003). We
conclude that the X-ray emission in low/hard state XRBs cannot be dominated

by SSC emission.

3.3.3 The Samples

To test finally our hypothesis that the radio/X-ray correlation can be traced
from XRBs through LINERs, FR Is, to BL Lac objects, we use a number of
different samples from the literature where mass estimates, radio and X-ray or
optical fluxes have been published. For certain types of sources (e.g. LLAGN)
we are naturally limited by the small number of well-defined samples that have
been observed with the new generation of X-ray telescopes.

For the XRBs we include the above mentioned multiple epochs of
GX 339—4 (Corbel et al. 2003). We scaled the 8.6 GHz radio flux to 5 GHz,
assuming (agr = 0.15). Hynes et al. (2003) give a mass for GX 339—-4 around
6Ms. A distance of 4 kpc has been used to derive the luminosity (Zdziarski
et al. 1998). We note that other methods may give somewhat different distances
(e.g., Maccarone 2003) and that the mass is a strict lower limit. Nevertheless,
the correlation for GX 339—-4 seems to be representative for a large number of
XRBs in the hard state (Gallo et al. 2003).

As the lowest luminosity supermassive black hole, we included Sgr A*.
The 5 GHz radio flux was taken from the average spectrum in Melia & Falcke
(2001). The X-ray luminosity in the quiet and the flaring state were taken from
(Baganoff et al. 2001), which we scaled with the given photon indices to a 3-9
keV luminosity. The black hole mass is taken to be 3 x 105 M, (Schédel et al.
2002) and the distance of 8 kpc has been used.

For the LINERS we included the Chandra sample of Terashima & Wilson
(2003). They selected 14 objects with radio cores from the Low-Luminosity
AGN (LLAGN) sample of Nagar et al. (2000), with a flat or inverted radio
core (ar > —0.3). Nagar et al. (2000) selected their sources from the Ho
et al. (1995) sample (a magnitude limited sample) according to preliminary
spectral classification as LINER or as transitional object. To compare the X-
ray luminosity with GX 339—4, we scaled the 2-10 keV X-ray luminosity to a
3-9 keV luminosity assuming a power law index of ax = —0.6 for all objects.

For the FR Is, we took the radio and HST data given in Chiaberge et al.
(1999) who selected their sample from the 3CR catalogue (Spinrad et al. 1985)
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which have been morphologically identified as FR I radio sources. The 33
sources form a complete, flux limited sample. The optical cores have been
extrapolated to a corresponding X-ray luminosity using Eq. (3.4) under the as-
sumption that the synchrotron power law has a spectral index of ax = —0.6.
We did not use actual X-ray data, as the HST observations had higher resolu-
tion and within the jet model for FR I and BL Lacs some of these high-mass
sources could have their synchrotron cut-off already below the X-ray band,
such that X-rays could be dominated by synchrotron self-Compton.

For the BL Lacs we took X-ray (XBLs) and radio selected (RBLs) BL Lacs
from Sambruna et al. (1996). These originate from two complete samples:
the Einstein Observatory Extended Medium-Sensitivity Survey (EMSS) XBL
sample (Morris et al. 1991) and the 1 Jy RBL sample (Stickel et al. 1991).
Similar to FR Is we calculate the corresponding monochromatic X-ray lumi-
nosity from the optical data assuming ax = —0.6. Since BL Lacs are thought
to be strongly affected by beaming, we corrected the radio and the equivalent
X-ray luminosity for Doppler boosting, assuming an average Doppler factor
of D =~ 7 (Ghisellini et al. 1993). As mentioned above, for the X-ray/radio
correlation the Doppler factor largely cancels out and enters less than linearly.
Of course, the position along the correlation will be affected more strongly.
For all source populations other than the BL Lacs, we assume a Doppler factor
around unity.

For all sources we calculated the radio luminosity from the 5 GHz flux
density. The distances of the sources were derived from the redshift with Hy =
75 km/s/Mpc. We selected from these samples all sources, where we found
black hole mass estimates in the literature or by using the bulge velocity and
the bulge/black hole mass relation from Merritt & Ferrarese (2001). Central
velocity dispersion values were taken from Prugniel et al. (1998) and its update
in the ‘Hypercat’ database or from Woo & Urry (2002). The black hole masses
and fluxes are tabulated in Table 3.1.



Type/Name  Distance ~ Mgy  Fsgpz Fo.10kev  LsgHz L3 okev
[Mpc] [Mo] [mJy] [erg/s] [erg/s] [erg/s]

SGR A*
Quiet 0.008 3.x 10° 600. 22x10% 23x10%  63x10%
Flare 0.008 3. % 10° 600. 1.0x10%  23x10% 2.87x10¥
LLAGN
NGC2787 13.3 1.7 x 108 25x107™  1.66x 10°7 3.93x 10%
NGC3147 40.9 6.58 x 108 3.7x1072 1.02x10®  1.65x 10*8
NGC3169 19.7 6.21 x 107 245%x 10712 1.55%x10%7  3.76 x 10*
NGC3226 23.4 1.39 x 108 7.6x 1078 158 x10%7  3.15x 10%
NGC4143 17. 3.1 x 108 30x1078  145%x 107 1.3 x10%
NGC4278 9.7 45x% 108 8.1x10718  8.13x10% 1.49x10%
NGC4548 16.8 1.83 x 107 1.6x10713 2,04 x10%  6.66 x 10*
NGC4565 9.7 2.15%x 107 32x 1078 1.41x10%  5.07 x 10
NGC6500 39.7 1.15x 108 3.x 107 794 %103 3.08x10%
FR I
UGC00595 181. 2.31x 108 93. 58x10°1%  1.82x10% 5.84x10%
NGC0383 67.8 5.11 x 108 9. 1.5x1077  253x10%® 4.02x10%®
UGC01841 86.4 1.78 x 10° 182. 493x 10717 8.13x10*° 5.85x 10%
NGC1218 116. 5.45 % 108 964. 238x 10710 7.75%x10%  1.96 x 10%°
NGC1275 70.7 44 %108 42400. 1.5x107%  1.27x10* 3.86x 10
NGC3862 82.8 4.9 x 108 200. 1.14x 10710 82x10% 4.39x10%
NGC4261 29.6 1.19 x 10° 308. 51x1078  1.62x10¥  5.16 x 10¥
NGC4374 14.8 8.11 x 108 180. 59x107Y7  236x10%®  1.09 x 10*
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Type/Name  Distance ~ Mgy  Fsgpz Fooiokev  LsGHz L'3 gkev
[Mpc] [Ms] [mly] [erg/s] [erg/s] [erg/s]

NGC4486 14.8 1.71 x 10° 4000. 39x 1071 524x10 1.32x10%
NGC5532 95.3 8.67 x 108 77. 34x 10718 418x10* 2.75x10%
UGC09799 138. 2.48 x 108 391. 96x 1071 445%x10* 5.92x 10"
NGC6166 122. 1.06 x 10° 105. 1.x107"7  935%x10% 1.56 x 10*
NGC7236 105. 1.22 x 108 2. 9.1x107"  1.33x10® 1.85x10¥
UGC12064 72.7 4.05 x 103 37. 1.8x 1077 1.17x10* 4.59 x 10*®
NGC7720 121. 1.22 x 10° 270. 1.9%x 10717 237x10* 3.29 x 10*
XBLs

0158+001 1270. 1.13 x 108 11.3 0.047 1.1 x 10*T  8.93x 10
0257+342 1040. 536 x 108 10. 0.25 6.49 x 10 1.12 x 1072
0317+183 792. 8.12 x 107 17. 0.36 6.39 x 10 2.03 x 10!
0419+194 2260. 473 x 108 8. 0.09 244 x 10 1.71 x 10°?
0607+710 1130. 527 x 108 18.2 0.09 1.39 x 10" 4.68 x 10°!
0737+744 1350. 1.16 x 10° 24. 0.64 2.6x10%  8.92 %10
0922+745 2860.  7.12x10° 3.3 0.044 1.62x 10" 1.2x103
1207+394 2750. 1.78 x 10° 5.8 0.1 2.63x 10" 8.22 x 102
1221+245 914. 8.33 x 107 26.4 0.42 1.32 x 10*" 323 x 107!
1229+643 680. 4.17 x 10° 42. 0.55 1.16 x 10*' 551 x 10°?
14074595 2180.  3.08 x 10° 16.5 0.07 4.68 x 104 5.62 x 10°?
1534+014 1330.  8.01x 108 34. 0.15 3.61 x 10*1  1.52 x 102
1757+703 1770.  6.92 x 108 7.2 0.18 1.34 x 10" 2.85 x 1072
2143+070 998. 3.13 x 108 50. 0.32 2.98 x 10" 8.53 x 107!
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Type/Name  Distance ~ Mgy FsgHz Fo.iokev  L5GHz L'3 gkev
[Mpc] [Mo] [mJy] [erg/s] [erg/s] [erg/s]

RBLs

1418+546 629. 1.46 x 10° 1220. 2.72 2.89 x 10¥  1.x10>
1807+698 206.  2.67x 10" 1710. 7.85 436 x 1041 3.24x 1073
2005-489 289. 1.48 x 10° 1210. 9.85 6.03 x 10*' 771 x 10°2
2200+420 280. 1.71 x 108 2140. 8.65 1.01 x 10*?  1.12 x 10°?
2254+074 792. 4.82 x 108 560. 0.6 2.1x10% 143 %10

Table 3.1: Sources used in this chapter. Column 1 lists the names
of the sources and column 2 gives the distance used to derive the
luminosities from the fluxes. The black hole mass was calculated
from the velocity dispersion relation Merritt & Ferrarese (2001).
Column 4 and 5 give the measured radio and X-ray fluxes. For
the LLAGN sample we only list the radio luminosity as directly
taken from the original paper. The last two columns give the ra-
dio luminosity and the equivalent X-ray luminosity as described in
Eq. (3.7). This luminosity has also been corrected for the different
observed energy bands assuming a photon index of 1.6.
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3.3.4 Results
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FiGurE 3.4— Radio/X-ray correlation for XRBs with our AGN sample. We only extrapolate
the optical measurements of some AGN (FR I radio galaxies) to a corresponding monochro-
matic X-ray luminosity without a mass correction. For Sgr A* we show the quiescent and the
flare spectrum. The solid line is the analytically predicted non-linear radio/X-ray correlation
from the jet model, normalized for GX339-4. The supermassive black holes fall below the
extrapolation from the X-ray binaries.

In Figs. 3.4 to 3.7 we show the radio and X-ray luminosities of the sources
discussed above with various correction factors applied. Figure 3.4 shows the
uncorrected data, with only optical luminosities extrapolated to corresponding
X-ray luminosities. Clearly, the AGN fall well below the extrapolation of the
radio/X-ray correlation of X-ray binaries. In other terms: by simply increasing
the accretion rate in an X-ray binary one will never obtain the SED of an AGN.

In Fig. 3.5 we have included in the correlation the analytically predicted
mass scaling (Eq. 3.7) but not yet the correction of the Doppler factor for
BL Lacs. Surprisingly, with this simple scaling, all the source populations
seem to be scaled by just the right amount to fall more or less on the predicted
scaling with power from the XRBs with a relatively low scatter. This means
that in the parameter space of X-ray luminosity, radio luminosity, and black
hole mass, sub-Eddington black holes form a fundamental plane. It also sug-
gests, that the theoretically motivated and predicted scaling seems to hold for
stellar mass as well as supermassive black holes. We point out that two of
the outliers (NGC6500 and NGC1275) are known from high-resolution VLBI
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FIGURE 3.5— The same as Fig. 3.4 but for an equivalent X-ray luminosity, L}, which has been
individually corrected for the mass factor and scaled to the value the X-ray luminosity would
have for a central black hole of only 6 M, as in GX339-4 (see Eq. 3.7). Corrections for Doppler
factors have not been applied.
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FiGURE 3.6— The same as Fig. 3.5 but the radio and X-ray luminosities of BL Lac objects
have been corrected for Doppler boosting. As discussed in the text, this mainly moves BL Lacs
along the correlation and they now occupy the same region as FR Is — their parent population
within the inclination-based unified scheme.



3.3. The X-Ray/Radio Correlations 59

A (GX339-4

» Sgr A

| x LLAGN

A FRI e
45} © XBL
# RBL

50

407

Lg L'y / (erg/s)

35}

27.5 30 32.5 35 37.5 40 42.5
Lg Lz / (erg/s)

FiGure 3.7— Radio/X-ray correlation for XRBs and AGN, where the X-ray flux of all AGN
has been increased by a constant value of 107, corresponding to an average AGN mass of 3 x
10° M.

observations to have radio cores that are significantly affected by extended
emission (Falcke et al. 2000; Walker et al. 2000) and hence appear too bright
in the radio. The same may be true to some degree for FR Is in general, but
should be negligible for BL Lacs.

Figure 3.6 demonstrates the effect of a Doppler factor correction. As dis-
cussed in the previous section, the X-ray/radio-ratio is rather insensitive to the
Doppler factor and sources will mainly move along the correlation. In our
case the BL Lacs are pushed from the upper end of the correlation into the
regime where FR I radio galaxies lie. Given that BL Lacs are supposed to be
the beamed population of FR I radio galaxies within the inclination-based uni-
fied scheme, this seems to be an appropriate correction and provides further
support for that scheme.

Finally, in Fig. 3.7 we show the radio and X-ray luminosities, where the
X-ray flux has been corrected by a constant factor 107, thus ignoring the in-
dividual mass estimates. With this factor the radio/X-ray correlation can also
be continued to AGN. Scaling by 107 is identical to assuming a constant black
hole mass of =~ 3 x 10° M, for all objects. The black hole mass of FR I Ra-
dio Galaxies and BL Lac objects scatter around this value. LLAGN have an
average mass of somewhat less than 10° M, thus in comparison with Fig. 3.6,
the LLAGN have higher X-ray fluxes. The Galactic black hole (Sgr A*) has a
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mass of only 3 X 10 My, so the X-ray flux is increased too much and the X-ray
flare state — which may in fact contain the here crucial non-thermal power law
— lies above the extrapolation.

A better distinction of the mass effects might be possible with the inclu-
sion of more low mass AGN. Another conclusion is that, for example, a linear
dependency of the X-ray/radio-ratio with mass would not be appropriate and
over-correct the data.

3.4 Mass Estimates from the Radio/X-Ray Correlation

Having established the radio/X-ray correlation from XRBs to AGN, it is tempt-
ing to use this as a tool to obtain crucial parameters like the black hole
mass. Unlike many other possibilities to derive the black hole mass (like the
bulge/black hole mass relation) we only need two parameters, the flat spec-
trum radio flux and the X-ray flux. If we assume that the correlation is exactly
fulfilled we can derive the black hole mass from eq. (3.7). The result is shown
in Fig. 3.8.

