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Summary

In this thesis, the results from an archival X-ray spectral survey of 50 radio-loud active
galactic nuclei (AGN) are presented. The sample is based on MOJAVE, a statistically
complete sample of radio-loud, core-dominated AGN, that is regularly monitored with the
Very Long Baseline Array (VLBA) at λ2 cm wavelength (the VLBA 2 cm Survey). Taking
into account all available X-ray spectroscopic archival data of MOJAVE sources, the 2 cm-
X-Sample is defined, which represents the so far largest sample of radio-loud AGN being
studied spectroscopically in the (0.2–12) keV X-ray regime with more than 200 individual
observations of the X-ray observatories ASCA, BeppoSax, Chandra, and XMM-Newton.
The analysis of the 2 cm-X-Sample accumulates over 7.5 Msec of telescope integration
time and a considerable amount of previously unpublished data. The primary goal of
this PhD-thesis project is to determine the characteristic properties of radio-loud, core-
dominated AGN.

A fundamental question behind this study is how powerful relativistic plasma jets are
formed in the environment of supermassive black holes of AGN. A wealth of information
about the variable parsec-scale structure of these jets exists, obtained from Very-Long-
Baseline Interferometry (VLBI), but the fundamental difference between (jet-forming)
radio-loud and (jet-suppressing) radio-quiet AGN remains mysterious. This is partly due
to the fact that in the past the X-ray properties of radio-loud AGN have not been studied
as intensely as the X-ray characteristics of radio-quiet objects. Moreover, the radio-loud
AGN samples studied so far were mostly based on properties dominated by large-scale
jet structures, such as the single-dish luminosity, rather than on the compact radio cores
like it is the case for the 2 cm-X-Sample. The 2 cm-X-Sample is demonstrated to be
representative of the complete MOJAVE sample and therefore to provide a firm statistical
basis for the characterization of the X-ray properties of radio-loud, core-dominated AGN.

It is found that the X-ray spectra of radio-loud, core-dominated AGN generally can
be well represented by a simple absorbed power law. Soft-excess emission, in most cases
below 1 keV to 2 keV, is found in 15 out of 50 sources, which can be attributed to a soft
thermal plasma in two cases. In two further cases, for the BL Lac objects 0235+164 and
0716+714, the soft excess is best explained as the high-energy tail of the primary syn-
chrotron component of the blazar emission. A possible identification for the soft excesses
found in quasars is the high-energy end of the big blue bump. Only two out of 50 sources
cannot be described adequately with a combination of a soft excess, a hard power-law and
a thermal-plasma emission component. These two sources are NGC 1052 and Cygnus A,
which both exhibit a two-sided parsec-scale jet radio morphology, indicating a large angle
to the line of sight.

Radio-loud, core-dominated AGN are found to have a sharp-peaked distribution of
hard-power-law photon indices with an average value of 〈Γhard−PL〉 = 1.68. The disper-
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Summary

sion of the distribution of σ〈Γhard−PL〉 = 0.26 can best be explained as representative of
an intrinsic dispersion over the sample. Quasars show the smallest dispersion of hard-
power-law photon indices, while the values for BL Lacs and galaxies lie in the range
1.4 < ΓB,G

hard−PL < 2.5. Γhard−PL correlates weakly with the hard-power-law luminos-
ity and with radio VLBI luminosity. The galaxies are the least powerful sources and the
quasar luminosities are higher than the BL Lac luminosities.

The photon index of the soft-excess power-law component is found to correlate with
the apparent speed of VLBI jet components, which may be the signature of a shifting
emission maximum of the soft-excess emission component. No correlation of Γhard−PL

with the core-dominance or the radio–to–X-ray loudness is found in conflict with the
discrepancy between the photon indices of radio-loud and radio-quiet AGN. Only a tenta-
tive correlation is found between Γhard−PL and the Doppler factor as derived from radio-
variability measurements. 21 out of 41 sources show excess absorption over the Galactic
value of unknown origin, which is unexpected within the standard model of AGN given
the type-1 character of 19 of those objects. Disk-reflection signatures and iron lines are
weak or absent in the majority of core-dominated, radio-loud AGN. This can be under-
stood as an effect of a different structure of the accretion flow in radio-loud and radio-quiet
AGN or as an effect of a jet-associated emission component shining out the weaker disk
emission component. A small number of exceptions from this rule is identified for which a
disk reflection emission component is suggested by the available data. These sources may
play an important role in future combined VLBI and X-ray studies of jet-disk coupling in
radio-loud AGN.

Eight X-ray jets, four distinct X-ray emission knots, 2 hotspots, and two jet-associated
halos are found in 14 out of 26 Chandra-observed sources of the 2 cm-X-Sample. Pre-
dominantly flat photon indices (Γ ∼ 1.3–1.5) of the X-ray jets are found sustaining the hy-
pothesis that jet emission may dominate the X-ray spectra of radio-loud, core-dominated
AGN on smaller scales, as well, giving rise to the flatter photon indices found in the 2 cm-
X-Sample compared to radio-quiet AGN.

Detailed radio and X-ray studies of four special sources have been triggered by the
survey analysis. Their results are presented in this thesis, as well:

By making use of continuous Morlet wavelet transform and Lomb-Scargle periodo-
gram methods, a strong periodicity of the long-term radio flux-density light curve of the
BL Lac object PKS B0048−097 is revealed. The characteristic period of the signal is
found to vary between 400 and 600 days with a slow modulation on a time scale of sev-
eral years. Despite of the very compact parsec-scale radio structure, very pronounced
structural variability is found from the analysis of two VLBA 2 cm Survey observations
of PKS B0048−097. The parsec-scale jet is found to vary in position angle by ∼ 30◦ be-
tween both epochs and by even larger angles with respect to earlier reported VLBI-jet po-
sition angles. These findings make PKS B0048−097 a key source for tests of precessing-
jet models against alternative models (e.g., shock-in-jet models) of periodic light-curve
modulation in blazars.

Four epochs of VLBA 2 cm Survey observations, three epochs of Effelsberg short-
term radio-variability observations and four XMM-Newton observations of the BL Lac
object AO 0235+16 are analyzed. A kinematical model for the extremely compact parsec-
scale jet structure is derived from the VLBA 2 cm Survey observations of AO 0235+16.
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For the first time, X-ray short-term variability of this well known radio and optical rapidly
variable source is found during a high-flux state. The X-ray light curve is investigated in
several wavebands without finding any evidence for time lags or large amplitude differ-
ences, an unexpected result within standard short-term variability models.

The active galaxy NGC 1052 is studied at radio, optical, and X-ray frequencies. This
study is performed on various scales from sub-parsecs to kiloparsecs and brings together
observations with the Very Long Baseline Array, the MERLIN radio interferometer, the
Hubble Space Telescope (HST) and the X-ray observatories BeppoSax, Chandra, and
XMM-Newton. A VLBI scrutiny of the obscuring torus of this object is presented. The
well-known soft X-ray spectral excess exhibited by this source is identified with an ex-
tended region of thermal X-ray plasma emission associated with the kiloparsec-scale radio
jet. The detection of a relativistic iron X-ray emission line is reported, which is the first
of its kind in an object with a bright compact radio core. By taking advantage of this fact,
the inter-relation between the accretion process and jet formation in a radio-loud AGN is
investigated. Significantly different profiles of the relativistic iron line are found before
and after the ejection of a new, bright jet component into the jet of NGC 1052. This ob-
servational signature suggests that a part of the inner accretion disk was fed into the black
hole and a fraction of the material was ejected as a new jet component.

Results from 10 epochs of VLBA 2 cm Survey observations of 3C 111 and from 13
years of radio flux density monitoring observations conducted at the University of Michi-
gan are presented. A major radio flux-density outburst of 3C 111 occurred in 1996 and
was followed by the ejection of a particularly bright superluminal jet component. The
ejected jet plasma gradually “stretched out” as it traveled down the jet with a leading com-
ponent being visible throughout the monitoring and several trailing components forming
in the wake of the leading component. A change in direction, speed and brightness tem-
perature of the leading component can be described in terms of two ballistic regimes
where the component is moving with a constant intrinsic speed but at an angle to the line
of sight changing from ∼ 24◦ to ∼ 11◦ in a deflection event about 3 mas from the core.

The results of three epochs of XMM-Newton observations of the bright BL Lac object
0716+714 are presented. In all three epochs the source exhibits an extraordinarily steep
X-ray spectrum with photon indices of 2.8–3.0 if a simple absorbed power law model is
applied. In two epochs in 2001 a significantly better fit is achieved with a two-power-law
model. This is interpreted as variability in the relative strength of a primary synchrotron
component and a secondary inverse Compton component to the total spectrum. A rela-
tively stable absorbing column density of ∼ (3 − 6) × 1020 cm−2 is found at all epochs.
Substantial short term variability is detected with time scales of the order of ∼1000 s and
variability amplitudes up to 50 %. A pronounced energy dependence of a strong flare in
March 2002 is revealed. The time lag of ∼ 150 s between the (0.2–1) keV band and the
(1–8) keV band emission might reflect the travel time of a perturbation in the jet between
the characteristic regions of origin for the soft and hard X-ray photons, respectively. The
tentative detection of an iron line in 0716+714 is reported. The line is visible as excess
emission at ∼ 5.8 keV in March 2002, the epoch in which the inverse Compton compo-
nent is weak. If this excess is attributed to the Fe Kα transition at 6.4 keV in the source
rest frame, the redshift of 0716+714 can be determined to z = 0.10 ± 0.04, significantly
below previously discussed redshift ranges.
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1 Introduction

1.1 Mass-Accretion and Jet-Production in Supermassive-
Black-Hole Systems

The observational study of active galactic nuclei (AGN) has developed rapidly during the
last decades. A broad consensus has been reached with most astronomers agreeing that
the energetic phenomena observed in AGN are related to the accretion of matter onto su-
permassive black holes. Extreme physical conditions prevail inside (and in the immediate
vicinity of) a supermassive black hole, where millions of solar masses are confined to a
region of one solar diameter, i.e., the size of a star like our sun under “normal” physical
conditions. In view of this, it is not surprising that supermassive black holes can trigger
physical processes that make their environment enormously bright and visible over bil-
lions of light years. This fact allows the central regions of distant galaxies to be studied
on a brightness level that often exceeds the emission of star light from the whole galaxy
by several orders of magnitude.