If one includes all datapoints (XRBs and AGN) the correlation of both
mass estimations are correlated with a correlation coefficient of 0.95. Accord-
ing to a Student-T test the probability that such a correlation is random is less
then 0.05 percent. However, if one excludes the XRBs and SGR A* from
the sample, the correlation coefficient drops to 0.18 and the correlation is in-
significant as it is only a 1 o result. A thight correlation for AGN can not be
expected, as we have seen in Fig. 3.7 that the radio/X-ray correlation does not
look very differently if one assumes a constant mass for all AGN. The scatter
due to relativistic beaming or other effects is at least of comparable size as the
mass dependence within the ’small” range of AGN black hole masses consid-
ered here. A mass estimate through the radio/X-ray correlation for AGN is
therefore not very promising. But it will probably be possible to distinguish
between a stellar mass black hole of 10 M and an intermediate black hole of
10* M, or an AGN. The mass differences are in this case so large, that they
should be observable even with the unavoidable scatter. The method will be
used later on to analyze Ultra-luminous X-ray sources.

3.5 Conclusion and Discussion

We have suggested that black holes operating at sub-Eddington accretion rates
make a transition to a radiative inefficient state, where most of the emission is
largely dominated by the non-thermal emission of a jet (“JDAFs”). In this



3.5. Conclusion and Discussion 61

AGX339-4

10 eSgr A
*LLAGN

8t AFRI
OXBL

*RBL

Lg M/Msol corr
(@)

0 2 4 6 § 10 12
Lg M/Msol

FiGure 3.8— Black hole mass derived form the radio/X-ray correlation vrs. measured black
hole mass. The solid line denotes that both methods yield the same result.

picture the radiative output of sub-Eddington black holes is non-thermally
dominated, while near-Eddington black holes are thermally dominated. This
scheme allows one to unify the radiative properties of black holes over a large
range of accretion powers. At sub-Eddington accretion rates, the scaling be-
tween radio and optical or X-ray cores is then predicted to follow the scaling
laws outlined in Falcke & Biermann (1995) and Markoft et al. (2003). This
requires taking the black hole mass into account.

Near-Eddington black holes are presumably found in quasars, luminous
Seyfert galaxies, and soft-state X-ray binaries which are considered to be in
the high state. As pointed out elsewhere (Pounds et al. 1995; Maccarone et al.
2003) Narrow-Line Seyfert 1s may also be related to the very high state of
X-Ray binaries.

On the other hand, candidates for sub-Eddington black holes are XRBs in
the low-hard state, Sgr A*, LINERs, FR I radio galaxies, and BL Lac objects.
In terms of beaming and inclination-based unified schemes, which we do not
explicitly discuss but consider valid. It may be worth pointing out that ultra-
luminous X-ray sources might be low-mass analogs to BL Lacs and blazars as
discussed in the next section or (Koérding et al. 2002).

Using various samples of sub-Eddington black holes, we are able to show
that all these different types of sources seem to fall near the predicted radio/X-
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ray correlation, if the scaling with black hole mass is taken into account.

The crucial underlying assumption is that all these latter sources are in-
trinsically jet-dominated and have essentially the same SED in common: a
flat, optically thick radio spectrum and an optically thin power law beyond
a turn-over frequency. Shape and scaling of the SED needed to explain the
radio/X-ray correlation is just what one expects in a pure jet model and sup-
ports the notion of jet-dominated accretion flows (“JDAF”). On the other hand,
some form of radiative inefficient accretion flows/corona is also clearly needed
for this picture to work, since there is always a need for a power and matter
source for the outflow. It may be possible to adapt the scheme for a situation
where the X-ray emission is dominated by emission from optically thin accre-
tion flows, if their X-ray flux follows a similar non-linear scaling as predicted
in the jet case.

An interesting corollary for jets is that, in order to obtain the scaling with
mass, one has to assume that the region of the onset of particle acceleration
in the jet — producing the optically thin power law — is always around a fixed
location in mass-scaled units (~ 100 — 1000Ry).

With the large range of black hole powers and masses discovered the pro-
posed picture may warrant further investigation and detailed tests. If solidified
and further evolved it may help to predict the luminosity evolution of black
holes at various wavebands over many orders of magnitude.



Ultra-Luminous X-ray Sources

4.1 Introduction

Ultra-luminous X-ray sources are among the most widely discussed objects,
but their true nature is yet unknown. These objects have X-ray luminosities
around Lx ~ 103742 erg/s which seems too bright for normal black hole X-
Ray binaries (BHXRBs) but far dimmer than normal Active galactic nuclei
(AGN). The first hints to these intermediate-luminosity X-ray point sources
have been found in the 1980s (Fabbiano 1989; Colbert et al. 1995). ROSAT
and subsequent high resolution X-ray satellites confirmed these findings and
showed that these intriguing sources are often not in the centers of the galaxies
(Colbert & Mushotzky 1999; Roberts & Warwick 2000). More recent surveys
(see e.g., Colbert & Ptak 2002) find approximately one ULX in every five
galaxies confirming that ULXs are a common phenomenom.

The Eddington limit for an accreting object with mass M is Lggqq ~ 1.25 X
1038 Mﬁeerg s~!, which implies that these sources are super-Eddington for stellar
mass objects. Some ULXs show spectral transitions from a soft spectrum to
a hard power law and luminosity variability (e.g. Mizuno et al. 2001; Kubota
et al. 2001), ruling out supernova remnants and supporting the idea that ULXs
can be attributed to accreting black holes.

To achieve the observed X-ray luminosities with isotropically radiating ac-
cretion disks should require a population of intermediate-mass black holes
(IMBHs) of 50 — 500My. The existence of IMBHs would be extremely ex-
citing, as they could be the "'missing link’ between stellar mass black holes and
the supermassive black holes in the center of the galaxies (see e.g., Ebisuzaki
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et al. 2001). Such objects would have important implications for Cosmology
and arise in many theories on the collapse of primordial stars. There is also an
ongoing discussion whether the inner disk temperatures of ULXs are too high
for IMBHs, for high temperatures similar to the values found in XRBs (see
e.g., Colbert & Mushotzky 1999; Mizuno et al. 1999; Makishima et al. 2000).
However, recent XMM observations often find lower inner disk temperatures,
compatible with IMBHs, than earlier ASCA observations (see e.g. Miller et al.
2003).

While there is some evidence that a few of these objects might indeed be
intermediate mass black holes (IMBH, e.g., Strohmayer & Mushotzky 2003),
the creation and feeding mechanisms for black holes of this size are totally
unknown. The phenomenom seems to be connected to star formation, see e.g.,
the cartwheel galaxy (Gao et al. 2003). This galaxy would need hundreds to
thousands of IMBHs feeding from a yet unknown non-stellar mass reservoir or
the ULX phenomenom is connected to high mass XRBs (King 2004). Grimm
et al. (2002); Gilfanov (2004) show the existence of a universal X-ray lumi-
nosity function that may extend up to ULXs, if one takes the star forming rate
into account. There seems to be a dependence of the ULX abundance on the
galaxy type, especially dwarf galaxies host many nearby ULXs.

These problems with isotropic emission models have already been dis-
cussed by King et al. (2001), where the authors propose some form of
anisotropic emission as an alternative. A beaming factor of ten already re-
duces the required mass of the black holes to "normal” stellar values, but this
is difficult to achieve with pure disk models. In this thesis we suggest that
the spectrum of some XRBs could be explained by a coupled disk/jet model
(see also Markoff et al. 2001a), where some of the X-ray emission is pro-
duced by synchrotron and inverse-Compton radiation in a jet. This emission
would naturally be relativistically beamed. Mirabel & Rodriguez (1999) (see
also Reynolds et al. 1997) have pointed out that a number of nearby galax-
ies should host microblazars - microquasars with relativistically beamed jets
pointed towards the observer. In this chapter we will investigate whether such
populations of microblazars or intermediate mass black holes can indeed ex-
plain current data on ULXs and constrain the basic parameters required for
these models. This chapter is based on Kording et al. (2002). In the next chap-
ter we will explore if these potential microblazars also show compact radio
emission like Blazars.
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4.2 Simple Models
4.2.1 The Jet/Disk Model

As discussed in chapter 1 & 3, black hole XRBs can exist in several states, the
two most distinct of which are a high/soft state where the observed spectrum
is soft and thermally-dominated, and a low/hard state dominated by a non-
thermal hard power law spectrum (e.g. Nowak 1995). Which state an XRB
is in seems to depend on the accretion rate. One scenario for the evolution of
XRBs is that the inner part of the accretion disk consists of an optically thin,
advection-dominated accretion flow (ADAF) existing up to a transition radius
where the accretion flow turns into a standard (Shakura & Sunyaev 1973) opti-
cally thick disk (Esin et al. 1997). The low/hard state seems to be accompanied
by persistent radio jets with optically thick synchrotron emission extending up
to the optical and near-infrared (Fender 2001). Synchrotron and inverse Comp-
ton emission from the jet could also be produced in the X-rays for low/hard and
high/soft states (Markoff et al. 2001a; Markoff et al. 2001b).

For a self-consistent population synthesis model, we will have to take the
jet and the disk separately into account. For simplicity we make some assump-
tions in order to calculate the relative importance of the two processes for the
overall distribution of XRBs. These are:

e We only consider two main populations: neutron stars of mass 1.4M
and black holes within a mass range of 5-15 My, where we fix the
amount of active black holes ( > 5 x 103%erg s7!) to 13% of the number
of active neutron stars (e.g. Tanaka & Lewin 1995).

e While the spectral states are defined only for black holes, for simplicity
we apply them also to neutron stars, and consider only the low/hard and
soft/high states.

e The probability that a given XRB has the accretion rate M is given by
W(M) ~ M¢ which we assume as a power law with a cutoff representing
the Eddington limit.

o The distribution of accretion rates and basic jet parameters are assumed
to be identical for neutrons stars and black holes.

e Soft X-ray emission is produced by an isotropically radiating disk and a
relativistically beamed jet as discussed below.



66 4.2. Simple Models

The crucial point for a simple population synthesis model including jet
emission is how a specific accretion rate translates into an X-ray luminosity.
Here we assume that the transition between the low and the high state happens
at a critical accretion rate M and the luminosities scale as follows: above M¢
the disk luminosity increases linearly with M as expected for a standard ac-
cretion disk. Below M, the disk luminosity increases with M? as expected
for optically thin ADAFs (Narayan & Yi 1995; for a constant @-parameter).
Assuming that the jet power scales linearly with M, the optically thin jet syn-
chrotron emission will scale roughly as Ly jer o« M'® (chapter 2 & 3). In the
original paper Kording et al. (2002) we have assumed that the optically thin
emission scales roughly like the optically thick jet emission, which scales with
M'#. This difference will not play an important role for the predicted ULXs
population, as we will see below. At high accretion rates the scaling must
break down when a significant fraction of the jet power is radiated away. In
this phase we assume that the radiated power can only increase linearly with jet
power (see Sect. 2.5.4). In the jet model of Markoft et al. (2001a) and Markoff
et al. (2001b) this happens in the high state, roughly at M > Mc, where the jet
is inverse-Compton cooled (radiating soft X-rays) by scattered photons from
the accretion disk or a yet unknown mechanism for quenching the jet. How-
ever, since models for the contribution of jets to the high state of XRBs are not
yet very well developed, we simply fix the luminosity of the jet at Lje; = 17jLaisk
at M¢, where nj is a free parameter.

Hence, we use the following simple parameterization for the soft X-ray
luminosity of accretion disk and jet:

M o . .
e|==|Mc* if M < Mc¢

Laie = (ﬂgc) . o
eMc” if Mc < M < Mggq

. ,0.8
UJG(MMC) Mc? if M < M¢

Liw = . . o
njeMc* if Mc < M < Mgaa

“.1

In the following we set the radiative efficiency of the standard accretion disk
to the canonical value of € = 0.1. For a given mass M the parameter Mggyq has
been chosen such that the luminosity of the disk and the jet integrated over all
angles is equal to Lggg. For simplicity, the mass distribution of black holes is
given by dN/dM = V(M) =const.

For a bulk Lorentz factor of the jet of y; > 1 the jet emission depends
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on the angle to the line of sight as given by Lind & Blandford (1985). If
the emission in the rest frame of the jet follows a power-law with spectral
index «, the observed emission is proportional to §2*%, where the Doppler
factor 6 = m. The probability of seeing an object with an emission
exceeding L when in the rest frame the jet emits L, is:

P(L. Lioe) = 1’%/3 [(L%)_ _ 1]

where Ly = 6°7%(® = 0)Lj,. is the maximum possible emission. To derive
this we only consider the jet component pointing towards us and then integrate
over all inclination angles. Since we only discuss jets with y; > 2, the emission
of the counter-jet is largely negligible.

With this parameterization, the contribution of a single population of XRBs
at a given accretion rate and mass has three parameters (y;, Mc, 1;), which
are reasonably well constrained by the underlying models. Observations of
microquasars show that the typical Lorentz factors are in the range y; ~ 2 -5
(Mirabel & Rodriguez 1999; Fender et al. 1999). The typical values for the
critical accretion rate discussed in the literature are around M¢ ~ 0.1 (Narayan
& Yi 1995) and we keep this parameter fixed. The jet efficiency can in principle
be fairly high, but probably n; < 0.3 (Falcke & Biermann 1995 & 1999).

At high accretion rates, the jets emits a factor 7; less radiation in its rest
frame compared to the disk, but beaming will lead to an amplification of the
jet with respect to the disk for small inclination angles. Beaming is strongest
for sources whose jets point within the beaming cone with half-opening angle
of 1/vy; towards the observer. For example, already y; = 3 will beam the jet
component in a fraction of 5.5% of the binaries by a factor of 20. This is
more than enough to make up for the less efficient emission mechanism. For
Y = 5 a fraction of 2% binaries are beamed by a factor of 77. Therefore, in
the low-luminosity regime (<< en; Mc) jets should dominate (because of low
radiative efficiency of ADAFs), and again dominate in the super-Eddington
regime due to beaming. In the intermediate regime up to Lggq, the disk will be
more prominent.

Now we can calculate a synthetic log N - log L distribution for our model.
The emission from the disk and the jet is described by Eq. (4.1). To reach a
given luminosity L, only the difference L — Lgisx has to be reached by the jet
due to boosting. The estimated number of sources with a luminosity greater
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than L is given by:
NIy = Y N; f dM f AMV(MYW (M) -
i=N.B
P(L - Lgis(M), Liet(M)) 4.2)

where the sum goes over the two populations.

4.2.2 The Disk-Only Model

Of course, with the model discussed above we can also investigate the alterna-
tive scenario, that the soft X-ray emission originates only from the accretion
disk, by setting n; = 0. In this case we have to leave the upper end of the black
hole mass distribution and its power law index as a free parameter to obtain
the high luminosities observed, and we have dN/dM = V(M) o« M¢.

With the isotropic disk emission the estimated number of sources with a
luminosity greater than L is given by:

N(L) = Z N; f am f AMV(MYW M) -
i=N,B
O(L — Lgisk(M)) 4.3)

where O is the usual step-function.

4.3 Data

To put meaningful constraints on a beaming model it is essential to compare
the low-luminosity (un-beamed) parent population with the high-luminosity
(beamed) population. However, the published X-ray population of a sin-
gle galaxy has only marginal statistics in the high-luminosity regime. To
get a more general X-ray population in the low-luminosity regime up to
~ 5 x 10®erg/s, we combine data from the galaxies M101, M31 and M82
(Pence et al. 2001; Di Stefano et al. 2002; Griffiths et al. 2000). These are
three close (D < 10 Mpc) galaxies with good published Chandra data. To get
better statistics at higher luminosities, we used the luminosity function com-
piled by Roberts & Warwick (2000) from ROSAT data of 49 spiral galaxies
from the XHFS-sample. The host galaxy types are spiral with the exception of
the irregular M82. However this does not seem to make a significant difference
(see Fig. 4.1).
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To avoid incompleteness near the detection limit, for each data set we
only use X-ray sources with a luminosity of ten times the respective detection
threshold. Chandra has a different bandpass (0.3-10 keV) than ROSAT (0.1-
2.2 keV), so we extrapolated the ROSAT-luminosities to the 2-8 keV band.
If the photon index is not fitted directly we used a common powerlaw with
I'ph = 1.7. In some cases different values for Ny were used which we did not
correct. According to Di Stefano et al. (Di Stefano et al. 2002), variations of
Ny = 0.6 — 1.5 x 10*! /em? and 'y, = 1.2 — 2 give differences in luminosity
of about 20% which are not really significant in the log(N)-log(S) plots shown
here and should be statistically distributed (for ROSAT data the differences are
higher).

As a reference galaxy we take M 101, to which we scale the populations
of the other galaxies (i.e., the total number of sources in the overlapping lumi-
nosity bins). Combining these data sets assumes that the overall shape of the
luminosity distribution is roughly universal, which has been shown by Grimm
et al. (2002); Gilfanov (2004). Clearly, the overall number of XRBs in each
galaxy can depend strongly on the age of recent star formation, but the average
slope of the luminosity function should be less sensitive to this. Since M82 is
irregular and has a much higher star forming rate than M101 or M31, we also
show the data excluding M82, which is not significantly different.

To calculate errors we assume a standard deviation from the ’general popu-
lation’ of VN where N is the number of detected sources, and use normal error
propagation. Because we are showing a cumulative distribution, the errors for
each point are not independent.

4.4 Results

To compare our simple model with the data we evaluate the integrals in Eqgs.
(4.2 & 4.3) numerically. The absolute normalization and the parameter &,
which are entirely free, have been fit to the data at L, < 10erg s™!. We
obtain a best-fit value of the accretion rate index & = 1.4 (note that the Iumi-
nosity scales as M? in this regime). As we only model neutron stars and black
holes, the model fits could be affected at lower luminosities by other source
populations like accreting white dwarfs and supernova remnants.

Fig. 4.1 shows the result for our best-fit jet/disk model which requires y; =
5 and n; = 0.3, for the combined data set discussed above. Additional to
the XHFS sample we show recent chandra detections of ULXs by Swartz &
Tennant (2003). Those new results are in agreement with the older sample.
The Eddington limit for black holes (limited to M < 15M) and neutron stars
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FiGURE 4.1— Comparison of our model of the luminosity function with the data. The parame-
tersare y; =5,n = 0.3, M¢ = 0.1, £ = 1.4. Also shown are the individual contributions of the
disk and the jet for neutron stars and black holes.

shows up as breaks at the respective luminosities, and jets with y; = 5 are
able to produce emission up to 10*’erg s~! in significant numbers. The model
is most sensitive to yj and n;. Because the high luminosity domain depends
linearly on n; while its dependence on y; goes as 7j2'7, a slight decrease of
¥ can be compensated by an increase of 7; and vice versa. For y; = 5.8 or
¥ = 7.5 we can find n; = 0.2 or p; = 0.1, but the fit gets progressively worse at
higher Lorentz factors. Demanding n; < 0.3 for the radiative efficiency of the
jet sets a lower limit for y; 2 5.

For the disk-only model, the sensitive parameters are the power law in-
dices of the accretion rate and the mass distribution of the black holes. To fit
the data, a mass distribution index of =~ 2 is needed. The index of the ac-
cretion rate is the same as before (1.4), because the lower luminosities in the
jet/disk model are also dominated by the disk. To explain the most luminous
sources, the upper end of the black hole mass distribution must be extended
at least up to 1000 M. The results of the fit are shown in Fig. 4.2. For the
lower luminosities the neutron stars dominate the luminosity function, while
the black holes dominate at higher luminosities.

In Fig. 4.3 we show the contributions from low and the high state objects
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FiGURE 4.2— Model with intermediate-mass black holes up to 1000M,, and a mass distribution
with power law index ¢ = 2.

separately. The ULX population is mainly created by beamed emission from
high state objects. Thus, the explanation for ULXs due to beamed emission
depends on the strength of the jet for very strongly accreting objects. For
high state objects one usually finds no visible jet, in the very high state the
jet often reappears (GRS1915+105: Mirabel et al. 1997). The jet emission
from low/hard state objects does not contribute significantly to the overall XRB
population for high luminosities (> 10*8erg/sec). This finding also shows that
the difference between the jet scaling for the low state used in Kording et al.
(2002) and the scaling with M'® does not alter the conclusions of the paper.

4.5 Summary and Discussion

Using two very simple models for the evolution of XRBs, we calculate the lu-
minosity distribution of X-ray point sources in nearby galaxies. We consider a
jet/disk model based on Falcke & Biermann (1999) and Markoff et al. (2001a),
which can give rise to relativistically beamed emission from microblazars. Al-
ternatively we also consider a purely isotropically radiating disk model.

Both models can in principle reproduce a combined luminosity function
compiled from X-ray point source catalogs of three close galaxies and the
XHEFS spiral galaxy sample. However, as expected, the isotropic disk model
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FiGure 4.3— Contribution of the Low and the High state. This plot has been created using a
jet scaling in the low/hard state of M'#.

requires a mass distribution of black holes extending out to 1000M, to explain
the ULXs. On the other hand, a relativistic jet/disk model can fit the data with
stellar mass black holes, if X-ray emitting jets with Lorentz factors y; ~ 5 are
present in XRBs. In addition, a fraction of n; = 10 — 30% of the total soft
X-ray emission has to come from the jet rather than the accretion disk for an
un-beamed XRB in the high state. This requires rather powerful jets but is
not completely unreasonable. If only a fraction of the XRBs have relativistic
jets, a slightly higher Lorentz factor or jet efficiency is needed. Boosting a 10
mly Galactic XRB by a factor ~ 102 (for v ~ 5) and placing it at D ~ 3Mpc
would yield only a faint 10 uJy source and make radio detections difficult. The
possibility of radio detections will be further discussed in the next chapter.
With the current statistics it is not possible to distinguish between the two
different models, but it seems that microblazars provide at least a sensible alter-
native to the often discussed intermediate mass black hole scenario. Monitor-
ing the spectral variability of the most luminous sources and further developing
the XRB jet model should eventually help to disentangle the two scenarios.



Radio Observations of ULXSs

5.1 Introduction

In the previous chapter we have shown that the ULX phenomenon can — at least
partially — be explained by emission from relativistic jets (microblazars). Be-
sides this, other explanations have been proposed: anisotropic emission (King
et al. 2001), and super-Eddington accretion flows (Abramowicz et al. 1988;
King 2004). One possibility to distinguish between the microblazar model and
the other possibilities is the detection of compact, luminous radio cores at the
positions of ULXs. If the jets also emit in the radio regime like XRBs in the
hard state (Markoff et al. 2001a) or the very high state (see e.g., GRS 1915 Ro-
driguez et al. 1995), the radio emission is also boosted and may be observable.
This chapter is based on Kording, Colbert, & Falcke (2004, in prep).

XRBs in the very high state are probably the nearest sources to ULXs in
our galaxy, of those GRS 1915+105 can be seen as the prototype of a very
high state object. GRS 19154105 shows bright radio flares of 1.5 Jy while
the quiescent value is approximately 130 mJy (Rodriguez et al. 1995). An
other highly variable XRB is Cyg X-3. While this source is also found in
the low and high state, it shows major radio flares with a flux increase of a
factor 10-100 on a time scale of a day which lasts for days or weeks (Ogley
et al. 2001). Therefore, it has to be expected that also ULXs could be radio
transients. These relativistically boosted radio flares could be detectable with
the VLA. In addition, these observations can be used to estimate the number of
radio flares created in a galaxy. Such estimates are important for the design of
new digital radio telescopes such as LOFAR or the SKA, as they could easily
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search for transients due to their multi-beam capabilities.

In this chapter we describe a systematic search for steady state radio emis-
sion or radio flares of a well defined sample of ULXs. In Sect. 2 we present
our observation scheme and show our results in the next section. The theoreti-
cal implications are discussed in Sect. 4. Our conclusions are given in Sect. 5.
Finally we discuss the low luminosity AGN NGC 4736 in the appendix of this
chapter.

5.2 Observations
5.2.1 Sample Selection

The Chandra catalog of ULXs, created with the same pipline as the Colbert
& Ptak (2002) ROSAT catalog, contains all ULXs (> 1039 erg/sec) found in
the public Chandra and ROSAT data at the time when the observations where
proposed. In order to find a sample, which is as unbiased as possible, we
selected all sources of the catalog with DEC > —20° and restricted the distance
to be <5.5 Mpc. The distance limit was mainly used to reduce the sample size.
A low distance also helps to give low limits on the total emitted radio power
of the sources. This selection results in nine ULXs in seven fields of views
(FOVs): M33, NGC 2403, M82 (3 ULXs), NGC 4736 (2 bright point sources,
one may be the nucleus), NGC 5204, and two fields in NGC 5457 which is also
known as M101. The positions of the ULXs are shown in Table 5.1. Besides
MS82, which is classified as dwarf/irregular, all other host galaxies are spirals.

5.2.2 Observing Scheme

The goal of these observations is the search for radio flares and continuous
emission of ULXs. The seven selected fields were observed eight times for
approximately four hours between June and October 2003 with the VLA. This
results in 34 minutes per source and epoch including the calibration scans. Af-
ter the last epoch the data of all epochs was combined to give deep observations
to search for continuous emission. To avoid confusion the observations where
obtained when the VLA was in A or B configuration.

The optimal receivers at the VLA to search for weak, flat spectrum point
sources are the X-band receivers. They are more sensitive than the C and U
Band receivers in the VLA, so they are preferable for a detection as long as the
spectrum is flatter than a spectral index of 0.4. We expect that the ULXs have
flat or even inverted spectrum which could be detectable if they are beamed.
Thus, we typically observed at 8.4 GHz using the maximal bandwidth of 50
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TABLE 5.1— Positions of the observed ULXs and their 2-10 keV X-ray Luminosities. In the
fields with only one ULX, the radio observations have been pointed at the ULX. In M82 the
center of the field was on the second source (M82-D), in field of NGC 4736 was centered at the
middle of both sources.

Name RA DEC Lum. [ZE]
M33 0133509 +303938.00 1.04x10%
NGC2403 0736255 +653540.00 1.73x10%
M82-A 09:55:51.03  +69:40:45.13 6.4 x 10%
M82-D 09:55:50.15  +69:40:46.48 3.33 x 10
MS82-F 09:55:46.59  +69:40:40.94 1.25 x 10
NGC 4736-1 125053.1 +410713.30 9.36 x 1038
NGC4736-2 125053.3 +4107 14.00 1.34 x 10%°
NGC 5204 132938.6 +582505.60 2.34x10%
NGC 5457-1 1403324 +542103.00 1.61x10%
NGC 5457-2 1404 143 +542603.80 1.45x10%

MHz. Due to the distribution of the right ascension of our sources we have to
observe them in two time slots, for the exact dates see Table 5.2.

As we are searching for very weak radio emission, we obtained phase-
referenced observations. For all sources VLA phase-calibrators could be found
within 10°, typically within 5° of the target source. The cycle time between
calibrator and source was approximately 7 minutes. The phase correction be-
tween subsequent calibrator scans was mostly below 40° on the longest base-
lines, while the phase corrections on the shorter baselines are normally below
10°. Therefore, the phase calibrated images should only be degraded by a few
percent due to phase errors. Amplitude calibration has been done using either
3C286 or 3C48. The phase-calibrated data has then been imaged with natu-
ral weighting to achieve the maximal sensitivity. In each epoch every source
was observed for approximately 21 minutes, excluding phase and amplitude
calibrator observations.

For M82 we have also reanalyzed archival data from Kronberg & Sramek
(1985), as they have reported a radio flare of 7.07 mJy in M82. Intriguingly,
the position of the flare is near the brightest ULX in this galaxy. This flare was
observed with the VLA in A-configuration using C-band receivers.
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TaBLE 5.2— Observing Dates of the different Epochs. In the first time slot we observe M33,
NGC 2403, M82, and NGC 4736, in the second NGC 4736, NGC 5204, and the two FOVs in

NGC 5457.
Epoch First Slot Second Slot Configuration

1 2 June 4 Jun A

2 3 July 3 July A

3 28 July 5 July A

4 18 Aug 17 Aug A

5 7 Sep 30 Aug A or AnB

6 15. Sep 15. Sep AnB

7 03 Oct 07 Oct AnB

8 16 Oct 18 Oct B

TaBLE 5.3— RMS flux values for the different FOVs. Besides the RMS of each epoch we give
the RMS value for map of the combined dataset. All values are given in uJy.

Epoch 1 2 3 4 5 6 7 8 comb

M33 37 36 37 37 60 41 71 54 17
2403 31 30 32 31 59 38 45 37 13
N545711 33 32 31 35 35 39 77 46 14
N545712 32 32 34 37 33 35 75 34 13
N5204 35 33 31 35 34 37 51 38 13

N4736 45 47 49 55 45 61 63 62 21
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5.3 Observational Results
5.3.1 Error Limits

The root mean square (rms) flux values of the observed sources have been
calculated from natural weighted maps. For fields with detected sources the
largest possible rectangular field excluding the source has been used to calcu-
late the rms. The theoretical rms value for a 21 minute observation is, accord-
ing to the VLA Observational Status Summary (Taylor et al. 2004), 31 wJy.
The rms flux values of the individual epochs and fields are shown in Table 5.3.
In a single epoch the typical observed rms is about 35 pJy. If one combines
all epochs the rms goes down to ~ 15uly, while the theoretical limit is 11 ulJy.
To be able to interprete the radio images we have to ask when is a peak in the
map significant. Chandra has a point spread function (PSF) of approximately
one arc-second. Wrobel et al. (2001) report that astrometric error for phase
referenced VLA observations (A-configuration) compared to the International
Celestial Reference Frame as established by VLBI (Ma et al. 1998) is less than
10 mas for the X-band. The astrometric uncertainty of the VLA is therefore
negligible compared to the Chandra position errors.

We know the positions of the ULXs with the accuracy of Chandra, which
is approximately one arc-second. During the first five epochs the VLA was
in A configuration and our beam width was ~ 240 mas. The PSF of Chandra
is covered by 24 beams. The probability that we detect a random peak in 24
independent beams is given by the error function. Under the assumption that
these 24 beams are indeed independent, the chance that there is a random 3
o peak at the position of a given ULX is 6 %, the chance of a 4 o peak 0.15
%. We can therefore only accept peaks at the positions of the ULXs, if they
exceed 4 o. To search for other radio flares in the whole map we have to
increase the 4 o limit. We typically map 50” by 50”, which corresponds to
roughly 14000 ’independent’ beams, so there will usually be one 4 o peak in
the map. Therefore point sources without known positions are not believable
unless they have a higher signal-to-noise than ~ 5c.