The so-called standard model of AGN describes the general assembly of components
associated with a supermassive black hole at the very center of an active galaxy: The
matter being “trapped” in the gravitational potential of the black hole forms an accretion
disk inside which the rotating matter looses angular momentum via turbulent friction,
radiates, and spirals inwards, approaching the event horizon of the black hole. Inside the
event horizon, the gravitational attraction of the black hole is so strong that not even light
can escape from there. While the bulk of the accreting matter is being swallowed by the
black hole, a relatively small fraction is being ejected from the central engine of the AGN
in the form of collimated jets of relativistic plasma.

Jets are a common phenomenon, occurring not only in AGN but also in Galactic
sources when a mass-accreting compact object is involved. This includes young stellar ob-
jects (YSOs) as well as nuclei of planetary nebulae, white dwarfs, neutron stars and galac-
tic black holes. A review of galactic jets can be found in Mirabel and Rodrı́guez (1999).
Extragalactic jets are associated ordinarily with radio-loud AGN (see Zensus 1997 for a
review) but weak compact flat-spectrum radio cores indicative of jet emission have been
found in an increasing number of radio-quiet AGN, as well (compare appendix F). The
flat spectra of compact radio cores can be explained by the superposition of synchrotron
emission coming from different unresolved regions of the parsec-scale jets. Very-Long-
Baseline Interferometric (VLBI) observations, combining individual radio telescopes lo-
cated at different sites, up to thousands of kilometers apart from each other (compare
Sect. 2.3), yield the highest angular resolution in modern astronomy. VLBI observations
typically reveal one-sided parsec-scale morphologies of extragalactic radio jets for pow-
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erful radio-loud quasars, with a bright unresolved flat-spectrum core (even at milliarcsec-
ond resolution) and a steeper-spectrum jet. Distinct features within the jet structure are
commonly found to travel away from the core with apparent faster-than-light motions (su-
perluminal). Within the standard beaming model scenario, this effect is attributed to bulk
relativistic motion of jet plasma at a small angle to the line of sight, that gives further rise
to strong Doppler boosting of the core and jet flux density and de-boosting of the counter-
jet emission. At larger angles to the line of sight, two-sided parsec-scale jet morphologies
are found with typically subluminal motions. The observational study of parsec-scale jets
has seen substantial progress in recent years, in particular from the conduction of large
monitoring surveys (see appendix D). However, the formation of extragalactic jets, and
their different prominence in radio-loud and radio-quiet AGN remains poorly understood.
A suggestive hypothesis is that the accretion flows in radio-loud and radio-quiet AGN
differ in a critical way, that fosters or suppresses the production of powerful relativistic
jets.

Recent years have shown that a combination of the (historically grown) different ob-
serving techniques at various regimes of the electromagnetic spectrum can yield consider-
ably deeper insights into the physics of accreting black-hole systems than the traditionally
distinct observational efforts of radio, infra-red, optical/ultra-violet, and high-energy as-
tronomy alone. In particular, radio and X-ray astronomy make up an extremely fruitful
partnership. One outcome of that is the combination of radio-interferometric and X-ray-
spectroscopic methods. As outlined above, the former offers the unique possibility to
image the small-scale structure of extragalactic radio jets. The latter is sensitive to emis-
sion which is originating in the most central regions of black-hole accretion flows (see
Sect. 2.1.4), which are supposed to differ fundamentally in jet-forming (radio-loud) and
jet-suppressing (radio-quiet) AGN. During the last one-and-a-half decades, X-ray spec-
troscopic data in the (0.2–12) keV regime have been gathered by various X-ray observa-
tories (see Sect. 2.2). Contemporaneously, large VLBI monitoring surveys of radio-loud
AGN have been conducted. Thus, systematical studies of large samples of radio-loud
AGN with well-known parsec-scale jet properties can now be performed and compared
to complementary studies of radio-quiet AGN. This approach allows the processes of
mass-accretion and jet formation in AGN to be explored. In particular, one of the most
fundamental questions of modern AGN research can be addressed: “What makes an AGN
radio-loud?”

1.2 Scope of this thesis

In this thesis, a sample of 50 radio-loud, core-dominated AGN is investigated, based on
archival X-ray spectroscopic data and VLBI data from the VLBA 2 cm Survey (see ap-
pendix D). This represents the so far largest sample of radio-loud AGN being studied
spectroscopically in the (0.2–12) keV X-ray regime. It provides a large database, con-
solidating the X-ray characteristics of radio-loud AGN that can be interpreted in view of
the structural and kinematical information available for the compact radio cores, as e.g.,
superluminal motion of jet features, Doppler factors, or the subparsec-scale VLBI cores.
This X-ray spectral survey provides both, a unique statistical basis for characterizing the
X-ray properties of radio-loud, core-dominated AGN, and a rich resource for triggered
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1.2 Scope of this thesis

detailed studies of individual objects based on the available radio and X-ray data.
This thesis is organized as follows: in Chap. 2, the various X-ray emission mecha-

nisms at work in AGN are reviewed and the concepts of X-ray imaging spectroscopy and
Very-Long-Baseline Interferometry are introduced. In Chap. 3, the scientific project is
outlined and its relevance for AGN research is discussed in view of previous studies of
radio-loud AGN in the X-ray regime. In particular, the sample definition, the data acqui-
sition and analysis are described there and the representative character of the investigated
sample (i.e., its suitability for statistical studies) is demonstrated. The results from the
X-ray spectral survey are presented in Chap. 4: the characteristic X-ray spectral parame-
ters and their distributions over the sample are compiled, and the results for the individual
sources are presented in brief. In Chap. 5, X-ray spectral survey results and their impli-
cations are discussed in the context of independent, relevant research results. Detailed
studies of five individual sources triggered by the survey are presented in Chap. 6. The
appendices contain supplementary studies that are employed at various points of the anal-
ysis and interpretation within the main part of this thesis.

13





2 Background

2.1 X-Ray Emission Processes associated with AGN
One of the most common characteristics of AGN is that they are all bright X-ray sources.
While a typical “normal” galaxy has an X-ray luminosity LX of 1037 erg s−1 to 1039 erg s−1,
Seyfert galaxies have luminosities in the range of 1043 erg s−1 to 1045 erg s−1. BL Lac ob-
jects have luminosities of 1044 erg s−1 to 1046 erg s−1 and quasars make up the upper lu-
minosity class with values of 1045 erg s−1 to 1048 erg s−1. Most astrophysicists agree that
mass accretion onto a supermassive black hole residing at the very center of these objects
drives the activity and leads to the enormous observed luminosities. Thus, the primary
energy-conversion process in AGN can be parametrized via the rate of accreted mass M

LX ∝ dM

dt
. (2.1)

Roughly speaking, the increase in luminosity from normal galaxies over Seyferts to BL Lac
objects and quasars suggests a scaling of the mass-accretion rate from well below a per-
cent of one solar mass per year to dozens of solar masses per year. Below, four specific
emission processes are outlined, which are actually observed. Basically, all three pro-
cesses purchase their driving force from some converted form of the primarily available
mass-accretion energy. Ultimately, a characteristic form of electromagnetic radiation is
set free by each process, shaping the observed spectrum.

2.1.1 Thermal Plasma Emission
The term “thermal” denotes the state of a plasma which can be fully described by the
temperature T of its electrons. The X-ray emission of a thermal plasma can be dominated
by various physical processes, dependent on the temperature: below T = 5 · 106 K (∼
0.43 keV) line-emission dominates originating from the various elements that make up
the plasma. With increasing temperature, these elements become more and more ionized
and ultimately H- and He-like ion emission is observed predominantly. At temperatures
above T = 5 · 106 K, thermal bremsstrahlung dominates the thermal plasma emission.
This kind of radiation comes from the interaction of electrons with atomic nuclei.

The exact spectral shape of a thermal plasma spectrum depends on a variety of param-
eters, density, pressure, metalicities and temperature. In general, a strong “line forest”
is superimposed on a continuum of thermal bremsstrahlung. The relative strength of the
lines to the continuum depends on the temperature. The maximal frequency of the contin-
uum corresponds to the complete kinetic energy of a single electron transferred to a single
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Figure 2.1: X-ray plasma spectra of a gas with solar metalicities for various tempera-
tures. Towards higher temperatures the bremsstrahlung continuum dominates over the
line emission and extends up to higher energies. (Taken from Sutherland and Dopita
1993.)

X-ray photon. This maximal frequency is roughly proportional to the plasma temperature
(see Fig. 2.1). The scaling of the thermal plasma emission is proportional to the product
of electron and hydrogen density integrated over the volume of the emitting plasma, the
so called emission measure EM =

∫

nenHdV .

2.1.2 Synchrotron Emission

The frequently used term non-thermal emission denotes the fact that a physical process
produces a spectrum that does not reproduce the shape of thermal plasma emission. The
most important emission mechanism at radio frequencies is synchrotron radiation. A
charged particle moving in region with an electromagnetic field encounters the Lorentz

16



2.1 X-Ray Emission Processes associated with AGN

force
FL = q (E + β × B) (2.2)

with β = v/c, the velocity in units of the speed of light and q, the charge of the parti-
cle. In the case of a vanishing electric field (E = 0) the charged particle is accelerated
perpendicular to the magnetic field B. For a linear magnetic field this results in a helical
motion around the direction of B as a superposition of a constant velocity component
along the field and a constant acceleration perpendicular to it. The particle orbits with a
period γmc/2πqB corresponding to the Larmor frequency

ωB =
qB

γmc
(2.3)

with the Lorentz factor γ = 1/
√

1 − β2 and the mass m of the particle. In the non-
relativistic case (Cyclotron radiation) the particle emits an electromagnetic wave with this
frequency. It can be shown that the emitted power for each energy is given by

P = 4/3 σT c (γβ)2 UB ∝ γ2UB (2.4)

(Larmor formula, see Rybicki and Lightman 1979 for details), with σT = 8πe4/m2c4, the
Thomson cross section and UB = B2/8π, the magnetic field density. The dependence on
m−2 shows that in general the synchrotron emission from electrons will be much stronger
than from protons (mp ∼ 2 · 103 me).