5.3.2 Non-Detections

There are no significant detections found in M33, NGC 2403, and NGC 5204
in the individual epochs or the full data with a signal to noise higher than 4
within 17 of the ULX Chandra X-ray position.

In NGC 2403 we found in the fourth epoch a peak in the map at RA 07 36
25.49 DEC 65 35 39.78 with a flux of 137 pJy which is a 4.4 sigma detection.
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FiGURE 5.1— Map of M82 in the X-rays. The registered X-ray positions are shown in red,
radio detections in green and the flare in white.

The VLA position coincides with the ULX position within the accuracy of
Chandra. However, the emission seems to originate only from a short time
period (5 of 21 minutes). If these times are omitted, the peak in the map
vanishes. Some XRBs show such short time radio variability (Ogley et al.
2001). No second short flare was seen in our data. So, it is not possible to
confirm such a short flare, especially as the significance is only marginally.
We therefore do not consider this emission as a detection of a flare.

5.3.3 MB82

In the starbursting galaxie M82 many super nova remnants (SNRs) have been
found (see e.g., Kronberg & Wilkinson 1975). It also show diffuse radio emis-
sion increasing the achievable rms. The longer baselines are less contaminated
by this emission, so we only use baselines exceeding 100 kA. The rms values
for a single epoch is still far from the theoretical value: ~ 0.2 mly.

The Chandra positions of the bright X-ray point sources have been ob-
tained by registering the positions of the ULXs in different epochs, and the
position of the detection with the highest signal to noise have been used. See
table 5.4 for the X-ray positions and Fig. 5.1 for a X-ray map. The sources A
and D are the well known ULXs (Matsumoto et al. 2001).

The FOV was centered at the ULX D of table 5.4. Thus, the bright X-
ray point source F is 18.8” away from the phase tracking center. As we are
observing in continuum mode, our sensitivy is already reduced for this ULX
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due to bandwidth smearing. The distance corresponds to 72 beam widths, thus,
the peak flux will be reduced by 5% (Taylor et al. 2004). We have not detected
this ULX.

The brightest radio SNR in the FOV (09:55:50.69, +69:40:43.76) is in
agreement with the position of a bright X-ray point source (C). The radio and
X-ray positions coincide, there does not seem to be a shift in the Chandra and
VLA astrometry.

Near the ULX D we have detected a known SNR with a continuum flux of
2 mly in all epochs. As expected, the flux of the source is stable during the
8 epochs within 1o of the rms. It has a distance of 0.58” to the ULX, well in
agreement with the Chandra position.

For the ULX A we find two possible radio counterparts as shown in table
5.4. Both sources are stable and are also visible in the older observations by
Kronberg & Sramek (1985). Thus, they are probably also SNR.

Besides the SNR near the reported positions of the ULXs we have not
found any flare in M82. However, Kronberg & Sramek (1985) found a 7.07
mly near the brightest ULX in M82. We have reanalyzed their data for direct
comparison with our results. The positsion of the flare is RA 09:55:50.2 DEC
69:40:45.96, which is 0.98” away from the Chandra position of the ULX. It is
already visible in the phase-referenced images. In our maps is the flux of the
flaring source slightly higher: = 9 mlJy, while the brightest SNR at this time
(RA 09:55:50.69 DEC 69:40:43.7) has a flux of 105 mJy (108 mJy in Kronberg
& Sramek 1985). The flare is stable throughout the 7 hour observation, and is
also visible if one divides the observation into 1 hour blocks.

NGC 4736

During all epochs we detect a double source similar to the map shown in
Fig. 5.2. Their separation is about 17, which corresponds to 20 pc at the galaxy
for a distance of 4.3 Mpc. The position of the stronger source coincides with
the position of the LLAGN reported by Nagar et al. (2002) and is in agreement
with the Chandra position of the first strong X-ray point source in this galaxy
(see table 5.1). The other point source has not been detected. As one of the
two X-ray sources is probably the nucleus, we assume that the stronger radio
source of the two (source A) is the nucleus, while the other radio source is of
unknown nature. As this double structure is probably not related with the ULX
phenomenom we will discuss the findings in the appendix A.
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TABLE 5.4— Radio detections near detected X-ray point sources in M82

Name X-ray Position Radio F. Dist.
Radio Position [mJy] arcsec
A 09:55:51.03, +69:40:45.13
09:55:50.95, +69:40:45.34 1.9 0.44
09:55:50.82, +69:40:44.65 1.6 1.15
B 09:55:51.29, +69:40:43.90
09:55:51.29, +69:40:44.27 1.3 0.37
09:55:51.22, +69:40:44.46 1.3 0.66
C 09:55:50.70, +69:40:43.78
09:55:50.69, +69:40:43.76  12.3 0.02
09:55:50.39, +69:40:44.25 1.5 0.56
09:55:50.82, +69:40:44.65 1.6 0.87
D 09:55:50.15,469:40:46.48
Flare 09:55:50.19, +69:40:45.96 9.0 0.52
09:55:50.05, +69:40:4591 1.8 0.58
E 09:55:51.48, +69:40:36.03
F 09:55:46.59, +69:40:40.94
G 09:55:46.71, +69:40:37.87
H 09:55:47.48, +69:40:59.64
I 09:55:53.43, +69:41:01.98

NGC 5457 (M101)

In the galaxy NGC 5457, which is also known as M101, we detect a 4.2 o
peak at the position RA 14 04 14.21 DEC 54 26 02.64 in the second FOV. This
flux peak is 1.4” away from the Chandra position of the ULX. This distance
is larger than the typical position accuracy of Chandra, but it is still possible
that it is connected to the ULX. However, besides this peak there is an other
similar maximum another arcsecond away, and both maxima are found on a
lobe of enhanced flux. As the flux peak is just marginally significant and 1.4”
away from the ULX position, it is unlikely that this flux peak is real emission
from the ULX. Besides this, we do not detect significant (> 40-) radio emission
from the ULXs in the individual epochs or the combined data. In the combined
maps of both fields of view we find emission at a 5 o level, which is not at the
positions of the ULXs. In the first field we find a source with position RA 14
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FIGURE 5.2— The double source in NGC 4736. The upper source is called source B and the
lower and stronger source is called A.

03 31.31 DEC 54 21 14.93, which has a flux of 92.3 uJy (6.5 o). At the same
position is a 40 peak in the eighth epoch. If one excludes this epoch from the
map the source is still visible but has a reduced flux of 72.9 uJy. In the second
FOV in NGC 5457 there seems to be a double source at RA 14 04 14.32 DEC
5426 09.42 (57.318 pJy) and RA 14 04 14.25 DEC 54 26 09.38 (60.512 wJy).
Both sources are 5o detections. The nature of these sources is unknown. They
could either be SNR in the galaxy itself or background sources.

5.4 Theoretical Interpretations

5.4.1 Flares

The nearest known Galactic cousins of ULXs are the highly accreting black
hole XRBs. XRBs in the low hard or the high state are highly variable in
the radio and X-ray regime (c.f., van der Klis 1989). The radio flux can vary
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by a few hundred percent, for example Cyg X-1 has a typical 15 GHz radio
flux of approximately 10 mJy and reaches up to 30 mJy (Pottschmidt et al.
2003). As already mentioned in the introduction stronger accreting objects
like GRS 1915+105 or Cyg X-3 show more violent flares of a factor 10 to 100.
During these flares GRS 1915+105 reaches 1.5 Jy (Rodriguez et al. 1995) and
Cyg X-3 goes up to more than 15 Jy (Watanabe et al. 1994), while the ’steady’
state emission is around 100 mJy for both sources. The brighter radio bursts
of Cyg X-3 may be due to a higher Doppler factor, as the inclination of this
source is only 14° (Mioduszewski et al. 2001). GRS 1915+105 on the other
hand is seen nearly edge on (angle to the line of sight: 66°) (Rodriguez et al.
1995).

One possibility to estimate the luminosities of flares one could expect from
beamed emission of ULXs is by taking the transients GRS 1915+105 and Cyg
X-3 as an example. The average distance of our ULXs is approximately 4.6
Mpc. GRS 1915+105 has a distance of 11 kpc (Fender et al. 1999) while Cyg
X-3is 9 kpc away (Predehl et al. 2000). Without any relativistic beaming these
sources would have a flux of 8.5 uJy and 57 uJy, which is below our detection
limit. However, already a mild beaming factor of 20 for GRS 1915 or an
additional factor of 3 for Cyg X-3 would bring the flares into our detection
limit (0.15 mJy). As GRS 1915 is seen with an inclination angle of 66°, its
Doppler factor will be around one. Thus, a beaming factor of 20 can be reached
with a moderate Lorentz factor of I' = 3 (Lind & Blandford 1985), if the jet
points roughly at the observer (inclination angle < 15°). The Doppler factor of
Cyg X-3 is uncertain, as the observed luminosity is probably already beamed.
But an additional factor of 3 is easy to obtain if the jet is pointing directly to
the observer. If the ULXs are flaring in radio we should be able to detect the
beamed radio flares.

We have not found a single significant flare for all our sources in the mon-
itoring campaign. In the individual epochs our 40 sensitivity is on the average
0.15 mly.

The distance of M33 is around 0.84 Mpc (Freedman et al. 1991). Besides
this nearby galaxie all other observed galaxies have distances in the range from
3.6 Mpc to 5.4 Mpc. Thus, the detection limits of flares will only vary by a
factor of two for those galaxies. For the average distance of 4.6 Mpc the upper
limit on the radio power S, of flares is 3.8 x 107 W/Hz. This corresponds to a
5 GHz radio luminosity (vS,) of 1.9 x 10** erg/sec assuming a flat spectrum.
For M33, however, the limit is reduced to a radio power of 1.1 x 10'® W/Hz
and a radio luminosity of 5.7 x 103 erg/sec.
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The nondetection may be due to the unknown time scales of the flares in
ULXs. We observed our sources once or twice a month. If the time scale of a
radio flare is only a day, we are strongly under-sampling the radio light-curve.
The time scale of the boosted flares is unclear and depends on the physical
process creating the flare. If the flare is created inside the jet, e.g., similar
to the shock in jet models used for blazars (see e.g., Marscher & Gear 1985)
, the observed time scale of the flare will be reduced by the Lorentz factor.
For I ~ 5 the time scale could be as short as a few hours. However, it will
be extremely bright, even a few mlJys are possible. On the other hand, if the
flare is created by enhanced injection of material into the jet by the disk for an
extended time, the observed time scale will be the same as the intrinsic one.

The fact that we have not found a single flare in all our epochs can be
translated to an upper limit for the probability that an average ULXs of our
sample has a flare brighter than 3.8 x 10'7 W/Hz, which should be detectable.
If we assume that the probability that an ULXs is flaring at a given time is
similar for all observed ULXs, and one flare is uncorrelated to earlier or later
flares, the flares should be Poisson distributed. The probability distribution
describing how many events we detect given the probability of a detection is

exp A"

P m) = =,

where A denotes the expectation value of the distribution and n is the number
of events.

For this study we have to exclude M82 as the rms in the M82 maps is
much higher than in the other fields. The other six fields have been observed
for eight times which yields 48 samples. Let p denote the upper bound of the
duty cycle of the ULX. Thus, it is an upper limit for the probability that one
ULX flares at a given moment. p has to be chosen, such that we should have
almost certainly detected at least one event if the probability that a given ULX
flares is p. Here p will be chosen such that we should detect one or more flares
with a probability of 95%. This leads to

n=oco

0.95= )" P@A8p,n) = 1 —exp™*¥,

n=1

This results in p = 0.06, i.e. the duty cycle of radio flares exceeding our
detection threshold in ULXs is < 6%. The expectation value for the number of
flares is 2.9, our detection of no flares is in agreement with this value ata 5 %



84 5.4. Theoretical Interpretations

level.

If we know the time scale of a typical flare in an ULX we can convert the
upper limit of the flaring probability to an upper limit of the number of flares
a ULX can have in a year. Let 6fpae denote an average length of a flare. As
the radio flares of GRS 1915 have a time scale of days, we will use dtpjare = 2
days as a reference. Thus, the upper limit of the probability to detect a flare
in a single observation corresponds to an upper limit of 11 g’d‘:—;‘;‘: radio flares
per year. This upper limit is still higher than the number of bright flares in
GRS 1915+105.

Besides looking for radio emission from ULXs we can use these observa-
tions to derive upper limits on the amount of radio transients happening in a
galaxy. Our galaxies have an average distance around 4.6 Mpc and we mapped
an area of 517, this results in an observed area of 1.3 kpc?. We are searching
for radio flares from unknown sources, therefore, it is also not known which is
the quantity correlating with the number of flares. While for ULXs the star for-
mation rate might be a good quantity it could simply be the number of stars or
black holes for an other class of flaring objects. As we are observing a couple
of small fields in different galaxies, it is very hard to derive the exact number
of observed solar masses or even the observed star formation rate. As most of
our observed galaxies (besides M82, which we exclude) are non starbursting
galaxies, the star formation rate per solar mass will be of the same order of
magnitude. In order to get a rough estimate how much mass we have actually
observed, we assume a similar mass density as in our Galactic neighborhood.
In our Galactic neighborhood the mass density of the disk is of the order of
200 M, per pc?. Therefore one field of view observes a mass of approximately
3 x 108 My. Thus, we expect less than 0.2 flares in a single observation of
10° Mo.

5.4.2 Background Sources

We have detected continuous radio sources only inside NGC 5457 (excluding
MS82). In all other fields there were no background sources visible. However,
we only map an area of 517 x 51”. According to the FIRST radio survey
(Becker et al. 2003) there is approximately one radio source per 40 square-arc-
minutes. Our observations have a better resolution (0.2 compared to 5”) and a
four times better rms (37 uJy to 150 mJy). Our detection count in this survey is
therefore two detection (NGC 5457) in 4.5 square-arc-minutes. Slightly higher
source counts have to be expected especially as the sources could be within the
observed galaxie. So the non-detections of background sources in most fields
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are in agreement with the density of background sources.

5.4.3 Steady State Emission

In M82 two of the three reported Chandra ULXSs positions are in agreement
with the positions of radio SNR. For all other galaxies we have not detected
any continuous emission near the ULXs. The upper flux limit for the observed
sources is ~ 60uly (40). For the steady state emission ULXs should lie on the
radio/X-ray correlation (Falcke et al. 2004; Merloni et al. 2003) for XRBs and
AGN. Simple jet scaling (Falcke et al. 2004) predicts that the X-ray and radio
emission are correlated and scale according to:

Ly o LM% (5.1)

where Lx and Lg denote the X-ray and radio luminosities. The exact value of
the exponents depends on the spectral indices of the radio and X-ray emission.
In Fig. 5.3 we plot the 3-9 keV X-ray luminosity against the 5 GHz radio lu-
minosity. The radio luminosity is always calculated assuming a flat spectrum,
1.e., it is defined as L3y GHz = 5GHzS 5 GHz where S 5 GHz denotes the radio
power at 5 GHz. The Chandra X-ray luminosities are corrected for the differ-
ent energy band assuming a photon index of 1.6. Besides a sample of low hard
state XRB (GX339-4, V404 Cyg, XTE J1118+480, 4U 1543-47, GS 1354-64)
we show the two XRBs used to extrapolate to the expected radio flare lumi-
nosities: GRS1915 and Cyg X-3. The datapoints have been taken from Gallo
et al. (2003). The brightest 1.5 Jy flares of GRS1915 are not included in the
plot. Additionally we present a sample of AGN consisting of low luminosity
AGN, FR-I radio galaxies (Fanaroff & Riley 1974), and radio and X-ray se-
lected BL Lac objects. This figure is similar to Fig. 3 in Falcke et al. (2004).
Furthermore, we show the theoretical radio/X-ray scaling for Black holes of
different black hole masses.

A strict radio/X-ray correlation will only be valid for the steady state emis-
sion of low/hard state, jet-dominated sources. For high state objects the radio
emission will be quenched (see, e.g., Maccarone et al. 2003). Thus, we can not
expect that the correlation holds for the flares of the transient sources. Those
flaring sources are only included for comparison.

The empirical correlation can be used to compare the upper limits (40)
of this radio monitoring campaign with the expectations. The radio flux of
high or very high state objects may be reduced compared to the low/hard state
objects. The correlation gives an upper bound for the expected radio flux. Only
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FiGURE 5.3— The upper limits of the ULXs in respect to the XRB and AGN population. The
lines correspond to different black hole masses. From Top to bottom 6, 6x102, 6x10°, 6x10° M.
The left ULX radio detection represents NGC 5408, while the right is the flare in M82. The
correlation should not hold for fares, it is just plotted for comparison. Thus, as GRS 1915 and
Cyg X-3 are both radio transients, they are not expected to follow the correlation.

the upper limit for M33 is close to the value expected from the correlation
for stellar mass black holes. All other upper limit are far above the expected
radio flux from microblazars with stellar mass black holes. The non-detections
are in agreement with beamed or unbeamed radio emission from stellar or
intermediate mass black holes < 10°M,,.

5.4.4 Other Radio Detections of ULXs

Up to now there are two radio detections mentioned in the literature, here we
discuss their interpretation within the microblazar model. Kaaret et al. (2003)
have detected radio emission from an ULX with an X-ray luminosity 1.1x 104
erg/sec in NGC 5408. They find a 4.8-GHz radio flux of 0.26 + 0.04 mJy and
give an upper limit for the X-band flux of 0.12 mJy (3 o). The spectral index
is therefore larger than @ > 1.0. We would expect that the radio cores of
microblazars have a flat to inverted spectrum, by far flatter than the observed
steep spectrum. As we have the radio and X-ray luminosity we can use the
radio/X-ray correlation to compare the ULX in NGC 5408 with XRBs and
AGN. The source seems to be too radio loud for a stellar mass black hole,
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as shown in Fig. 5.3. Under the assumption that the source should lie on the
correlation, we can derive a mass for the object of ~ 500My. Otherwise, the
observed emission could be explained by a flare, or by extended emission like
a radio supernova.

Kronberg & Sramek (1985) found a 7.07 mJy flare in M82, which we also
confirmed by reanalyzing their data. The flare position is within the errors of
the brightest ULX in M82 which has up to 9 x 10*° erg/sec. This flare is bright
compared with GRS 1915, which we expect to show boosted 0.4 mJy flares.
However, the value does not seem to be unrealistic for a major flare and the
uncertainty of the flux estimate. Up to now no second event has been reported,
even though M82 has been frequently observed. Thus, these events seem to
be extremely rare. For comparison we have also shown the flare in Fig. 5.3.
However, the radio/X-ray correlation is only valid for steady state emission.

5.5 Conclusions

We have monitored nine ULXs during five months with the VLA. Our limiting
sensitivity of the individual epochs is around 0.15 mJy (rms ~ 36uly), with
the exception of M82. We have not found any significant flare in the sample.
Unfortunately the expected time scales of the radio flares are very uncertain.
If they last only a few days, we are heavily under-sampling the light-curve.
However, we can give an upper bound of 6% for the probability to find a flare
in a given observation of an ULXs. This translates to an upper bound of 11
%HT;’;S flares per year with a time scale dtqare. This is much more than observed
for example in GRS 1915. Thus this monitoring campaign can not rule out or
strengthen the idea of relativistically beamed flares in ULXSs.

The search for flares has lead to the detection of a flux peak within the
uncertainties of the position of the ULX in NGC 2403 at a significance of
4.4 o. As this peak originates from only a 5 minutes interval and is not seen
in the rest of the scan, we do not consider this as a detected flare. We have
reconfirmed the 7 mly flare near the brightest ULX in M82 in archival data
from Kronberg & Sramek (1985).

We have detected a yet unreported variable double source in NGC 4736.
As the positions of the stronger source coincides with the position of the
nucleus of the LLAGN as reported in Nagar et al. (2002), we assume that
this double source is probably connected to the LLAGN and not to the phe-
nomenom of ULXs.

The search for continuous emission from ULXs was only successful for
MS&2. Here two SNR could be associated with ULXs. However, it has be shown
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that the current upper limits are in agreement with the radio/X-ray correlation
even if the sources are radio loud. The search for a radio loud ULXs is there-
fore still open and detections will be extremely hard for current telescopes.
Therefore, the investigations of these intriguing sources have to continue.

5.6 Appendix: The LLAGN in NGC 4736

As we have already mentioned in Sect. 5.3.3, we have detected a double source
in NGC 4736 show in Fig. 5.2. One of these sources is stronger (2.2-1.2 mlJy,
source A) and variable while the other source seems slightly extended and is
fairly stable in flux (1 mJy, source B). The positions are RA 12 50 53.08 DEC
41 07 13.00 and RA 12 50 53.03 DEC 41 07 13.61 respectively. The peak
fluxes and the ratio of the two sources is shown in Table 5.5, for a light-curve
of the peak fluxes see Fig. 5.4. Due to the low fluxes of both sources it is not
possible to self-calibrate the data itself. The fluxes can therefore be reduced
by phase errors. They can furthermore be changed by amplitude calibration.
However, the flux-ratio of the two sources should be independent of these ef-
fects. In the radio the variability can also be seen, it varies between 2 and 1.2
on a time scale of months as also shown in the table. We therefore conclude,
that at least the stronger source A is variable. This indicates that source A
is a compact object, probably the nucleus of the low-luminosity AGN. It has
the position that was previously published by Nagar et al. (2002). Source B
is not mentioned in earlier publications, but Nagar et al. (2002) rms value was
significantly higher (0.34 mJy). We have reanalyzed their data, and detect a 4
o peak at the position of source B (1.4 mJy). Source B was therefore already
visible in March 1998.

For the discussion of the other source we have to consider that the array
configuration of the VLA changed between the epochs five and eight from A-
configuration to B-configuration, increasing the beam size from 260 mas to
840 mas. Extended emission will therefore contribute more to later epochs
than to the first. This explains the increasing peak fluxes of the source 2 from
1 mJy to 1.7 mJy in the last epochs. The effect that the peak flux increases with
the beam-size can be seen if one uses a uvtaper of 400 kA, which roughly dou-
bles the beam-diameter. The peak flux increases from 1.1 to 1.3 mJy in epoch
one. The extension of source B is also visible in the difference between the
peak and the integrated flux. For source A these two values are usually similar,
while for source B the integrated value is higher by approximately 30 %. It is
puzzling that the integrated fluxes are more variable (1.1 — 1.8 mJy) than the
peak fluxes. We checked that this effect is not due to phase errors, epoch one
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FiGURE 5.4— Light-curve of NGC 4736. Note that the VLA array configuration changed from
A to B during the last epochs.

and two have phase jumps between successive calibrator scans of less then 40°,
usually less than 10°. This would result in only a few (< 6%) amplitude loss.
One problem of the integrated flux is that the integration boxes are small, as
both point sources are less than an arc-second away. Another possibility could
be that source B is barely resolved, small changes in the beam size and the
atmosphere could than lead to the observed variability. An extended (> 200
mas) source which is variable on time scales of months at a distance of 4 Mpc
is not possible, as its size would be larger than 5 pc. However, there could be
a compact substructure in the second source which is varying.

During the last epoch we also obtained a C-band map of NGC 4736. As the
VLA was already in B-configuration the two sources could not be separated.
Both sources combined give a peak flux of 4.1 mJy and an integrated flux of
7.3 mly.

To check the spectrum of the two sources we have also obtained U-band
images during the last epoch. Source A has a peak and integrated flux flux of
1.7 mJy. The weaker source two has a peak flux of 1.1 mJy and 0.95 mJy inte-
grated flux. The missing integrated flux is probably due to the small integration
box around the peak needed to avoid source A. The diameter of the beam was
480 mas. We have reanalyzed the old data from Mar 1998 to check for the
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second source. Both peaks are visible in the map with fluxes of 2.235 mJy and
1.403 mJy respectively. However, the rms was 0.34 mJy making accurate flux
measurements impossible.

We can not compare the U-band flux directly to the X-band flux, as the
beam size of the X-band observations is about twice the U-band beam size. As
the flux of the second source is roughly constant during the first epochs, we
compare the U-band flux with the last epoch in A-configuration and taper the
data to get a beam-size of 480 mas. The flux of the second source increases to
1.41 mJy. This results in a spectral index between 15 and 8.4 GHz of @ = 0.42.

No other low-luminosity AGN (LLAGN) in 2 cm survey of Nagar et al.
(2002) shows such a double structure. The nature of the second source is
unknown. It could either be a hotspot or a jet feature of the LLAGN. However
the spectral index is fairly flat, thus the hotspot has to be self-absorbed. If
this source would be observed at a greater distance and the two components
unresolved, the spectrum would peak at a few GHz, as source A has a flat
spectrum. This source could therefore be a close-up of a GHz peak source
(GPS). An other explanation is that inside the extended emission there is a
compact flat spectrum source. If confirmed, this would be spectacular as this
could either be a second nucleus or the radio core of an ultra-luminous X-ray
source. Thus, this double source could be the nucleus of the galaxy together
with a microblazar, a double nucleus or the nearest GPS source.

TABLE 5.5— Radio flux and beam size of the double source in NGC 4736

Julian Date Peak 1 Integ. 1 Peak2 Integ.2 RatioPeak Beam size

[(mJy] [mJy] [mJy] [mly] [mas]
59524 2.25 2.1 1.13 1.4 2.0 251
59540 1.45 1.7 1.23 1.8 1.2 279
59562 1.36 1.4 1.04 1.3 1.3 261
59585 1.30 1.3 0.81 1.1 1.6 268
59598 1.91 2.0 1.10 1.7 1.7 260
59614 1.50 1.6 1.04 1.3 1.4 414
59636 1.72 1.44 1.2 504

59647 1.82 1.69 1.1 827




Short Time Variability of XRBs

6.1 Introduction

Up to now we have tested the jet model by looking at the spectra (chapter 3)
and the phenomenom of relativistic beaming (chapter 4). However, to con-
strain the models and physical parameters of accreting black holes it is impor-
tant to access all observable quantities. Besides the spectra the variability is of
high importance as it can reveal information about the central engine and its
dynamics. In this chapter we will check, whether the variability is in agreement
with our jet model. The arguments in this chapter have also been published in
Kording & Falcke (2004).

Strong variability is a common phenomenom for XRBs (see e.g., van der
Klis 1989). The jet/synchrotron model (see chapter 2) predicts a rigid power
law that can only vary in amplitude and in spectral index. Variability in Comp-
tonization models can lead to a power law X-ray spectrum as well (see e.g.,
Kylafis & Klimis 1987). Here we will investigate whether the short term vari-
ability of active black holes can be explained with a rigid pivoting power law
model. We will concentrate on BHXRBs as detailed light-curves are available,
but applications to AGN are as well possible.

Usually BHXRBs appear in two distinct states: the hard state (low flux lev-
els accompanied with a hard power law spectrum) and the soft-state (normally
higher flux and a soft X-ray spectrum, see e.g., van der Klis 1994). In the hard-
state a relativistic jet can usually been seen in radio observations (e.g., Fender
2001). We will focus our studies on the hard state, where the X-ray spectrum
is dominated by a power law.

91
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A BHXRB in the hard state shows significant short time (0.1-100 Hz) vari-
ability with a root mean square (rms) around 20% (see e.g., van der Klis 1995).
It is therefore possible to make a detailed statistical analysis of the observed
light curves. The light curves at different photon energies are well correlated
as the cross-correlation function peaks nearly at unity. Furthermore, the co-
herence function (Vaughan & Nowak 1997) is nearly unity for a wide range
of Fourier frequencies. However, one often observes hard lags, e.g. the hard
photons lag behind the soft photons up to a few milliseconds (e.g., see Nolan
et al. 1981, Miyamoto & Kitamoto 1989, Miyamoto et al. 1991, or Pottschmidt
et al. 2000, for a definition of phase lags see below, Eq. 6.13). The existence of
hard lags has been explained using Comptonization models. Soft photons will
be repeatedly up-scattered in a large corona, as the harder photons need more
inverse Compton processes to reach their energy this results in hard lags. For
studies using coronae see e.g., Miyamoto et al. (1991), Nowak et al. (1999),
Malzac & Jourdain (2000), Poutanen (2002), or Bottcher et al. (2003). As al-
ready noted by these authors, this explanation has the problem that one needs
huge coronae and the Fourier frequency dependence of the X-ray time lags
cannot be reproduced.

Additionally the observed auto-correlation is not reproduced well (see e.g.,
Maccarone et al. 2000). A different approach has been made by Kotov et al.
(2001), where the authors explain the phase lags with the response of the ac-
cretion disk to perturbations and present a short discussion of the effects of a
pivoting power law.

By the term pivoting power law we mean that the X-ray spectrum at dif-
ferent times can always be described by a power law, which only varies in the
power law index and the overall intensity. We mostly consider the case where
the amplitude and the power law index are correlated.

The idea of a pivoting power law model arises from recent theoretical and
observational results. The spectrum of BHXRBs can be well described us-
ing a coupled jet/accretion disk model (see Markoft et al. 2001a). Here the
disk (possibly a optically thin accretion disk, e.g., such as ADAFs and related
solutions, Narayan & Yi 1995, plus a standard disk) is only visible as an addi-
tional component in the UV, while the flat spectrum at radio and optical wave-
length and the power law in the X-rays is created by synchrotron and inverse
Compton emission from the jet. In particular, the hard X-ray power law is
explained as optically thin synchrotron emission from a single region at a few
hundred Schwarzschild radii from the black hole. The power law index de-
pends on plasma parameters (e.g., electron temperature, adiabatic index), and
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may therefore respond to changes of the jet power and the accretion rate. As
the total intensity depends on these parameters as well, the flux and the power
law index should be correlated. The jet/synchrotron model therefore suggests
that the X-ray emission behaves like a pivoting power law.