In the relativistic case of charges moving with a substantial fraction of the speed of
light it has to be taken into account that the observed flux density Sν is affected by the
relativistic Doppler effect. The flux density S ′

ν emitted in the comoving frame that is
moving with a longitudinal velocity component β|| relative to the observer is increased
(or reduced) to1

Sν = D3S ′
ν (2.5)

with the Doppler factor defined by

δ =
1

γ(1 − β|| cos θ)
. (2.6)

The strong dependence on the viewing angle θ implies that an intrinsically isotropically
emitted radiation is beamed into a cone with the half opening angle 1/γ.

If an ensemble of electrons with a continuous energy distribution, rather than a single
electron of fixed energy, is considered, a continuous spectrum of synchrotron radiation
is emitted. An ensemble of electrons with a power-law energy distribution N(γ)dγ =
N0 · γ−sdγ produces a power-law spectrum

Sν ∝ να (2.7)

with the spectral index

α =
1 − s

2
. (2.8)

1See e.g. Rybicki and Lightman (1979). The exponent of the Doppler factor is reduced to 2 − α for a
continuous jet with spectral index α since not only the flux density but also the emitting frequencies are
transformed.
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It can be shown that an adiabatically expanding relativistic jet in equipartition, i.e.,
with equal kinetic and magnetic energy density, emits equal flux densities over a broad
range of radio frequencies, i.e., a flat synchrotron spectrum with α ∼ 0 2. This is the
spectral shape typically exhibited by compact radio cores in AGN. The highest frequen-
cies to which the flat spectrum extends correspond to the most compact region of the jet.
At higher frequencies, an optically thin synchrotron spectrum is expected that may extend
far beyond the radio regime, up to optical or soft X-ray frequencies.

2.1.3 Inverse-Compton Emission
Accreting black hole systems often exhibit power-law spectra extending to hard X-ray
energies, up to energies of hundreds of keV. Even in the case of blazars, radio-loud AGN
with a relativistically beamed jet oriented at a small angle to the line of sight, a spectral
break at high energies is usually observed, indicating a further spectral component besides
the primary synchrotron emission component. Inverse-Compton scattering of photons by
highly relativistic electrons is generally invoked in models of high-energy blazar spectra.
The SSC (Synchrotron Self Compton) mechanism is the special case of inverse-Compton
scattering where synchrotron photons scatter off the very same electrons which produced
them. “Inverse” means that the photons gain energy from the electrons and are upscattered
to higher frequencies. The frequency of the inverse Compton scattered photons ν ′ simply
depends on the frequency of the seed photons ν and the Lorentz factor γe of the electrons
responsible for the scattering (e.g. Rybicki and Lightman 1979)

ν ′ ∼ γ2
eν . (2.9)

Thus, in order to produce X-ray emission of 1 keV (=̂2.4 · 1017 Hz) from seed photons of
22 GHz, high energy electrons with Lorentz factors γe = 1600 are needed. Since these
are the same electrons which produce the seed photons, the inverse Compton spectrum
reproduces the shape of the synchrotron spectrum at higher-frequencies.

It can be shown (e.g. Krolik 1999, section 9.2.1) that the luminosity of the inverse-
Compton radiation PC relative to to the initial synchrotron luminosity PS depends simply
on the ratio of the energy density in the synchrotron photon field US and the magnetic
field energy density UB:

PC

PS
=

US

UB
, (2.10)

with UB = B2/8π. Thus, compact radio cores in radio-loud AGN with high brightness
temperatures (i.e., high energy densities in the photon field) are likely sites of strong SSC
emission. Kellermann and Pauliny-Toth (1969) derive a limit of 1012 K for the bright-
ness temperature, above which the inverse-Compton effect should transfer the bulk emis-
sion into the high-frequency regime. Based on equipartition arguments, Readhead (1994)
derives an even lower limit of ∼ 1011 K. High-resolution VLBI observations show that
these limits are reached or even violated in a substantial fraction of all radio-loud, core-
dominated AGN (e.g., Kovalev et al. 2005) so that SSC emission must play an important
role.

2A brief derivation of the synchrotron spectrum emitted from an adiabatically expanding relativistic jet
(Blandford and Königl 1979), based on the model developed by Falcke and Biermann (1995), can be found
in Kadler (2002).
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Figure 2.2: Possible geometries for accretion disk coronae. The top figure is referred to
as a “slab” or “sandwich” geometry. The remaining three show “photon starved geome-
tries” wherein the corona is less effectively cooled by soft photons from the disk. The
middle two geometries are often referred to as “sphere+disk geometries”, while the bot-
tom geometry is often referred to as a “patchy corona” or “pill box” model (image taken
from Reynolds and Nowak 2003).

High-energy particles, capable of scattering photons up to high energies via the inverse-
Compton effect, are not only produced in jets but also in black-hole accretion disks. It is
being discussed (see e.g., Reynolds and Nowak 2003 for a review) that a conversion of
the accretion energy per particle into kinetic energy may produce a corona of high-energy
electrons associated with accretion disks. Although the mechanism of coronal heating
is not well understood at present and although the geometry of the corona is unknown,
models of “Comptonisation” of optical and soft X-ray photons from the disk are naturally
predicting the observed power-law spectra of radio-quiet AGN. Possible geometries of
accretion-disk coronae are displayed in Fig. 2.2. For a more comprehensive discussion
see Reynolds and Nowak (2003).

2.1.4 X-Ray Disk-Reflection Emission

The concept of hot coronae associated with black-hole accretion disks provides a natural
explanation of a class of hard X-ray spectral features that are frequently observed in AGN
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spectra. The most common of these spectral features, which are usually referred to as “X-
ray reflection emission”, are an absorption edge at ∼ 7 keV, a hump-like broad spectral
maximum above 10 keV and broadened (FWHM of ∼ 5 × 104 km s−1) line emission at
6.4 keV. In Fabian et al. (2000a) or Reynolds and Nowak (2003), the basic physics of X-
ray reflection are being described in more detail. Adopting here the way of introducing
the basic X-ray reflection model in these reviews, a hard X-ray power-law continuum
(from the corona) shall be considered that illuminates a semi-infinite slab of cold gas
(the accretion disk). An X-ray photon may be I) Compton scattered by free or bound
electrons out of the slab, or II) photoelectrically absorbed, followed by fluorescent line
emission or Auger de-excitation. The cross section for photoelectric absorption is strongly
energy dependent (σpe ∝ E−3) so that incident soft X-rays are mostly absorbed, whereas
hard photons are mostly scattered back out of the slab (with a probability determined by
the Thompson cross section σT). Figure 2.3 illustrates the resulting “reflection hump”,
below the incident power law by the (energy-dependent) factor σT/σpe. In addition, there
is an emission line spectrum resulting primarily from fluorescent Kα lines of the most
abundant metals. Of those, the 6.4 keV iron Kα line is by far the strongest because of
the combination of relatively high abundance and the high photoelectric cross section
of iron. The detailed shape of the reflection spectral component is a sensitive measure
for the elemental abundances, the ionization of the disk surface and the geometry of the
corona-disk system (see, e.g., Reynolds and Nowak (2003) for details).

Figure 2.3: X-ray reflection from an accretion disk modeled as a semi-infinite slab of
uniform density gas, irradiated by an X-ray continuum spectrum produced in the disk
corona via thermal Comptonization. The dashed line shows the incident continuum, and
the solid line shows the reflected spectrum (integrated over all angles). Figure (taken
from Fabian et al. (2000a)) is based on Monte Carlo simulations from Reynolds (1996).
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Special Relativity

Newtonian

(Transverse Doppler Effect;
Rel. Beaming)

Line Profile
(Integration over Disk)

General Relativity
(Gravitational Redshift)

(Emission from a Narrow Ring)

Figure 2.4: The emission from a narrow ring in-
side the accretion disk (top) has two peaks cor-
responding to the approaching and receding parts
of the rotating disk (top left panel). Relativistic
beaming increases the blue peak and decreases
the red peak and the transverse Doppler effect
(i.e., moving clocks run slowly) and gravitational
redshifting transfer the line profile to lower ener-
gies (middle left panels). The broad, skewed line
profile (bottom left panel) results from integrating
over the whole disk. Figure adopted from Fabian
et al. (2000a).

Relativistically Broadened Iron-Line Emission Intrinsically, fluorescent iron Kα line
emission has a well-defined discrete energy of 6.4 keV (in the case of neutral iron). How-
ever, its profile can become substantially broadened, double-peaked and characteristically
skewed by Doppler shifts, gravitational redshifting and relativistic beaming. Figure 2.4
illustrates these effects. In the case of a Newtonian (non-relativistic) disk, each disk an-
nulus gives rise to a symmetric double-horned line due to emission from approaching
(blueshifted) and receding (redshifted) material on the opposing sides of the rotating disk.
In the extreme environment close to a black hole special and general relativistic effects
play an important role, enhancing the blue peak and decreasing the red peak of the line
and shifting the whole line profile towards lower energies. Integrating over the full rel-
ativistic disk results to a characteristic broad, skewed line profile that can extend from
below 4 keV up to ∼ 8 keV. The innermost part of the disk is particularly responsible
for the strong red wing of the line, probing the material in the immediate vicinity of the
black hole. In particular, the red wing of the line provides a probe of the black-hole spin.
Since the innermost stable orbit of a non-rotating (Schwarzschild) black hole is at 6 grav-
itational radii, no emission is expected from inside this radius, unless the black hole is
rotating (innermost stable orbit of a maximal rotating, so-called “Kerr black hole” is at
∼ 1rg). Moreover, the profile of a relativistic, broad iron line provides the possibly most
accurate measure of the orientation of the associated disk system with respect to the line
of sight to the observer. Figure 2.5 shows the dependence of a modeled broad-line profile
on the angle to the line of sight and on the black-hole spin.
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Figure 2.5: Dependence of a modeled broad-line profile on the angle to the line of sight
(left, for a non-rotating black hole) and on the black-hole spin (right, for a non-rotating
and a near-extremal Kerr black hole). In both panels, the emitting region is supposed to
extend down to the innermost stable orbit. Figure taken from Fabian et al. (2000a).