Within the jet/disk picture of chapter 1 - 3, TeV Blazars like Mrk 421 or
Fanaroft-Riley class I radio galaxies (Fanaroff & Riley 1974, the unbeamed
parent population of BL Lacs within the unified scheme, Urry & Padovani
1995b) show many features of BHXRBs in the low/hard state, namely a dom-
ination of the spectral energy distribution by jet emission. Mrk 421, for ex-
ample, shows hard lags and a positive hardness/flux correlation (Zhang 2002).
The hardness seems to show a hysteresis effect, e.g. the power law index seems
to respond slightly after the variation of the total intensity. If BHXRBs also
have a power law from their jets, a similar pivoting power law could play an
important role. Hard lags and positive or negative hardness-flux correlations
have also been found in Seyferts and other AGN (see e.g., Chiang et al. 2000
or Lamer et al. 2003).

A pivoting power law may also be applicable for Comptonization models.
Analyzing long term variability (timescales of days) of BHXRBs Zdziarski
et al. (2003) suggest the existence of a pivoting power law with a pivot point
around 50 keV and explains the behavior using Comptonization in a corona.
They find a negative correlation between flux and hardness. These long term
variations arise probably from a different source of variability (e.g., the accre-
tion rate or an other unknown parameter, see Homan et al. 2001) than the short
term variations studied here (maybe created by magnetohydrodynamic insta-
bilities, see Psaltis & Norman 2002, or other unknown sources). Thus, it is yet
unclear if such a correlation holds for fast variations and the true hard state.

In this chapter we will analyze in a general way the effects of a pivot-
ing power law model, where the power law index is correlated with the flux.
We calculate the effect on the phase lags and the auto- and cross-correlation
functions, and present a Monte Carlo simulation of the coherence function. In
addition to the work by Kotov et al. (2001), who also discussed the possibil-
ity that the power law index is directly correlated with the flux, we include a
response time for the change of the power law index as a function of intensity.

In Sect. 2 we describe our parameterization and model. With these defini-
tions we derive a general analytic solution for phase lags and cross-correlation
functions for a pivoting power law in Sect. 3. In Sect. 4 the analytic result is
compared with a Monte Carlo simulation. In the last two sections we discuss
our model in the context of data from Cygnus X-1 and present our conclusions.
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6.2 Parameterization of the Pivoting Power Law Model

As we try to calculate the time lags with an analytical approximation it is
important to parameterize our pivoting power law model around a reference
photon energy €y near the observed energies. Let the flux S of our source be a
function of photon energy € and time ¢

—a+f(1)
) , 6.1

S(e.1) = A(D) (i
€
where « represents the constant part of the spectral index while £(f) accounts
for the variations. The function A(¢) describes the flux at the reference energy
€. As we will consider the case that A(¢) and 3(¢) are correlated, the reference
energy € will not be the pivot point defined by the minimum of the rms.
If the changes in spectral index are small and we are observing photon en-
ergies near the reference energy (In (E—EO) B(t) < 1) we can expand the equation

S(e,1) = A(t) (E—EO)_ (1 + B In (E—EO)) (6.2)

and find in Fourier space, denoted by S':

S(e,w) = (E—Z)_ (A(w) + BA(w) 1n(6—2)) 6.3)

As we are interested in phase lags, depending on the coherence features of
A(?), it is inappropriate to use red noise for the light curve. Information on the
coherence of the light curve can be guessed from the power spectral density
(PSD) defined as PSD(w) = A*(w)A(w), where the star denotes complex con-
jugation. We note that the PSD of many BHXRBs can be well described by a
sum of a few broad Lorentzians

PSD(w) = ) Pu, k,0,®), (6.4)
with
Py o 0,(@) R, O 6.5)
r.0(W) = , .
ok Qs w? + 40 (w - w;)?
where one Lorentzian can be centered around w = 0 (see Nowak 2000,

Pottschmidt et al. 2003, or Belloni et al. 2002). This definition of a Lorentzian
follows Belloni et al. (2002). The quality factor Q is a measure of the full width
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half maximum (FWHM) Q = s—my- The normalization factor R describes
the amplitude of the Lorentzian. It is connected to the total rms amplitude as

-l(— .
s = Ry - 20200 66
2 r

(see e.g., Pottschmidt et al. 2003). Lorentzians usually arise from damped os-
cillating systems, for example they are used to describe the spectral shape of
a laser. The quality factor Q describes how strong the oscillator is damped, a
high Q denotes a nearly undamped system with a strongly peaked PSD, while
a low value for Q yields a highly damped system with an asymmetric, weakly
peaked PSD. Usually around four Lorentzians with a quality factors Q < 1 are
needed to fit the PSD of XRBs in the low/hard state. As the origin of these
broad Lorentzians is still unknown we assume that each Lorentzian is created
by a strongly damped oscillator excited at random times. For example, these
oscillators could be due to excitations at different locations on the accretion
disk with a Fourier frequency defined by the Keplerian rotation that may or
may not be transfered into the jet. Other possible explanations include magne-
tohydrodynamic instabilities (Psaltis & Norman 2002) or jet precession.

To simplify the discussion we first look at only one broad Lorentzian cen-
tered around wg. We assume that the variability is created by a damped oscil-
lator. To generate our light-curve we use a simple shot noise model (for shot
noise models see e.g., Terrell 1972, Lochner et al. 1991 or Negoro et al. 2001).
Let us first assume that the light curve of the BHXRB can be described as F(¢),
if this oscillator has only been excited at ¢+ = O with a unit excitation. The over-
all light curve will be a superposition of many excitations at random times and
amplitudes. If A; describes the amplitude of the excitation at the time #; we can
write

A() = Apc + ) AiF(t—1), 6.7)

where Apc describes the constant offset of the flux. The amplitudes A; and
the excitation times ¢; are random variables. We choose the normalization of
F(t) such that (1?) = 1. Using this process we create a light curve that has the
observed PSD and the coherence properties given by the oscillator.

It is unclear whether such simple shot noise models can describe the light-
curves of XRBs (see e.g., Lochner et al. 1991). However, we have to disentan-
gle the contributions of the different broad Lorentzians to apply our model, so
it is very hard to test a pivoting power law model using observed light curves.
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Shot noise is therefore one of the best possibilities to create artificial light
curves available. Furthermore, this approach enables us to give an analytic
solution for the phase lags and the cross-correlation function. We discuss be-
low the effect of different coherence properties. The main result is likely to be
independent of the shot noise assumption.

Transfered into Fourier-space we find

A(w) = Apcd(w) + Z LF (w)e (6.8)

The PSD of a complex damped oscillator is a Lorentzian, but as we are in-
terested in real solutions for the light curve we have to use a linear combination
of the real and the imaginary part of the damped complex oscillator. The two
fundamental real solutions are the instantaneously excited oscillator (cosine)

F(w) = % (Fh + ﬁ_) 6.9)
and :
Fy(w) = o (ﬁ+ - ﬁ_) (6.10)

the sine combination, where H, = wong— % is the Fourier transform of the

complex oscillator with frequency w = +wg. We note that the spectral form
of the cosine combination F, declines with w2 like the Lorentzian, while the
sine term drops with w™.

Given the light curve A(f) we have to choose a physical response of the
power law index (). Whatever model one uses for the X-ray emission (Comp-
tonization or jet model) the spectral index depends on physical properties near
the accreting object. It is therefore likely that 3(¢) will respond to changes of
the accretion rate. As the region of emission has a characteristic size, 8 may
not follow A(¢) directly, but may respond a bit later. It is also possible that the
emission mechanism has a response time itself (e.g., for the jet model how fast
is the particle acceleration mechanism responding). We will take this into ac-
count by introducing a response time 7. The first order approximation of 5 will
therefore depend linearly on A(z — 7). We assume that 7 will be a small fraction
(a) of the period of the center frequency of the Lorentzian, i.e. 7 = a2n/wg
withO <a < 1.

The first order approximation form of § and the simplest form with the
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described properties is
B(1) = yAac(t = 1), (6.11)

where the subscript AC marks the contributions to the light curve from the
damped oscillators. The constant part of a variable will be marked with a
subscript DC throughout this chapter. In the case of a positive hardness/flux
correlation, as seen in Mrk 421 and other Blazars, the parameter 7y is positive.
For a negative correlation, seen in long timescale variablity of some BHXRBs,
one has to use y < 0. For illustrative purposes we first use a positive hard-
ness/flux correlation (y > 0) in our calculations and discuss the other case in a
separate subsection.

In Fourier representation one finds for 8
Bw) = ye“TAnc(@)D(w), (6.12)

where we included an additional damping factor D(w). It should take into
account the damping of the system creating the power law, i.e. if w is too
big, the oscillations are so fast that they average out, and the power law index
—a + B(t) does not change anymore.

6.3 Analytic Results

6.3.1 Definition and Energy Dependence of Phase Lags

The phase lag measures the phase change (corresponding to a time delay) be-
tween the light curves at two photon energies in phase space. The Fourier
phase lag ¢(w) is defined as the argument of the average cross power spectrum

d(w) = arg (S (e1, w)*S (2, W)) 6.13)

see e.g., Nowak et al. (1999). The Fourier phase lag can be translated to time
lags by dividing through w. The time lags have a simple interpretation in the
time domain, as they measure the time difference between an outburst at two
different photon energies at a given Fourier frequency. To calculate the phase
lag from a light-curve we start from

_ 3[$@.wSe.w)
sing = — — .
1S (€1, WIS (&2, w)I

(6.14)

Using the linear approximation (Eq. 6.8) the phase lag can be evaluated
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analytically (see also Kotov et al. 2001):

g [[A* + (BA)*In (‘0)][A +(BA)In (j—z)]]

*A

m|_

sin ¢

Q

>

g|A*(BA)
M 2. (6.15)
A*A €]

X

So, if A*(EZ) has a nonzero imaginary part, the phase lag will vary with In € as
seen in the observations of BHXRBs. The photon energy dependence of the
phase lag is therefore independent of the response 3(f) of the power law index,
but the overall magnitude and the pase lag dependence on Fourier frequency w
depends on the choice of £.

6.3.2 Fourier Frequency Dependence of the Phase Lag

To derive the phase lag we start with Eq. (6.15). In our linear approxima-
tion the only unknown component is the Fourier transform of SA. Using the
convolution theorem and the Fourier transform of 8 from Eq. (6.12) we get:

—_—

BA

Y f e“TAnc(W)A(w — W)D(W)dw'

y f e TArc(w)Apc(w - )D(w)de’
+yApcAac(w)D(w)e". (6.16)

For the case D(w) = 1 it is possible to give an analytic calculation of the
phase lag. The calculation is described in Appendix 6.7 and we just give the
result for an instantaneously excited oscillator:

3
sing = yIn Q(ADC sin(tw) + Wy (€™ i (a)))) : (6.17)
€l (%)

where f(w) is given in the appendix. The A denote the random excitation
power of the oscillators. It is important to note that the calculations show that
one can treat each excitation of the oscillator separately — the contributions of

different excitations average out.
The first term in Eq. (6.17) is the result of the pivoting power law acting
on the constant flux, while the second term represents the 3pivoting power law

)

acting on the pulse itself. So the second term depends on @ and will therefore
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FIiGURE 6.1— Phase lag dependence on the Fourier frequency. The solid line represents the
analytic approximation, the dots are the results of a Monte Carlo simulation. The deviation of
the Monte Carlo simulation at lower frequencies is a numerical effect.

vanish if the A are distributed symmetrically around zero. In that case only the
first term will contribute in that order of the perturbation series, but higher
orders can be nonzero.

The behavior of the phase lag is illustrated in Fig. 6.1 (solid line). For
small wt the phase lags increase linearly with frequency. This means that the
time lags are constant for small frequencies. Once wt ~ 7, the phase lags start
to oscillate. If 7 is of the order of 3)_7(: this will happen roughly at w > wy.

The result that the phase lag starts to oscillate is at least partly due to our
deterministic law of a fixed look-back time 7. A more realistic approach would
be that 7 is itself a random variable, e.g., Gaussian distributed around a mean
value. As the sine is linear for wt < 1 the phase lags for low Fourier frequen-
cies will not change. However, for wt R 1 the contributions to the phase lags
for different 7 will average out. The oscillation will be further reduced as the
PSD of a real system is described by several Lorentzians, i.e. for w > wq a
second Lorentzian will dominate the first one. It is therefore likely that one
will never observe the oscillating part of the phase lag.

To take the probably statistical nature of 7 and additional damping of the
response of the power law into account, we choose a damping term D(w) # 1,

2
for example D(w) = e_é(“_o) , which will cut off the phase lags at a given fre-
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quency. With an appropriately chosen damping the phase lag will not oscillate
but stay at zero for higher Fourier frequencies.

Hence, we conclude that the phase lag in the case 7 > 0 can be approxi-
mated by

sin ¢ ~ v sin(wt)D(w) In ? (6.18)
1

and is independent of the exact shape of the pulses. We find hard lags for a
positive hardness flux correlation and a positive look-back time. If one changes
the parameters, e.g., negative hardness flux correlation and positive look-back
times, soft lags can be obtained.

We can now verify that our simplification made in Eq. (6.7) was appropri-
ate. We assumed that all excitations are identical and only vary in amplitude
and excitation time. In a real system each excitation will have a different shape.
But as the contributions to the phase lags from different excitations average out,
each pulse contributes as if there are no other excitations (the sum in Eq. 6.29
only runs over the diagonal part). The overall phase lag will be the average
of all pulses or the phase lag of an average shaped pulse. In the zeroth order
approximation the coherence does not play a role for the phase lags (as long
as there is a constant flux component). Thus the shot noise assumption is not
a crucial ingredient for the model. The important assumption is only that the
PSD can be decomposed into different Lorentzians, which do not interact with
each other.

In the case that the power law index responds instantly to a change in
the accretion rate, the first term of Eq. (6.17) will vanish and the phase lag
depends to first order in 7y linearly on (13). The lags would therefore vanish in
the case of a symmetric distribution of the A (many systems show asymmetric
excitations, for one example see Spruit & Kanbach 2002). Furthermore, they
depend strongly on the linear combination used for the pulse shape. The lags
created by the sine and cosine term are shown in Fig. 6.2. Nevertheless, if the
power law index I’ is varying by AI' ~ 0.2, as will be used here later on, the
phase lags due to the pivoting power law will contribute significantly to the
observed phase lags. The sign of the lag changes with frequency as mentioned
by Kotov et al. (2001), who evaluated an instantly changing power law for a
real light curve.

6.3.3 Cross-Correlation Function

The phase lags depend only on the phase of the Fourier-transform and contain
no information on the amplitude. To gain information also on the amplitudes
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Ficure 6.2— Difference between the sine and cosine part. The magnitude of the sine lags
(dashed) have been magnified by a factor of ten.

we consider the auto-correlation and cross-correlation functions. The cross-
correlation function is defined as:

Cle, e,7) = f(S (€1,1) = (S (e1)))
S(e,t+7)—(S(e))) dr.