2.2 X-Ray Imaging Spectroscopy
The most common type of detectors in X-ray astronomy until the late 1990s were propor-
tional counters. In the case of the ROSAT PSPC detector, a polypropylene window with
a thickness of ∼ 1 µm constrained a gas-filled chamber with argon, xenon, and methane.
Via photoelectric absorption, an arriving photon creates an electron. The strong electro-
magnetic field inside the gas chamber accelerates the electron. Through interaction of the
accelerated electron with the atoms and ions of the gas, an electron cloud forms, which
causes a signal in a position (direction) sensitive array of electrode grids.

The SIS detectors onboard ASCA, Chandra’s ACIS and XMM-Newton’s EPIC detec-
tors utilize CCD chips. The main advantage of these CCD detectors compared to propor-
tional counters are the good energy resolution, the broad bandpasses and with the increas-
ing number of pixels, the imaging capabilities. In particular the ACIS and EPIC detectors
allow spatially separated regions of a given source to be spectroscopically investigated.

The basic principle of CCD detectors is similar to the way proportional counters work:
an X-ray photon is absorbed in one of the pixels of the detector chip and produces elec-
trons. The total released charge is proportional to the original photon energy. In this sense,
CCDs differ from proportional counters only in the way the charge is created, collected
and transferred.

For this PhD thesis project, the spectroscopic data of radio-loud, core-dominated AGN
was analyzed over a broad energy band in the X-ray regime. The broad-band requirement
ensures that different physical processes that might contribute to the X-ray spectrum of
a given object can be disentangled, since different processes typically dominate different
parts of the source spectrum. High angular resolution allows the nuclear AGN-related
X-ray emission to be distinguished from extended emission originating on larger scales
and the higher the sensitivity of an X-ray telescope to weak sources is, the better the
spectral capabilities of its detector can be exploited. A good energy resolution (e.g.,
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Table 2.1: Comparison of various X-ray missions’ capabilities

Observatory ASCA BeppoSax Chandra XMM-Newton
Detector SIS GIS LECS MECS PDS ACIS-S ACIS-I HRC MOS PN

Energy Range [keV] 0.4–12 0.6–12 0.1-10 1.3-10 15-300 0.1-10 0.4-10 0.1-10 0.2-12 0.2-12

Eff. Area @0.25 keV [cm2] — — — — — 30 — 150 133 460
Eff. Area @0.60 keV [cm2] 35 — 6 — — 345 70 65 591 1061
Eff. Area @1.00 keV [cm2] 230 50 40 — — 615 385 215 922 1227
Eff. Area @6.00 keV [cm2] 160 125 40 160 — 205 235 45 768 851
Eff. Area @80.0 keV [cm2] — — — — 600 — — — — —

Angular Resolution (FWHM) 1′ 1′ 9.7′ 1.2′ —a 1′′ 1′′ 0.5′′ 6′′ 6′′

Field of View 22′ 20′ 37′ 56′ 1.3◦ (50 × 8)′ 17′ 31′ 30′ 30′

a Collimated Detector

E/∆E ∼ 20 − 50 in the case of the EPIC detectors onboard XMM-Newton) allows
narrow spectral features to be detected, which may carry crucial information about the
underlying physical processes.

The abovementioned requirements to an ideal X-ray detector have been satisfied in-
creasingly in the active X-ray satellite missions during the late 1990s and the early 2000s.
Below, the most important characteristics of the four missions are presented, which have
yielded spectroscopic data on AGN in the 0.2 keV to 12 keV range during the last one-
and-a-half decades.

2.2.1 ASCA

ASCA (formerly named Astro-D ) was Japan’s fourth X-ray astronomy mission, and the
second for which the United States have been providing part of the scientific payload.
Between 1993 and 2001, ASCA collected spectroscopic data of hundreds of AGN, 30
of which belong to the complete sample of radio-loud, core-dominated AGN, MOJAVE,
which formed the basis for the definition of the 2 cm-X-Sample studied in this thesis. With
a total of 77 analyzed epochs of observations (most of them with four independent spec-
troscopic detectors), ASCA data comprises the largest fraction of analyzed X-ray spectra.

ASCA carried four X-ray telescopes. At the focus of two of them was a Gas Imaging
Spectrometer (GIS ), while a Solid-state Imaging Spectrometer (SIS ) was at the focus of
the other two. The GIS was based on the GSPC detector that had flown on the TENMA
satellite, while the two SIS detectors were the first Charge Coupled Device (CCD) cam-
eras used for X-ray astronomy. The sensitivity of ASCA’s instruments allowed the first
detailed, broad-band spectra of distant quasars to be derived.

ASCA’s Solid-state Imaging Spectrometers

There have been two SIS cameras onboard ASCA, each of was based around four 420x422
square pixel front-side illuminated CCD chips. Their energy range was 0.4 keV to 10 keV,
thus being the most relevant low-energy (thus soft X-ray absorption) sensitive instruments
of ASCA. From late 1994 on, a decrease in efficiency of both SIS detectors below 1 keV
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Figure 2.6: Left: Cross section of a SIS detector. Right: Four individual CCDs are
combined to make a single SIS focal plane (images taken from the HEASARC website
http://heasarc.gsfc.nasa.gov).

(up to about 20 %) was reported. The most plausible explanation for the occurrence of
this problem is an increased residual dark current levels in the SIS and a decrease in
Charge Transfer Efficiency (CTE). Due to this effect, apparent excess absorption over the
Galactic value towards bright point sources need to be interpreted with caution if solely
based on SIS data after late 19943.

ASCA’s Gas Imaging Spectrometers

The ASCA GIS is an imaging gas scintillation proportional counter consisting of two
separate detectors. The entrance window is made from beryllium and the gas chamber
contains xenon with ten per cent of helium. The chamber is divided into a drift region,
where the xenon atoms are ionized by incident X-ray photons, and a scintillation region,
into which the photoelectrons are drifting and where they are being accelerated to excite
other xenon atoms. The scintillation light, produced when the atoms de-excite, is propor-
tional in intensity to the energy of the incident X-ray photon and detected by a position
sensitive phototube. The GIS provides a larger effective area at high energies (& 5 keV)
compared to the SIS. With its larger field of view it was the main imaging facility of
ASCA.

2.2.2 BeppoSax
The X-ray astronomy satellite BeppoSAX (Boella et al. 1997a) was originally named
SAX (Satellite per Astronomia X) and received his “first name” after its successful launch
on April 30 1996 in honor of Giuseppe “Beppo” Occhialini. It was in operation until

3For this thesis, the SIS data below 1 keV was discarded if a significant discrepancy between GIS and
SIS data could be found and the data were taken after late 1994.
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Figure 2.7: Left: Cross section of a GIS detector. Right: The structure of the gas cell.
The upper 10 mm section above the mesh electrode is the drift region. The bottom 15 mm
section is the scintillation region. (Image taken from Ohashi et al. 1996.)

Figure 2.8: Left: BeppoSAX in the clean room at ESTEC; Right: Diagram of the sci-
entific payload on-board BeppoSAX. (Images courtesy of the Agenzia Spaziale Italiana
(ASI) and the BeppoSAX Science Data Center (SDC).)

April 30, 2002 and re-entered the earths atmosphere on April 29, 2003. BeppoSax was a
project of the Italian Space Agency (ASI) with participation of the Netherlands Agency
for Aerospace Programs (NIVR). The main scientific characteristic of the BeppoSAX mis-
sion was its wide spectral coverage, ranging from 0.1 keV to over 200 keV. BeppoSax
carried three Narrow Field Instruments (NFI) relevant for individual source studies in this
thesis: a Low Energy Concentrator Spectrometer (LECS), which covered the 0.1 keV to
10 keV range, a Medium Energy Concentrator Spectrometer (MECS; 1.3 keV to 10 keV),
a Phoswich Detection System (PDS; 15 keV to 300 keV). The instruments of BeppoSax
(see Fig. 2.8) which are most relevant for this work are the two GSPC detectors LECS
and MECS and the collimated PDS instrument.
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The LECS detector

One of the four BeppoSAX GSPCs, the LECS detector (Parmar et al. 1997), was shielded
with a thin window to allow transmission of low-energy X-rays into the xenon-filled de-
tector. Inside the gas cell, a uniform electric field causes scintillation of the gas as the
electrons, ionized by the incident X-ray photons, travel towards a grid. The amount of
light produced is proportional to the energy of the photon but also depends on the po-
sition inside the gas cell where the absorption takes place. It is detected by a position
sensitive photomultiplier. This depth can be determined by measuring the duration of the
scintillation light that is produced. The LECS detector had an effective area of 20 cm−2,
38 cm−2, 56 cm−2, 50 cm−2, and 27 cm−2 at 0.28 keV, 1 keV, 2 keV, 6.4 keV, and 9 keV,
respectively. Its position accuracy was energy dependent, ∼ 10′ at 0.28 keV and ∼ 2′ at
6 keV. The LECS provided an energy resolution of ∼ 32% at 0.28 keV.

The MECS detector

Three of the BeppoSAX GSPC’s had 50 micron beryllium windows, thus being sensitive
in the range of 1.3-10 keV, together forming the MECS detector (Boella et al. 1997b). UV
light is produced in a high electrical field region to which the electron cloud, resulting
from the X-ray photon-absorption, is drifting from the absorption place. The amplitude
of the signal is measured by a position sensitive photomultiplier, yielding the energy of
the absorbed X-ray. The MECS detector had an effective area of 150 cm−2 at 6.4 keV. and
80% of the total signal at the same energy are contained within 150′′. The MECS detector
had an energy resolution of ∼ 8% at 6.4 keV.

The PDS detector

A square array of four independent NaI(Tl)/CsI(Na) phoswich scintillation detectors made
up the Phoswich Detector System (PDS) onboard BeppoSax (Frontera et al. 1997). The
acronym Phoswich (PHOsphor sandWICH) describes the configuration of two optically
coupled crystals of NaI(Tl) and CsI(Na) in each of the four detectors. The scintillation
light produced in each phoswich is collimated in a light guide of quartz and registered by
a photomultiplier tube (PMT). The NaI(Tl) acts as X-ray detector, while the CsI(Na) scin-
tillator acts as an active shield. Only events, which are exclusively detected in the NaI(Tl)
crystal are accepted by the Pulse Shape Analyzer (PSA) of the analysis electronics. The
phoswich configuration is providing a detector with a high efficiency at hard X-ray en-
ergies and a very low background level. The latter is further reduced by top and lateral
anti-coincidence shields, which reject unwanted background counts caused by charged
particles and X-rays impinging on the sides of the instrument.