(6.19)

We have chosen the signs such that the cross-correlation function between a
lower and a higher photon energy peaks to the right if we observe hard lags.
Expressed in Fourier-space we find:

Cle, e,7) = f S ac(er, w)"S ac(, w)e ™ dw. (6.20)

If we insert the expanded expression (6.3) for S (e, w) and only consider terms
up to O(y?) we find:

Cle, &,7) = f A% cAncdw+ f (A"BAlne, +BA Aln el)AC e “Tdw. (6.21)

For simplicity we have set the reference energy €y = 1.

The first component of the integrand represents the auto-correlation func-
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tion of the light curve at the reference energy:

f AZCAACe_Mda) = f Z/lfl:" 2(w)e T = P(3). (6.22)
i

The second component takes a longer calculation using the results for ,EZ
of Appendix 6.7 and is described in Appendix 6.8. With the function S(r, T)
defined in the Appendix we find for the cross-correlation function

Cle,6,7)=P@)+y(nePE—-17)+IneP(T+71) 6.23)
+ IneS(r,7) + Ing S(t, 7)) . )

As described in the Appendix S peaks at T = 7 and decays faster than P(T).

Whether the auto-correlation function has a steeper peak for higher photon
energies € depends on the parameters. While the terms in the first line of
Eq. (6.23) makes the auto-correlation function broader for higher energies (~
log €) the terms in the second line have the opposite effect. For small Q and 7
the peak is steeper for higher photon energies while for larger values of T and
Q the opposite effect is found.

If the excitations of the oscillator are symmetric, i.e. (A3 = 0, S vanishes,
and only higher order terms contribute to the cross-correlation function. The
feature that the cross-correlation function can have a steeper component for
higher energies remains in this case as seen in the Monte Carlo simulation.

A numerical evaluation of the cross correlation function with a damping
factor of unity is shown in Fig. (6.3). The calculated auto-correlation func-
tion is, for the parameters used, steeper for higher energy photons. The cross-
correlation function between two energies lies in between and is slightly asym-
metric. It is important to note that whether the auto-correlation function is
steeper for higher photon energies depends strongly on the parameters, e.g.
the look-back time 7.

If one includes a damping factor D(w) that damps higher frequencies in
the response of the power law index, the light curve itself will have less power
in high Fourier frequencies for higher energies. Therefore the auto-correlation
function will have a flatter peak for higher energies than without a damping
factor. The effect described above (steeper auto-correlation function for higher
energies due to the S-term) and the effect of the damping factor can cancel
each other partly.
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FIGURE 6.3— Numerical evaluation of the calculated cross-correlation function for one
Lorentzian only. solid line: low energy auto-correlation function. dashed: higher energy ;
dotted: Cross-correlation function

6.3.4 Negative Correlation of Hardness and Flux

In the previous sections we have considered a pivoting power law model with
a positive hardness flux correlation (y > 0) and a positive look-back time 7.
However Zdziarski et al. (2003) observed a negative hardness flux correlation
and a pivot point around 50 keV for Cyg X-1 in long term variablity (timescale
of days). On shorter timescales Li et al. (1999) and Feng et al. (1999) report
a negative correlation as well. Therefore a negative correlation can also be
present on the short timescales discussed here. A negative hardness/flux cor-
relation (y < 0) and a positive look-back time (7 > 0) leads to soft lags. Soft
lags have for example been observed in X-ray burst oscillations (Ford 1999).
However, the observed lags are approximately 1 rad, much larger than the lags
discussed here. So this effect may be due to other mechanisms.

In order to create hard lags with a negative hardness/flux correlation (y <
0) one has to use negative look-back times 7. This means that the power law
index is changed slightly before the flux changes. Now the pivot point defined
by the rms is at higher photon energies as the reference frequency €. If ¢ ~
3 keV pivot points around 50 keV can be reached. In this case two signs
are changed in Eq. (6.18) resulting in hard lags as in the case of vy > 0. If
one changes the sign of T we have to consider that the analytic behavior of
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Eq. (6.16) changes as well. The first term of the phase lag (sin ¢ ~ y sin(wr))
is the same for negative and positive correlation. However, the second term
does not depend on Je'“" as before (Eq. 6.34, see Appendix 6.7). We find
instead

sing = yln?(ADCsin(‘rw)+< S(fg(w))) (6.24)
1

(4%
where f, is a rational function in w. If the constant flux Apc dominates the
overall flux the non oscillating second term will only be a minor correction.
The phase lag from a pivoting power law with negative look-back times T and
negative correlation will therefore yield similar phase lags as before.

Even though the second term of the phase lags has a different structure, the
auto-correlation function has the same analytic structure as in the case 7 > 0
(Eq. 6.23). Only the function S has to be changed. As y is now negative,
the first line of Eq. (6.23) already yields a steeper auto-correlation function
for higher photon energies €. As the second line depends on 7y as well, it can
broaden the auto-correlation function. Which one of these effects dominates
depends on the parameters used. Compared to the case with a positive hardness
flux correlation, the auto-correlation function has a steeper decline for small
values of T (see Fig. 6.4) and a slower one for larger 7.

In summary, the two cases positive hardness/flux correlation and positive
look-back time and the case with a negative hardness/flux correlation and a
negative look-back time have similar hard phase lags. Only the parameters
have to be adjusted somewhat differently. However, while in the first case
the auto-correlation function is flatter for small lags and steepens for larger
lags, the opposite effect happens in the other case. With appropriately cho-
sen parameters both possibilities seem to be able to reproduce the qualitative
behavior seen in the observations of Cyg X-1 by Maccarone et al. (2000).

6.4 Monte Carlo Simulations

The analytic results have used a linear approximation for the response of the
power law. For observations near the reference photon energy E—ED < 1 and
small responses of the power law index y <« 1 this approximation will be
valid. However, as one often observes photon energies with T‘gh 2 10 we
created a Monte Carlo simulation. This will also enable us to consider a system
with more than one broad Lorentzian. The light curve for one Lorentzian was
generated as described by Eq. (6.7). The random variables A; are chosen to



6.4. Monte Carlo Simulations 105

Correlation

Time lag / sec

FiGurE 6.4— Monte Carlo simulation of the calculated cross-correlation function for a nega-
tive hardness/flux correlation and a negative look-back time.

be the absolute value of a Gaussian distribution and the excitation times ¢; are
uniformly distributed. Each individual pulse is described by the sum of the
cosine and sine damped oscillator (F = F. + F). Once the light curve at the
reference photon energy is created we can calculate light curves at other photon
energies using Eq. (6.1) and derive the phase lags. The comparison between
the numerical results and the analytic calculation is shown in Fig. 6.1. We find
that the analytic first order approximation and the Monte Carlo simulation are
in good agreement.

If one assumes that the different oscillators creating the broad Lorentzians
do not interact with each other one can calculate a light curve for a system
described by multiple Lorentzians by creating light curves for each Lorentzian
separately and then superpose these light curves to get the overall light curve.
This is used in the application to Cyg X-1, in Sect. 6.5.

Besides the phase lags we can calculate the cross- and auto-correlation
functions of the light curve. The Monte Carlo simulation reproduces the effect
seen in the analytic calculations: for the parameters used the auto-correlation
function is steeper for higher energy photons than for the low energetic once.
In Fig. (6.4) we show the result of the Monte Carlo simulation with a negative
look-back time. The cross-correlation function is asymmetric as expected for
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FiGURE 6.5— Time Lags versus photon energy at a Fourier frequency of 2.5 Hz. The solid
curve represents the analytic solution for the pivoting power law model with a reference energy
of 2.0 keV.

hard lags.

6.5 Applications to BHXRBs

We are now able to apply the model to the BHXRB Cygnus X-1. Throughout
this section we use data for Cyg X-1 which was taken from Nowak et al. (1999)
and Kotov et al. (2001) for the photon energy dependence of the phase lag.

6.5.1 Photon Energy Dependence of the Phase Lags

The pivoting power law model predicts that the energy dependence of the phase
lags is logarithmic (Eq. 6.15). In Fig. 6.5 we show the phase lags measured
with a constant Fourier frequency of 2.5 Hz (dots). The solid line represents
the pivoting power law model. The reference energy € used for the fit is 2.0
keV. For lower photon energies the accretion disk will become increasingly
important and will start to dominate over the power law component. In this
regime a simple pivoting power law will not be sufficient to describe the be-
havior and deviations from the logarithmic energy dependence of the lags are
likely.
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FiGURE 6.6— Illustration for the superposition of the different broad Lorentzians. In the super-
position every Lorentzian should dominate the phase lag around its center frequency.

6.5.2 Fourier Frequency Dependence of the Phase Lags

The PSD of Cyg X-1 can be well fitted with four broad Lorentzians (see e.g.,
Nowak 2000, Belloni et al. 2002 and Pottschmidt et al. 2003). The phase lag
from each Lorentzian will dominate the overall phase lag around its center
frequency. The idea is illustrated in Fig. 6.6 where we calculated the phase
lags for each Lorentzian separately. The look-back time 7 is always the same
fraction of the center frequency of the Lorentzian, which reduces the number
of free parameters. In this plot we assumed that the excitations are similar
to those of an instantaneously excited oscillator and used as damping factor
a Lorentzian with Q = 0.25 (Center frequencies f = 0.25,1.2,7.3Hz, 7 =
0.03f71).

If we assume that the different broad Lorentzians do not interact with each
other we can do the superposition with our Monte Carlo simulation. First
we generate a separate light curve for each Lorentzian. In this way we have
the possibility to consider that each broad Lorentzian has a different look-
back time 7, which we assumed to be a fixed fraction of the period of that
Lorentzian. The overall light curve is the superposition of the four light curves.
The PSD of the artificial light curve is shown in Fig. 6.7. The parameters of
the Lorentzians are given in Table 6.1. The pulse of the shot noise is a super-
position of the damped sine and cosine oscillator, so its PSD is not exactly a
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FiGURE 6.7— The PSD of the artificial light curve together with the four broad Lorentzians.
For their parameters see Table 6.1.

Lorentzian, but this only leads to small deviations of the overall PSD. The PSD
has been used to find the overall normalization of the shot noise.

The damping factor D(w) used in the Monte Carlo simulation is a
Lorentzian centered around the center-frequency of oscillator creating the
broad Lorentzians with the half quality factor as the oscillator itself. The
constant power law index « has been fixed to 1.7, and the correlation factor
y = 0.26. The look-back time was chosen to be 7 = 0.04f~!, where f de-
notes the center frequency of the Lorentzian. In Fig. 6.8 the phase lags from
this Monte Carlo simulation are plotted in comparison with the observed val-
ues from Nowak et al. (1999). The parameters are summarized in Table 6.1.
The peak frequencies, where the Lorentzians contribute mostly to the rms, are
also given in this table. The peak frequency (fpeak = f V1/(40?) + 1) is often
used for frequency correlations (see e.g., Nowak 2000). The parameters of
the Lorentzians are within the range of the values given by Pottschmidt et al.
(2003). The effect of the fourth Lorentzian on the phase lags is rather small, as
this Lorentzian does not dominate the overall PSD at its center frequency.

The used parameters are not unique. For example, a small change of the
hardness/flux correlation parameter v can be compensated by a change of the
look-back time 7. Furthermore, the central frequencies of the Lorentzians
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TABLE 6.1— The parameters used for Cyg X-1

Lorentzian 1 2 3 4
fein Hz 0.1 0.8 40 250
Q 025 03 03 05
R 0.22 0.25 0.16 0.06

Jpeak in Hz 022 155 7.7 350

needed to fit the phase lags depend on the damping factors and the positions
of the other Lorentzians. These parameters where chosen to give a steeper
auto-correlation for higher photon energies (see below). If one would choose
different fractions of the center frequency of the Lorentzian for the look-back
time 7 and allows for a different hardness/ flux correlation factor y for each
Lorentzian better fits would be possible.

A similar result for the phase lags can be obtained using a negative hard-
ness flux correlation and a negative look-back time. One possibility would be
to choose y = —0.16 and 7 = —0.06f~! and to center the Lorentzians given in
Table 6.1 at slightly different positions (f = 0.15,1.2,6.0,25 Hz).

6.5.3 Auto- and Cross-Correlation Function

In addition to the phase lags we evaluated the auto- and cross-correlation func-
tion for the simulated light curves at different photon energies. In Fig. 6.9
we show the auto- and cross-correlation function for the parameters used in
Fig. 6.8, here with a positive hardness/flux correlation and a positive look-
back time. With these parameters the auto-correlation function is steeper for
higher photon energies and the cross-correlation is slightly asymmetric. The
plot shows qualitatively the same behavior as the observed correlation shown
in Maccarone et al. (2000). However, this behavior depends strongly on the
parameters, such as the look-back time 7 or even the relative prominence of
the different Lorentzians.

6.5.4 Coherence Function

The coherence function measures the linear correlation of the two light curves
at different photon energies. For an introduction and a discussion of its prop-
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FiGURE 6.8— Phase-lag dependence (0-3.9keV to 8.2-14.1keV) on frequency. Four
Lorentzians with parameters given in Table 6.1 have been superposed with our Monte Carlo
Code. The data were taken from Nowak et al. (1999)
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FiGURE 6.9— Auto- and cross-correlation function created by the Monte Carlo simulation. See
the Table 6.1 for the used parameters.
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erties see Vaughan & Nowak (1997). It is defined as

(S *(e1, w)S (&2, W))al?
(S (e1, 0)2YadIS (€2, W)PYa

where (.); denotes an average over different realizations of the statistical pro-
cess, e.g. different light-curves. If the coherence function is unity the light-
curves at different photon energies are connected by a linear transformation.
To evaluate the coherence function for the pivoting power law model we sim-
ulated 100 different 5000 second light curves with a time resolution of 5 ms.
The result is shown in Fig. 6.10 together with the measured coherence func-
tion of Cyg X-1. The highest frequency Lorentzian included in our calculation
is centered around 25 Hz. Due to our damping factors the two light-curves
are therefore perfectly correlated at higher Fourier frequencies. This leads to
the rise of y%(w) for higher Fourier frequencies to one. The rise is therefore
an artifact of our choice of the damping factors and probably missing higher
Lorentzians. In the low Fourier frequency domain (< 0.01 Hz) the PSD is usu-
ally dominated by a power law noise component (Nowak 2000), which may be
responsible for the lower coherence function in this regime. We conclude that
the model is consistent with the data in the Fourier frequency regime where
the model is valid.

yi(w) = (6.25)

6.5.5 Failed State Transitions

Pottschmidt et al. (2000 & 2002) identified some flares of Cyg X-1 as ‘failed
state transitions’. During these flares the X-ray spectrum softens and that
the rms amplitude decreases. The PSD is then usually dominated only by
the second Lorentzian (peak frequency ~ 3 Hz) and to some extend the third
Lorentzian (peak frequency ~ 9 Hz). The phase lags during the ’failed state
transitions’ increases significantly in the 3—10 Hz regime, while it stays nearly
constant compared to a normal hard state below 1 Hz and above 10 Hz. The
third and second Lorentzian dominate the PSD between 3 and 10 Hz. This
leads these authors to the conclusion that the increased phase lag can be at-
tributed to these Lorentzians. It has already been pointed out by Nowak (2000)
and Pottschmidt et al. (2003) that the phase lags could be reduced due to the
superposition of the different Lorentzians. If one Lorentzian starts to dominate
the overall PSD the phase lags will therefore increase. For example in Fig. 6.11
we reduced the strength of the first and third Lorentzian (R = 0.1) while leav-
ing all other parameters unchanged. This leads to an increase of the phase
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FiGure 6.10— Coherence Function for a pivoting power law model. See the Table 6.1 for the
used parameters.

lags, where the second Lorentzian dominates, but decreases the lags further
away. The increase and decrease of the phase lags depend on the other model
parameters as well. While increasing lags in the 3—10 Hz regime are observed
(Pottschmidt et al. 2003), the decrease can not be found in their plot. However,
during state transitions other model parameters may change. It may be that the
look-back time 7 or the hardness flux correlation increases, resulting in larger
lags. To fully understand this intriguing phenomenon a more detailed study is
needed.