2.2.3 Chandra

The word Chandra means “moon” or “luminous” in Sanskrit and in honor of the Indian-
American Nobel laureate, Subrahmanyan Chandrasekhar, the NASA X-ray observatory
AXAF (Advanced X-ray Astrophysics Facility) was renamed to Chandra after launch.
Compared to earlier X-ray astronomical missions, Chandra provides a vast improvement
in angular resolution, particularly in the regime above 2 keV, that was not accessible for
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ACIS−IACIS−S

Figure 2.9: Left: The Chandra spacecraft with its main components labeled. Right: The
Chandra Advanced CCD Imaging Spectrometer (ACIS) consists of two detectors ACIS-I
and ACIS-S that both can be placed at the focus of the mirror system. ACIS-I is a 2 × 2
CCD array used mainly for wide-field imaging. The 1 × 6 CCD array of the ACIS-S
can be used to investigate the linearly dispersed image of bright point sources in grating
observations with the LETG or the HETG. The third chip in this 1×6 array, the S 3 chip,
is backside illuminated and most often used for Chandra AGN observations. Images
taken from http://chandra.harvard.edu/.

ROSAT. Both available focal plane instruments, the ACIS and the HRC (see below),
achieve an unprecedented angular resolution of 0.5 arcseconds making use of the full
angular-resolution power provided by the High Resolution Mirror Assembly (HRMA).
The HRMA consists of 4 nested pairs of concentric grazing-incidence Wolter Type-I mir-
rors (the front mirror of each pair is a paraboloid and the back a hyperboloid; see Aschen-
bach (1985) for a review of X-ray optics), with the largest having a diameter of 1.2 m.
The focal length of the HRMA is 10 m. A sketch of Chandra with its main components
labeled is shown in Fig. 2.9.

Chandra is the prime instrument if a bright compact target source is embedded in
a kiloparsec-scale extended emission region, e.g., associated with the body of the op-
tical host galaxy of an AGN. In contrast to ASCA, BeppoSax, and XMM-Newton, the
Chandra spacecraft carries only one mirror assembly so that only one detector per ob-
servation can be used. The HRC is a micro-channel plate detector that is mainly used
for high-resolution imaging, particularly if fast detector-readout (16 µs) is crucial for the
successful observation. The HRC provides only a very limited energy resolution making
it unattractive compared to the ACIS detector in the case of most AGN observations. An
exception are AGN observations that concentrate on soft X-ray emission below 0.7 keV,
particularly in combination with the Low Energy Transmission Grating (LETG). High-
energy-resolution spectra (E/∆E & 1000) down to E = 0.08 keV can be achieved in
LETG-HRC observations.

The ACIS detector

The detector onboard Chandra best suited for most observations of bright, compact AGN
is the AXAF CCD Imaging Spectrometer (ACIS, see Fig. 2.9). The ACIS detector con-
sists of two arrays of identical CCD chips. Each chip provides a square field of view of
8.3 × 8.3 arcseconds. Four such chips make up a 2 × 2 array used mainly for wide-field
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imaging: the ACIS-I. The other is a 1 × 6 CCD array, the ACIS-S, on which the linearly
dispersed image of bright point source can be focused in grating observations. A special
feature of the ACIS-S array is that two chips on it, in particular the third (S3) at the best
focus position, are backside illuminated. The backside illuminated CCDs are sensitive
down to lower energies than the front-side illuminated CCDs. The front-side illuminated
CCDs are more efficient at higher energies and provided initially a better energy resolu-
tion (E/∆E ∼ 10 − 50 compared to E/∆E ∼ 4 − 34 for the ACIS-S3 chip) but their
energy resolution varies with position since the detector was damaged in the early part
of the mission. During passages of the earth’s radiation-zone with the ACIS placed in
focus of the HRMA, low-energy protons were reflected by the mirrors and focused onto
the detector. The backside illuminated chips were not affected by this since it is far more
difficult for low-energy protons being reflected from the HRMA to deposit their energy
in the buried channels of the backside illuminated chips that face in the direction oppo-
site to the HRMA. In the newest versions of the Chandra data reduction software CIAO
(from version 2.3 on) a correction that recovers a significant fraction of the induced loss
of spectral resolution of the ACIS-I can be applied.

The spatial resolution for on-axis imaging with ACIS is limited by the physical size
of the CCD pixels (24.0 µm2 corresponding to ∼ 0.492 arcseconds squared) and not the
HRMA. Approximately 90% of the encircled energy lies within four pixels (2 arcseconds)
at 1.5 keV and within five pixels (2.5 arcseconds) at 6.4 keV. In practice, if e.g., the impact
of the pileup effect in a given observation needs to be estimated (compare Sect. 3.4.3), the
central nine pixels around the nominal position of a point source have to be considered to
derive the source count rate.

2.2.4 XMM-Newton

The European Space Agency’s X-ray Multi-Mirror satellite XMM-Newton (Jansen et al.
2001) was launched on December 10, 1999. It carries three X-ray telescopes (see Fig. 2.10),
containing 58 high-precision concentric mirrors that focus incoming X-rays from a large
field of view (∼ 30′) onto three separate European Photon Imaging Cameras (EPIC). Two
of these mirror modules reflect about half of the incoming rays via the Reflection Grating
Spectrometers (RGS) onto a linear array of CCDs. The MOS EPIC detectors (see below)
at the end of these two mirror modules therefore can only “see” about half of the flux
coming from a celestial X-ray source, while the third EPIC detector (PN, see below) is
illuminated by all photons focused by the third mirror module.

Compared to Chandra, XMM-Newton provides a moderate angular resolution of ∼ 6′′

(FWHM). The high effective mirror area of XMM-Newton (∼ 4300 cm−2 at 1.5 keV),
however, is by far superior to all previous (and current) other X-ray astronomical ob-
servatories. Moreover, the satellite’s highly eccentric orbit (traveling out to nearly one
third of the distance to the Moon), allows very long and uninterrupted observations to
be made making XMM-Newton the prime instrument for observations of relatively weak
X-ray sources. In addition to the EPIC and RGS detectors, XMM-Newton carries a 30 cm
optical/UV telescope, which can observe simultaneously the same regions as the X-ray
telescopes.

28



2.3 Very-Long-Baseline Interferometry
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Figure 2.10: Left: Photo of the XMM-Newton spacecraft before launch in ESA ESTEC.
The 4 tonne, 10 m long XMM-Newton spacecraft is the largest scientific satellite ever
launched by the European Space Agency. (Image courtesy of ESA); Right: Sketch of
the XMM-Newton spacecraft displaying its scientific payload components. On the left
hand side of the sketch, the three telescopes are visible. At the right end, the focal plane
instruments are shown: the two EPIC MOS cameras are placed at the focus of the two
telescopes with Reflection Grating Arrays, the radiation collected by the third telescope is
focused unattenuated onto the PN detector. (Image courtesy of Dornier Satellitensysteme
GmbH)

The EPIC detectors

Two of the EPIC detectors make use metal oxide semiconductors (MOS) CCDs, consist-
ing of seven silicon chips, each made up of a matrix of 600 × 600 pixels (Turner et al.
2001a). The third EPIC detector, the PN detector (Strüder et al. 2001), has been specif-
ically developed for the XMM-Newton mission. In contrast to the MOS detectors, the
PN detector is illuminated from the back side, which does not have insensitive layers or
coatings, making it more sensitive to soft X-ray emission. Further, the individual columns
of the PN chip are read out simultaneously unlike the MOS chips whose pixels are read
out sequentially. This allows substantially lower read-out times to be achieved with the
PN detector (1.5 ms time resolution of the MOS detectors compared to 0.03 ms of the PN
detector in standard Timing Mode). The so-called Burst Mode, in which only a sub-frame
of the PN detector is read out, facilitates read-out times of only 7 µs.

All three EPIC detectors allow X-ray spectroscopic observations in the energy range
0.2 keV to 12 keV to be made. The energy resolution of E/∆E ∼ 20− 50 is comparable
to the Chandra ACIS energy resolution. The fast read-out times and the relatively large
pixel size of the EPIC detectors make pileup a less severe problem for XMM-Newton than
for Chandra.

2.3 Very-Long-Baseline Interferometry

The concept of this PhD thesis project combines X-ray spectroscopic observations od
radio-loud AGN with the study of their milliarcsecond structure at radio wavelengths.
While X-ray astronomy probes indirectly the most compact regions associated with the
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Figure 2.11: An elementary radio interferometer. Taken from Ros (1997).

accretion flows of AGN (via timing experiments or the analysis of disk-reflection spec-
tral features; compare Sect. 2.1.4) the technique of Very Long Baseline Interferometry
(VLBI) allows a direct imaging of comparably compact structures, usually associated
with outflows from the central engines.

In this section, a brief introduction to VLBI, adapted from Kadler (2002), is given.
More detailed information on the underlying principles of radio interferometry, can be
found, e.g., in Thompson et al. (1986). A review of the development of high-resolution
imaging in radio astronomy is given by Kellermann and Moran (2001). The individual
steps of VLBI data calibration and analysis are described in textbooks, as e.g., Perley
et al. (1989) and Taylor et al. (1999). For particular information on the VLBI data used
in this thesis from the VLBA 2 cm Survey see Kellermann et al. (1998a) and Zensus et al.
(2002) and compare appendix D of this thesis.