6.6 Summary and Conclusions

In this chapter we have discussed the effect of a variable pivoting power law in
the spectrum of an astrophysical source on its timing behavior, particularly for
the Fourier phase lags (see e.g., Miyamoto & Kitamoto 1989), the cross/auto-
correlation and coherence function. This model is applied to black hole X-
ray binaries. From this approach follows immediately that the Fourier phase
lag dependence on photon energy is logarithmic (see also Kotov et al. 2001),
which is observed in Cyg X-1. This result is independent of the choice for the
response of the power law and the coherence features of the light curve.

To derive the Fourier frequency dependence of the phase lags, the coher-
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FIGURE 6.11— Comparison of the phase lags from a normal set of Lorentzians and a ’failed

state transition’, where the Lorentzian two dominates.

ence properties of the light curve are needed. Hints to the coherence of XRBs
can be found in the PSD, which can be fitted by a few broad Lorentzians
(Nowak 2000, Pottschmidt et al. 2003 or Belloni et al. 2002). A Lorentzian
normally arises from a damped oscillator. Therefore, we assume that the vari-
ations of the light-curve are generated by randomly excited damped oscillators,
i.e. we use a simple shot noise model (see e.g., Lochner et al. 1991) to gen-
erate our light curve. The power law index was chosen to respond linearly to
flux changes including a response time (7), i.e. the power law index responds
slightly after or before total intensity changes.

The analytic calculations reduce the Fourier phase lags to a simple expres-
sion, sin¢ ~ 7y sin(wt) In % for one Lorentzian, where v is the flux/hardness
correlation parameter and w is the Fourier frequency. This law will break down
around the center frequency of the Lorentzian, due to an included damping of
the response of the power law and stochastic variations of the look-back time .
The phase lag will therfore simply drop to zero for Fourier frequencies much
higher than the center frequency of the Lorentzian.

To obtain hard lags one has to use a positive hardness/flux correlation and
a positive response time (response after the change of the flux) or a negative
hardness/flux correlation and a negative response time. If the power law index
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changes by AI' ~ 0.2 around I' = 1.7 and the look-back time is of the order of
10% of the period of the excitation we can account for the observed magnitude
of the phase lags in Cyg X-1. Soft lags can be achieved by using a negative
hardness/flux correlation and a positive response time — or vice versa.

The result for the phase lags of one Lorentzian is fairly independent of
the exact shape of the excitations. However, the coherence properties of the
light curve become more important if one superposes different Lorentzians, as
needed for Cyg X-1. Using four Lorentzians we were able to reproduce the
observed hard lags of Cyg X-1 (Nowak et al. 1999) using parameters of the
Lorentzians within the published range. Similar hard lags are observed for BL
Lacs (Zhang 2002), where the pivoting power law model may be applicable as
well. The superposition of the Lorentzians is likely to play an important role in
the ’failed state transitions’ found by Pottschmidt et al. (2000). During these
events one Lorentzians normally dominates the overall PSD, the effect of the
superposition is reduced resulting in larger lags.

If one does not allow for a look-back time, a pivoting power law will nev-
ertheless create phase lags of the order of magnitude of the observed values.
However, these phase lags change their sign with Fourier frequency, which is
not seen in the data. However, when using a pivoting power law model as
sometimes used to explain the rms behavior (see e.g., Zdziarski et al. 2003),
one has to take these lags into account.

Besides the phase lags we also calculated the auto- and cross-correlation
function (see e.g., Maccarone et al. 2000). They show the qualitative correct
behavior seen for Cyg X-1. It is important to note, that while the result for the
phase lags is fairly independent of the parameters and the form of the damping
factor, the auto-correlation function can change its qualitative behavior. For
example, if one uses large look-back times and large quality factors Q the
higher energy auto-correlation function will have a broader peak than the one
for lower energy, the opposite of what observations suggest for XRBs.

The coherence function, which measures the linear correlation between
the light-curves at different photon energies (Vaughan & Nowak 1997), has
been calculated and compared with observations of Cyg X-1. The model is in
agreement with the observations, for Fourier frequencies where the numerical
model is valid.

Both models (the jet/synchrotron model and the disk/corona models) pre-
dict the existence of a pivoting power law. At least the jet/synchrotron model
developed in this thesis creates a rigid power law without spectral breaks (see
chapter 2). We have shown that such a rigid power law model is consistent
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with the data of Cyg X-1. A more detailed analysis using probably an orig-
inal light-curve and physical parameters for both models is needed. We also
point out, that Cyg X-1 cannot be described by a simple power law (see e.g.,
Di Salvo et al. 2001), indicating contributions from different emission regimes
that most certainly will also complicate the timing behavior.

We conclude that with a rather simple ansatz for a pivoting power law
model we can explain many of the complex features in the phase lags, cross-
correlation function and coherence function seen in the hard power law emis-
sion of XRBs.

6.7 Appendix: Derivation of the phase lags

The Fourier transform of a damped oscillator is a sum of two similar terms. To
simplify the calculation let us first consider only the first term

2R \/Qwy

wo = 210(w — wp)”

Fi(w) = (6.26)

In order to evaluate the equation for the phase lags (6.15) we have to calculate
the convolution needed for SA (Eq. 6.16):

BA=y f e TFI(W)F1 (@ = ) ) didge e do

+ ADCFI (cu) Z ﬂjéitjw.

(6.27)

The excitation times ¢; are random variables, therefore the sum over the non-
diagonal elements will yield zero as the random phases average out.

The integral can be solved using complex analysis. It has two poles: one
from Fj(w’) at 0’ = wy — i5g and the other from F(w — w’) near v’ = w —
wo + i%- If 7 is positive, we could close the integral path with a half circle for
positive imaginary parts. This path only includes the pole at w’ = w—wo+ i;"—&.
Now we can apply the residual theorem, and find for the integral

2
2R wo —Tg)—g +it(w-wp)

(6.28)

wo — 1Q(w — 2wo)
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Inserting this expression in Eq. (6.15) we get

sing = ylIn Q(ADC sin(tw)+
€

2 - “)_0 i — * .
(gt @ 24) (629

Y AZFF(w)

The real instantaneously excited, damped oscillator is a sum of two terms
like Fj(w). The result will therefore consist of four terms, which can be calcu-
lated in analogy. We find for a positive look-back time 7:

. _ € . </13> itw
sing = y1In é—l(ADC sin(rw) + 709 (7 @), (6.30)
with
nR2woF *(w)e_Tﬂz% e~iTwo
filw) = " .
2F*F(w) wo —10(w — 2wyp) 6.31)
. ei‘ra)g (ei‘rwo + e—i‘rwo)
wo — 10(w + 2wy) wy — 10w

The other real solution for the damped oscillator is the sine term (see
Eq. 6.9). For this solution one has to change the two last signs and include
a factor —i. The only fast changing part of the second term of Eq. (6.30) is
/™. Therefore, the dominant part will be sin(rw) as the first term.

In the second case, 7 < 0 we have to close the integral path in Eq. (6.27)
with a half circle in the negative imaginary plane. The integral path now in-

cludes the pole at w’ = wqg — i;’—é and the residual theorem yields:

27R*wy
wo —10(w — 2wy)

eT‘Z—g+iTU)0’ (632)
and we find for the phase lags:
. € .
sing =ylIn —(ADC sin(tw)+
€

(6.33)

wo—1Q(w—2wy)

3 ( 27R%wg CT% +iTwo F1 (w) Z /ll%)
S AFFi(w) )
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The real instantaneously excited oscillator yields for this case:
. & . ()
sing = yIn = |Apc sin(tw) + — I (fL(w))|, (6.34)
€l (%)
with
nR2 a)oeT% '™ F(w)
Falw) = 2F*F(w) \wp—i0(w — 2wo)
. . , (6.35)
e—lTa)()F(w) (e—lT(,L)() + elTa)())F(w)
wo —10(w + 2wo) wo — 10w '

6.8 Appendix: Derivation of the cross-correlation function

In order to evaluate the second integral of the cross-correlation function

(Eq. 6.21)
f(A*EA Ine + BZ*A In el)AC e T dw,

(6.36)

we start with Eq. (6.27) for EZ Using this result it is possible to evaluate the
integral with the same arguments as used for SA. We define three supplemen-

tary functions

—iTwy e—i(Z‘r—‘?)wo

H@) = 3 0ws | 300+ 61000

ei(‘r—‘?)wo

+2C ———— +cC.
os(Twg) 30 — 210w cc

iTwo—2iTwq ei‘ra)g —2iTwy

Ho(1,T) =

+
3wg + 2iQw0 3wg + 6iQw0

1
+2C ———— +cc,
os(twyp) 30— 21000 cc

where cc denotes the complex conjugate, and

[
_r

@ (e
S(r,7) = R3w(3)/2Q_1/27rze 0 (G)T—fe (3o

H(0.7) + O D BH () ) 4,

(6.37)

(6.38)

(6.39)
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where @, is the step function. It is defined as ®, = 0 for x < O and @, = 1
otherwise. We find for the cross-correlation function:

C(er, €,7) = P@) + y(n e P(T - 1) + In&P(T + 7))+

N ~ (6.40)
y(IneS(r,7)+IneS(t,-7)).

The first line of this equation will broaden the auto-correlation function (¢; =
€) for higher photon energies, positive look-back times 7, and positive hard-
ness flux correlation y > 0. However, S(r, 7) peaks at T = 7 and will decline
faster for higher T > 7 than P(7) (falls with e~7) due to the factor e~ This
leads to steeper auto-correlation functions for higher e. Which effect domi-
nates depends on the parameters used.

For negative look-back times 7 and y < 0 we have to use Eq. (6.32) for
the integral of Eq. (6.27) resulting in a different cross-correlation function.
The overall form will stay the same, as Eq. (6.32) differs from Eq. (6.28) only
by the argument in the exponential function — the analytic behavior (poles) is
the same. Here the first line of Eq. (6.40) leads to a steeper auto-correlation
function (y < 0) while the second line has the opposite effect.



Conclusions

In this thesis we have extended the coupled disk/jet model of Falcke & Bier-
mann (1995) and explored the implication of our model for AGN and black
hole XRBs. As the process of the jet-launching is still under debate, we have
parameterized the connection between the jet power and the accretion rate.
Once the jet power and its speed and geometry are known, we can derive the
jet emission and its dependence on the main parameters of the system: the
black hole mass and accretion rate.

The model can be used to unify all jet-dominated sources. For very low
accretion rates (a few percent Eddington) it has been suggested that the in-
ner parts of the accretion flow turn into an optically thin, geometrically thick
accretion flow (e.g., Esin et al. 1997). As this flow is probably radiatively
inefficient, the jet emission can dominate the total emitted power, and the jet
can be observed nearly unperturbed. Thus, this class of sources is the natural
testbed for the developed model. In the zoo of all accreting black holes we
classify the low/hard state XRBs, low luminosity AGN, FR-I radio galaxies,
and their beamed counterparts the BL Lac objects as ‘jet-dominated’. Using
this classification and the scaling laws we have developed, we can establish a
universal radio/X-ray correlation of these sources. The theoretical predictions
match the observed correlation very well. Thus, the underlying assumption of
a constant geometry of the system in units of the Schwarzschild radius is rea-
sonable. This supports the paradigm that the main parameters are indeed the
black hole mass and the accretion rate. Both parameters can change over more
than 9 orders of magnitude.

Following the idea that AGN and XRBs mainly differ by their sizes, we
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have to assume that similar to Blazars - AGN where the relativistic jet points
towards the observer - there should be microblazars. XRBs with their relativis-
tic jet pointing towards the observer should show very bright X-ray emission,
if the X-rays originate from the jet. The expected microblazars can probably
be found among the recently discovered ULXs. As stellar mass black holes
are more X-ray loud than AGN, microblazars should be detected in the X-rays
while Blazars are best observed in the radio regime. We have shown that this
concept can explain most of the recently found ULXs. The parent population
- the black hole XRBS - is large enough to create enough ULXs.

The different possible explanations for ULXs, namely microblazars, super-
Eddington accretion flows or intermediate-mass black holes, could be tested by
finding compact radio counterparts of the X-ray sources. Compact radio emis-
sion is a direct hint to non-thermal emission and to the jet phenomenom. In the
microblazar picture, however, the parent population of ULXs are the strongly
accreting black hole XRBs. Those objects are typically radio transients, e.g.,
they show radio flares of 10-100 times their quiescent value. We have there-
fore monitored a well defined sample of ULXSs for eight times over 5 months.
Besides the already published flare in M82 (Kronberg & Sramek 1985) we
have not detected another flare. These non-detections can be translated to an
upper limit on the number of bright radio flares (> 3.8x10'7 W/Hz) an average
ULX has per year: 11 (0tgare/(2days)), where Otgare is the timescale of a flare.
GRS 1915 has two to three bright radio flares a year, far less than our upper
limit. In M82 we find supernova remnants with positions in agreement with
the Chandra X-ray positions for two of the three ULXs. This supports the idea
that the ULX phenomenom is connected to star formation. Besides these two
sources we do not detect any continuous radio emission from the other ULXSs.
These non-detection are in agreement with the values estimated from the de-
veloped radio/X-ray correlation. Any detection would have supported the idea
that these sources are indeed intermediate-mass black holes. The continuous
radio emission from ULXs is undetectable for current radio telescopes. Only
a new generation of telescopes (e.g., the SKA) will be able to detect the weak
radio cores (< 10uJy) expected from the beamed emission of microblazars.

Finally, we have tested the disk/jet model by looking at short-term X-ray
variability of black hole XRBs and blazars. As according to this model the
X-rays are created by synchrotron emission, the spectrum can always be de-
scribed by a power law. This power law can only vary in intensity and power
law index. We considered a pivoting power law model where the intensity and
the power law index are correlated, but where the power law index responds
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with a slight delay to the intensity. Such a pivoting power law shows most
of the observed statistical properties of XRBs. It can reproduce the Fourier
time lags, the auto- and cross-correlation function and the coherence function.
Thus, the observed variablity pattern can indeed be created by a jet.

This thesis is the next step to the unification of all accreting objects. Here,
the jet-dominated sources have been unified, and the underlying model has
been tested for XRBs and AGN. This can be the basis of a broader unification
of all accreting objects in the universe: from low power young stellar objects
to huge and powerful quasars.
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