2.3.1 Fundamentals of radio aperture synthesis
Figure 2.11 shows the geometry of a simple radio Michelson interferometer consisting
of two antennas, pointed at a distant radio source. If the source is far enough (in the so
called far-field-pattern), the incoming rays to the different interferometer elements can
be assumed to be parallel. Each of the two antennas registers a signal that produces
voltages V1 and V2 in the telescope backend. These voltages are eventually correlated,
i.e., a circuitry performs a multiplication and averaging of the (converted) voltages4. If
the source is, for simplicity, a monochromatic emitter, then V1 and V2 both are sinusoidal
functions. Figure 2.11 shows that the cosmic signal reaches the first antenna at a time
τg = (D/c) cos θ before it arrives at the second one, where D is the baseline of the two
telescopes and c is the velocity of light. This is called the geometrical delay and the
correlator output is proportional to

F = sin(2πνt) sin(2πν[t − τg]) . (2.11)

4In contrast to the simple adding interferometer, which basically receives the quantity (V1 + V2)
2,

the correlator interferometer is proportional only to the correlated component of the two signals. The
uncorrelated components cancel out during the time averaging process. This leads to a substantial reduction
of noise in the output.
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Since the Earth rotates, the projected baseline D sin θ varies with time and so does the ge-
ometrical delay. The terms independent of τg can be filtered out, leaving for the correlator
output (after some trigonometrical transformations)

F = cos (2πντg cos θ) . (2.12)

Therefore, the correlator output is proportional to a quasi-sinusoidal fringe pattern5, due
to the rotation of the Earth. If the cosmic source is not a point source, but has extended
structure, the interferometer receives the signal not only from the direction s, where it
is pointed at, but from a whole area around a nominal position s0. From the position
s = s0 + σ, an element of solid angle dΩ of the source then contributes the power
1/2∆νB(σ)A(σ)dΩ at each of the two antennas. ∆ν is the observing bandwidth, B(σ)
is the brightness at position σ, A(σ) is the reception pattern of the antenna, and the
factor 1/2 represents the capability of a telescope to receive only one direction of circular
polarization. Correlating the two antenna output powers and applying the fringe term of
Equation (2.12), the interferometer output becomes

r(Dλ, S0) = ∆ν

∫

4π

A(σ)B(σ) cos(2πDλ · s )dΩ

= ∆ν cos(2πDλ · s0)

∫

4π

A(σ)B(σ) cos(2πDλ · σ)dΩ (2.13)

− ∆ν sin(2πDλ · s0)

∫

4π

A(σ)B(σ) cos(2πDλ · σ)dΩ

with ντg = Dλ · s, where Dλ is the vector of the baseline in units of the observing
wavelength. Introducing a complex quantity

V = |V |eiΦV =

∫

4π

AN(σ)B(σ)e−i2πDλ·σdΩ (2.14)

with a normalized reception pattern AN(σ) = A(σ)/A0, where A0 is the antenna collect-
ing area in direction s0, the correlator output is

r(Dλ, S0) = A0∆ν|V | cos(2πDλ · s0 − ΦV ) . (2.15)

V is called the complex visibility. The correlator output can be expressed in terms of
a fringe pattern with the modulus and phase of V . The phase is measured relative to
the phase of a hypothetical fringe pattern, received from a point source at the position
s0. Both, modulus and phase of V are observables, and Equation (2.14) shows that the
visibility is the Fourier transform of the brightness distribution B(σ). In order to recon-
struct B, the visibility V has to be measured with different baselines Dλ. Usually this
is expressed in terms of a two-dimensional plane with coordinates u = D

E/W
λ cos θ and

v = D
N/S
λ cos θ, which are basically the projected baselines in east–west and in north–

south direction and are called spatial frequencies. This (u, v)–plane has to be sampled

5In reality a cosmic signal is never just composed out of one single frequency. The interference between
different frequency components causes a modulation of the fringe function, which also depends on θ. This
so called fringe-washing function has the shape of a sinc–function envelope, in the special case of a uniform
power spectral density.

31



2 Background

frequently enough in order to be able to perform a discrete Fourier transform6 of the
measured visibility function V (u, v) and thus retrieve the brightness distribution B of
the source with an angular resolution determined by the highest spatial frequency of the
interferometer.

The Fourier deconvolution technique most commonly used is the CLEAN algorithm.
Hybrid maps produced using this method are presented in this thesis. Special techniques
are given at the appropriate section, as e.g., the production of maps of the linearly polar-
ized emission via the imaging of the Stokes parameters Q and U in Sect. 6.3.1.

6According to the sampling theorem a discrete Fourier transformation, as an approximation to a contin-
uous Fourier transformation of an analytically given function, can be done, if the sampling frequency is at
least twice the frequency of the highest spatial frequency.
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The question how powerful relativistic plasma jets are formed in the environment of su-
permassive black holes in active galactic nuclei (AGN) is a crucial one. Whilst a wealth
of information about the jets themselves, in particular about their variable structure on
parsec scales (e.g., Kellermann et al. 2004), can be obtained from VLBI, observational
input that may lead to the disclosure of the fundamental difference between (jet-forming)
radio-loud and (jet-suppressing) radio-quiet AGN is rare. Promising diagnostics of jet
production are the accretion flows onto the central black holes. These accretion flows can
be probed via X-ray spectroscopy, a technique which has dramatically benefitted from the
advent of the new-generation X-ray telescopes Chandra and XMM-Newton. Their broad
bandpasses, combined with the high sensitivity of XMM-Newton and the high angular
resolution of CHANDRA have greatly improved our ability to identify the underlying
physical processes of nuclear X-ray emission from AGN. Differences between the X-ray
spectra of radio-loud and radio-quiet AGN may represent different physical properties of
the accretion flows, dilution by an emission component directly associated with the jet, or
even differences in the surrounding medium of their central engines.

Compared to radio-quiet AGN, little attention has been paid to radio-loud AGN in the
X-ray band in the past. Kubo et al. (1998) studied a sample of 18 blazars finding that
quasar-hosted blazars exhibit harder X-ray spectra than radio-quiet systems of compara-
ble luminosity. Reeves and Turner (2000) analyzed the available archival ASCA data up
to January 1998. In their sample, 35 radio-loud AGN and 27 radio-quiet quasars are in-
vestigated and the results suggest a a dependence of the photon index on radio loudness.
Sambruna et al. (1999a; 2002) have investigated the X-ray spectra of 38 radio-loud AGN
observed by ASCA and four sources observed by RXTE. Gambill et al. (2003) analyzed a
sample of 17 radio-loud AGN observed with CHANDRA. These latter two studies were
based on the integrated radio emission measured by single-dish telescopes or biased to-
wards the presence of prominent extended radio-jet structure. To approach the characteris-
tic differences between both classes of objects, however, it is important to avoid confusion
from considering extended radio emission that arises on kiloparsec scales. In the most ex-
treme case, emission from extended radio lobes – millions of light years away from the
central engine – might still make a galaxy radio-loud when the nuclear jet-production has
already been switched off for ages.

The radio emission of core-dominated radio-loud AGN is heavily affected by rela-
tivistic beaming effects due to large jet velocities and typically small angles to the line of
sight. The same may be true for the X-ray emission of such objects if the jet contributes
substantially to the observed X-ray flux as suggested by the relatively flatter X-ray spectra
of radio-loud AGN compared to radio-quiet AGN. Thus, it is essential to study both the
X-ray emission and the parsec-scale radio jets of these objects and to combine X-ray stud-
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ies of core-dominated radio-loud AGN with VLBI observations of their parsec-scale radio
jets to constrain the jet-system properties. Ideally, this combination promises to disentan-
gle the contributions of “Seyfert-like” accretion-flow related emission and jet-associated
(e.g., synchrotron self-Compton) emission in core-dominated radio-loud AGN.

The primary goal of this PhD thesis, is to provide a basis of uniformly analyzed X-ray
spectra of a large sample of radio-loud, core-dominated AGN to consolidate the obser-
vational characteristics of this important class of AGN in the X-ray regime. The sample
is selected to provide full structural and kinematical VLBI data on all sources and to
represent a firm basis for statistical investigations. In this chapter, the investigated sam-
ple is introduced. The acquisition of X-ray public archival data available for this sample
is outlined and the data reduction is described. In Chap. 4, the X-ray results obtained
from these data are presented and discussed in Chap. 5. In particular, the X-ray char-
acteristic quantities of the sample are compared to the multi-epoch VLBI data available
for the full sample. Chap. 4 further presents results from the X-ray analysis of the in-
dividual sample sources and provides a brief review of published X-ray studies of those
sources. In a number of cases, the analysis of the available VLBI and X-ray data within
the scope of this thesis triggered deeper studies of individual objects. Those studies of the
“special sources” PKS 0048−097, AO 0235+164, 3C 111, NGC 1052, and 0716+714 are
presented in Chap. 6.

3.1 Sample Definition
The sample analyzed in this PhD thesis project is based on the statistically complete MO-
JAVE sample (Lister and Homan 2005), a Very Long Baseline Array (VLBA) monitored
sample of the 133 brightest core-dominated radio-loud AGN in the northern sky, the con-
tinuation and extension the VLBA 2 cm Survey (see Sect. D). The primary goal of this
PhD project is to compile and investigate all available X-ray spectra of MOJAVE sources
taken so far with X-ray spectroscopic missions operating in the soft to medium X-ray
regime (∼ 0.2 − 12 keV). This was achieved by making use of the publicly available
archival data from the telescopes ASCA, BeppoSax, CHANDRA, and XMM-Newton. Ta-
ble 3.1 gives the 50 sources of the MOJAVE sample that have been observed at least
once with one of these telescopes during the last 12 years. From here on, these 50
sources will be referred to as the “2 cm-X-Sample”. Throughout the next chapters, mainly
the IAU (corresponding to their B 1950 coordinates)names of the individual sources are
used. Common “aliases” are given in Table 1 of Kellermann et al. (2004) (reprinted in
Sect. D.1), along with general properties of the “2 cm-X-Sample”.
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Table 3.1: Journal of public archival 2cm-X-Sample data (as of March 2005) analyzed in this work.

Source ASCA BeppoSax Chandra XMM-Newton
IAU Name Obs. Date Exposurea PI Obs. Date Exposureb PI Obs. Date Detector Exposurec PI Obs. Date Exposured PI
(B 1950) yyyy-mm-dd 103 s yyyy-mm-dd 103 s yyyy-mm-dd 103 s yyyy-mm-dd 103 s

0007+106 1997-07-01 43.7/40.4 Yaqoob 2000-07-03 8.0/8.0/14.9 Mason
0048−097 1996-12-02 0.6/2.3/10.0 Padovani

1997-12-19 4.7/9.9/10.0 Padovani
0235+164 1994-02-04 12.1/10.6 Madejski 1999-01-28 25.0/29.2/30.0 Padovani 2000-08-20 ACIS-S 30.6 Turnshek 2002-02-10 19.1/19.1/16.8 Watson

1994-02-11 12.6/10.8 Madejski 2004-01-18 29.9/29.9/29.7 Raiteri
1994-02-16 15.4/13.5 Madejski 2004-08-02 11.7/11.7/11.5 Raiteri
1994-02-19 13.2/12.8 Madejski
1998-02-11 20.6/19.3 Madejski

0238−084 1996-08-11 42.4/39.8 Wilson 2000-01-11 26.2/63.9/75.0 Guainazzi 2000-08-29 ACIS-S 2.4 Garmire 2002-09-28 15.7/15.7/13.2 Weaver
0316+413 1993-08-06 20.4/21.1 Arnaud 1996-09-19 0/87.9/80.0 Sax-Team 1999-09-20 ACIS-I 5.4 Fabian 2001-01-30 53.7/53.7/51.3 Churazov

1993-08-06 23.6/19.8 Arnaud 1999-10-10 ACIS-S 27.4 Canizares
1995-08-18 23.2/19.7 Arnaud 1999-11-28 ACIS-S 9.1 Fabian
1995-09-04 24.1/21.0 Arnaud 2000-01-29 ACIS-S 25.1 Fabian

2000-08-25 ACIS-S 25.0 Canizares
2002-08-08 ACIS-S 97.0 Fabian
2002-08-10 ACIS-S 96.7 Fabian
2002-08-11 ACIS-S 5.9 Fabian

0333+321 1994-02-01 37.7/32.2 Turner 1999-08-05 17.5/50.0/60.0 Fiore
0415+379 1996-02-13 48.2/38.1 Crawford 1998-03-08 21.0/69.6/100.0 Grandi 2001-03-14 44.0/44.0/42.3 Eracleous
0420−014 1997-08-31 20.2/20.6 Reeves
0430+052 1994-02-17 52.9/49.9 Grandi 1997-09-20 34.7/81.6/100.0 Zdziarski 2001-01-27 ACIS-S 1.8 Wilson 2002-09-06 12.1/12.3/12.2 Mason

1998-02-12 97.0/91.4 Inoue 2001-09-18 ACIS-S 13.1 Wilson 2003-08-26 127.0/127.0/127.5 Branduardi-Raymont
2001-12-21 ACIS-S 58.2 Yaqoob

0458−020 2002-10-10 ACIS-S 77.8 Bechtold
0528+134 1994-08-28 22.0/20.0 Urry 1997-02-21 6.3/14.4/10.0 Maraschi

1995-03-07 24.7/21.9 Collmar 1997-02-22 5.0/13.3/10.0 Maraschi
1995-03-14 25.0/22.8 Collmar 1997-02-27 4.4/7.3/10.0 Maraschi
1995-03-19 23.2/21.1 Urry 1997-03-01 4.3/13.5/10.0 Maraschi

1997-03-03 5.1/14.1/10.0 Maraschi
1997-03-04 2.8/11.2/10.0 Maraschi
1997-03-06 3.1/12.7/10.0 Maraschi
1997-03-11 2.5/11.4/10.0 Maraschi

0605−085 2001-05-01 ACIS-S 10.0 Sambruna
0716+714 1994-03-16 19.8/15.9 Fujimoto 1996-11-14 16.9/122.5/100.0 Chiappetti 2001-04-13 8.1/8.0/8.5 Mulchaey

1994-03-19 21.1/18.0 Fujimoto 1998-11-07 9.5/31.3/30.0 Giommi 2001-09-19 9.3/9.3/0 Mulchaey
1994-03-21 24.0/22.2 Fujimoto 2000-10-30 19.2/43.5/50.0 Tagliaferri 2002-03-26 9.0/9.0/6.7 Mulchaey

Continued on next page
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Table 3.1 – continued from previous page

Source ASCA BeppoSax Chandra XMM-Newton
IAU Name Obs. Date Exposurea PI Obs. Date Exposureb PI Obs. Date Detector Exposurec PI Obs. Date Exposured PI
(B 1950) yyyy-mm-dd 103 s yyyy-mm-dd 103 s yyyy-mm-dd 103 s yyyy-mm-dd 103 s

0735+178 1996-04-22 45.6/41.9 Tashiro
0736+017 1998-10-26 39.4/36.1 Sambruna
0738+313 2000-10-10 ACIS-S 28.0 Murray 2001-04-19 30.1/30.1/27.5 Griffiths
0827+243 2002-05-07 ACIS-S 20.1 Marscher
0836+710 1995-03-17 20.2/14.1 Matsuoka 1998-05-27 18.5/42.6/50.0 Maraschi 1999-10-17 ACIS-S 62.3 Canizares 2001-04-12 36.1/36.1/33.5 Turner

2000-08-25 ACIS-S 14.2 Canizares
0851+202 1994-11-18 42.0/40.6 ASCA Team 1997-11-24 5.2/10.7/10.0 Padovani

1997-04-26 40.4/35.0 Idesawa 2001-11-20 23.8/39.8/100.0 Massaro
1997-11-18 42.0/40.6 Idesawa

0923+392 1998-11-01 42.6/38.0 Sambruna 2002-10-19 ACIS-S 20.6 Marscher
1038+064 1996-12-13 86.4/81.8 Yamasaki 2003-05-18 59.7/59.7/58.0 Weaver

1996-12-20 12.5/11.5 Yamasaki
1055+018 2001-01-09 ACIS-S 10.3 Sambruna
1127−145 1999-06-04 18.7/47.9/50.0 Celotti 2000-05-28 ACIS-S 30.0 Bechtold 2002-07-01 29.8/29.8/28.3 Griffiths
1156+295 2000-06-29 ACIS-I 74.9 Coppi
1222+216 2002-11-06 ACIS-S 19.7 Marscher
1226+023 1993-06-08 39.0/35.9 Ohashi 1996-07-18 11.8/129.9/170.0 SAX Team 2000-01-09 ACIS-S 39.6 Chandra Team 2000-06-13 7.6/7.6/5.1 XMM Team

1993-12-15 21.4/18.0 ASCA Team 1997-01-13 13.6/25.1/20.0 Maraschi 2000-01-10 ACIS-S 39.1 Chandra Team 2000-06-13 25.4/25.4/22.8 XMM Team
1993-12-15 24.4/20.1 ASCA Team 1997-01-15 13.3/24.0/20.0 Maraschi 2000-06-14 ACIS-S 28.1 Chandra Team 2000-06-13 63.4/63.4/65.8 XMM Team
1993-12-16 16.3/13.9 Makino 1997-01-17 12.4/27.3/20.0 Maraschi 2000-06-14 ACIS-S 27.8 Chandra Team 2000-06-15 7.4/7.4/4.9 XMM Team
1993-12-19 22.1/19.1 ASCA Team 1997-01-22 8.8/22.2/20.0 Maraschi 2001-06-13 ACIS-S 27.1 Chandra Team 2000-06-15 27.2/27.2/29.7 XMM Team
1993-12-20 22.3/20.3 ASCA Team 1998-06-24 27.9/72.2/0.06 SAX Team 2001-06-13 ACIS-S 30.6 Chandra Team 2000-06-15 30.0/30.0/30.0 XMM Team
1993-12-20 12.2/10.6 Makino 2000-01-09 34.8/85.2/0.06 SAX Team 2001-06-15 ACIS-S 25.8 Chandra Team 2000-06-16 9.6/9.7/7.5 XMM Team
1993-12-23 12.1/10.7 Makino 2000-06-13 29.6/68.1/0.06 SAX Team 2002-06-05 ACIS-S 25.0 Chandra Team 2000-06-17 58.2/58.2/60.6 XMM Team
1993-12-27 11.9/11.6 Makino 2001-06-12 16.9/38.4/0.06 SAX Team 2002-06-05 ACIS-S 25.4 Chandra Team 2001-06-13 88.7/88.7/88.6 XMM Team
1996-07-16 54.0/50.1 ASCA Team 2002-06-06 ACIS-S 30.2 Chandra Team 2001-12-16 5.5/5.8/5.0 Turner
1998-06-24 77.6/72.8 ASCA Team 2002-06-04 ACIS-S 28.9 Chandra Team 2001-12-22 5.5/5.8/5.0 Turner
2000-01-09 53.7/50.9 ASCA Team 2003-07-07 ACIS-S 27.6 Chandra Team 2002-01-09 9.2/8.9/17.7 XMM Team

2003-07-07 ACIS-S 28.0 Chandra Team 2002-07-07 2.9/3.1/5.0 Turner
2004-06-30 ACIS-S 30.2 Chandra Team 2002-12-17 4.9/5.2/5.0 Turner
2004-06-30 ACIS-S 30.1 Chandra Team 2003-01-05 8.7/8.7/8.5 XMM Team
2003-11-24 ACIS-S 41.3 Jester 2003-01-05 4.9/5.1/5.0 Turner
2004-02-10 ACIS-S 38.4 Jester 2003-06-18 5.4/5.7/5.5 Turner

2003-07-07 58.3/58.3/58.1 XMM Team
2003-07-08 8.0/8.3/8.1 Turner
2003-12-14 8.4/8.7/8.5 Turner
2004-06-30 61.5/62.7/57.8 XMM Team

1228+126 1993-06-07 17.8/15.9 Canizares 1996-07-14 0/25.0/50.0 SAX Team 2000-04-15 ACIS-I 9.9 Fabian 2000-06-19 39.6/39.6/30.7 XMM Team
Continued on next page
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Table 3.1 – continued from previous page

Source ASCA BeppoSax Chandra XMM-Newton
IAU Name Obs. Date Exposurea PI Obs. Date Exposureb PI Obs. Date Detector Exposurec PI Obs. Date Exposured PI
(B 1950) yyyy-mm-dd 103 s yyyy-mm-dd 103 s yyyy-mm-dd 103 s yyyy-mm-dd 103 s

2000-04-20 ACIS-S 1.1 Wilson
2000-07-17 ACIS-S 38.5 Canizares
2000-07-29 ACIS-S 38.2 Wilson
2000-07-30 ACIS-S 14.2 Wilson
2002-01-16 ACIS-S 5.4 Harris
2002-02-12 ACIS-S 5.1 Harris
2002-03-30 ACIS-S 5.1 Harris
2002-06-08 ACIS-S 5.5 Harris
2002-07-05 ACIS-S 20.8 Cote
2002-07-06 ACIS-S 99.9 Cote
2002-07-24 ACIS-S 5.2 Harris
2002-11-17 ACIS-S 5.8 Harris
2002-12-29 ACIS-S 5.3 Harris
2003-02-04 ACIS-S 5.8 Harris
2003-03-09 ACIS-S 5.4 Harris
2003-04-14 ACIS-S 5.0 Harris
2003-05-18 ACIS-S 5.3 Harris
2003-07-03 ACIS-S 5.2 Harris
2003-08-08 ACIS-S 5.3 Harris
2003-11-11 ACIS-S 5.5 Biretta
2003-11-21 ACIS-S 37.2 Fabbiano
2003-12-29 ACIS-S 5.2 Biretta
2004-02-12 ACIS-S 5.2 Biretta

1253−055 1993-06-21 42.5/40.5 Makino 1997-01-13 7.4/21.8/20.0 Maraschi 2002-03-21 ACIS-S 108.2 Canizares
1993-12-16 12.4/10.4 Makino 1997-01-15 8.4/23.9/20.0 Maraschi
1993-12-21 13.9/12.0 Makino 1997-01-18 0.5/2.6/20.0 Maraschi
1993-12-23 13.1/11.8 Makino 1997-01-21 4.2/11.7/20.0 Maraschi
1993-12-27 13.6/12.0 Makino 1997-01-23 11.1/24.7/20.0 Maraschi
1994-12-20 12.7/11.5 Kii
1995-01-05 10.8/10.0 Kii
1995-01-08 10.3/9.6 Kii
1995-06-27 10.8/10.9 Kii
1995-07-08 12.6/11.6 Kii
1996-01-27 22.7/21.5 ASCA Team

1308+326 1996-06-10 19.2/17.3 Mc Breen 2002-12-10 49.3/49.3/47.6 Edge
1996-06-11 22.8/19.6 Mc Breen

1334−127 2003-01-31 13.7/13.7/12.0 Fiore
1413+135 1998-07-24 45.8/42.8 Perlman

Continued on next page37
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Table 3.1 – continued from previous page

Source ASCA BeppoSax Chandra XMM-Newton
IAU Name Obs. Date Exposurea PI Obs. Date Exposureb PI Obs. Date Detector Exposurec PI Obs. Date Exposured PI
(B 1950) yyyy-mm-dd 103 s yyyy-mm-dd 103 s yyyy-mm-dd 103 s yyyy-mm-dd 103 s

1458+718 2002-01-28 ACIS-S 18.7 Siemiginowska
1502+106 . 2001-01-13 8.1/8.7/8.4 Turner

2001-01-13 10.6/11.2/10.9 Petrucci
2001-01-14 13.1/13.7/13.4 Petrucci

1510−089 1996-08-20 23.6/21.6 Singh 1998-08-03 16.2/43.8/50.0 Maraschi 2001-03-23 ACIS-S 10.2 Sambruna
1633+382 1996-03-04 13.5/10.6 Takahashi

1996-03-21 10.9/9.2 Takahashi
1996-03-25 10.6/8.6 Takahashi
1996-03-27 11.0/9.5 Takahashi

1641+399 1999-02-19 11.1/25.9/30.0 Maraschi 2001-04-27 ACIS-S 10.0 Sambruna
1655+077 2002-04-28 ACIS-S 5.1 Marshall
1749+096 1995-09-22 33.5/30.3 Urry
1803+784 1998-09-28 18.7/40.5/40.0 Padovani
1823+568 1997-10-11 4.2/13.4/10.0 Padovani
1828+487 2002-05-20 ACIS-S 5.6 Marshall
1928+738 1997-08-12 20.6/16.6 Yuan 2001-04-27 ACIS-S 9.3 Sambruna
1957+405 1993-05-27 36.6/32.9 Arnaud 1999-10-27 24.3/73.0/80.0 Ettori 2000-03-08 ACIS-S 2.4 Wilson

1993-10-27 40.7/35.3 Arnaud 2000-05-21 ACIS-S 35.2 Wilson
2000-05-26 ACIS-S 10.2 Wilson

2134+004 2000-11-25 25.9/75.1/80.0 Celotti
2145+067 1998-12-05 41.3/36.8 Yamasaki
2200+420 1995-11-22 31.9/29.3 Urry 1997-11-08 12.4/13.8/10.0 Padovani 2000-01-07 ACIS-I 2.1 Pesce

1997-07-18 65.6/36.8 ASCA Team 1999-06-05 45.3/54.4/50.0 Tagliaferri 2000-02-16 ACIS-I 1.1 Pesce
1999-06-28 89.2/82.4 Tashiro 1999-12-05 17.5/54.7/50.0 Tagliaferri

2000-07-26 16.9/23.3/50.0 Tagliaferri
2000-10-31 24.9/33.7/50.0 Tagliaferri

2223−052 1997-11-10 9.4/16.2/20.0 Ghisellini
2230+114 1995-12-06 22.4/19.8 Madejski 1997-11-11 11.0/23.8/20.0 Maraschi

1997-11-13 10.3/22.3/20.0 Maraschi
1997-11-16 13.2/25.7/20.0 Maraschi
1997-11-18 7.0/12.2/20.0 Maraschi
1997-11-21 9.5/19.4/20.0 Maraschi

2243−123 1998-11-18 10.2/27.5/30.0 Maraschi
2251+158 2000-06-05 17.7/48.5/50.0 Tavecchio 2002-11-06 ACIS-S 5.2 Marshall

a Nominal Exposure of the SIS and GIS detectors; b Nominal Exposure of the LECS, MECS, and PDS detectors;c Nominal Exposure of the ACIS-S or ACIS-I detectors;d Nominal Exposure of the
MOS 1, MOS 2, and PN detectors
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3.2 Properties of the 2 cm-X-Sample

3.2.1 Redshift Distribution
In Fig. 3.1, the redshift distribution of the sources in the 2 cm-X-Sample is shown. A large
range between z = 0.004 and z = 2.286 is covered, exhibiting an apparently bimodal
distribution with a pronounced peak at small z values (. z = 0.25) and a second, broader
maximum above 0.5 . z . 0.75 with a wing towards higher z values. The decomposition
into different source classes shows that the low-redshift peak is dominated by nearby
radio galaxies, while the quasar distribution peaks above z = 0.5, and extends up to high
z-values. The BL Lacs peak at low frequencies (0.25 . z . 0.5).
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Figure 3.1: Redshift distribution
of 2 cm-X-Sample sources. The
distribution is shown for the full
sample (brown, solid line), quasars
(hatched), BL Lac objects (red,
dashed line), and galaxies (blue,
solid line).

3.2.2 Comparison of the 2 cm-X-Sample and the VLBA 2 cm and
MOJAVE samples

Is the 2 cm-X-Sample representative of the MOJAVE sample in terms of VLBI char-
acteristics?

Figure 3.2 (top panels) shows the distribution of mean VLBI radio fluxes for the 2 cm-
X-Sample in comparison to the distribution for the whole MOJAVE sample. In the middle
panels of Fig. 3.2 the comparison of the source compactness (i.e., unresolved flux on the
longest VLBA baselines at 15 GHz divided by the total recovered VLBI flux) is shown.
These distributions for the whole MOJAVE sample are analyzed in detail in Kovalev et al.
2005. As for the MOJAVE sample, the peak of the VLBI flux distribution for the 2 cm-
X-Sample reflects the selection limit while the low flux density wing reflects the variable
nature of AGN. The distribution of the mean source compactness shows, in agreement
with expectations from unification models of radio galaxies, quasars and BL Lacs, the
rising compactness from galaxies to quasars to BL Lacs for both samples. The bottom
panels of Fig. 3.2 display the distributions for the 2 cm-X-Sample and the whole MO-
JAVE sample of the apparent linear velocity of the brightest component in each source
with well determined kinematics. The apparent bimodality of speeds for the full VLBA
2 cm Survey sample and the MOJAVE sample reported in Kellermann et al. (2004) is
also present for the 2 cm-X-Sample, with a minimum (most pronounced for the quasar
distribution) around βapp ∼ 8.
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Figure 3.2: Distribution of
the statistically complete
MOJAVE sample and the
2 cm-X-sample observed
spectroscopically at X-rays
over the mean total flux den-
sity SVLBI observed by the
VLBA (top), the mean com-
pactness index Sunres/SVLBI

(middle), and the apparent
linear velocity β = v/c of
well determined jet compo-
nents. In all histograms the
sources are divided by optical
classification into quasars,
BL Lac objects and galaxies.

A Kolmogorov-Smirnov (KS) test does not reveal any significant differences between
the VLBI properties of both samples, so that we consider the 2 cm-X-Sample to be repre-
sentative of the statistically complete MOJAVE sample. It thus provides a firm basis for
statistical investigations of core-dominated radio-loud AGN.

Is the 2 cm-X-Sample representative of the MOJAVE sample in terms of X-ray char-
acteristics?

To further test the representative character of the 2 cm-X-Sample for the class of radio-
loud, core-dominated AGN, in terms of X-ray characteristics, the soft X-ray flux and
luminosity distributions of both samples were compared by making use of the ROSAT
All-Sky Survey (RASS) (see Appendix B). Fig. B.4 demonstrates that the 2 cm-X-Sample
is representative of the larger, complete MOJAVE sample in terms of soft X-ray luminos-
ity. A KS-test reveals a 99.9 % probability that the 2 cm-X-Sample and the full MOJAVE
sample are drawn from the same parent population in terms of soft X-ray luminosity, i.e.,
the 2 cm-X-Sample is representative of the MOJAVE sample.
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3.3 Data Acquisition

The open-archive policy of most relevant astronomical facilities makes it possible nowa-
days to conduct an archival survey like the one presented in this work. In general, obser-
vations of astronomical targets are performed either organized by the science teams of the
observatories themselves for calibration and performance tests, as public observations,
e.g., as Target-of-Opportunity (ToO) observations, as part of guaranteed-observing time
programs of mission participating agencies and/or individuals, or as peer-reviewed and
approved guest-observer projects. The data collected are stored in archives maintained by
the mission teams and can in general be accessed by the astronomical community after
the expiration of individual proprietary periods either via web interfaces or upon written
request.

In high-energy astronomy this concept has been fostered during the last decades, in
particular by embracing the Flexible Image Transport System (FITS) data format as a
standard for all astrophysical missions from the late 1980s on. The ROSAT mission in
1990 was the first mission whose data were distributed in the FITS format, defining a
number of FITS templates and keywords applicable to the different levels of data. In
contrast, data from missions flown before 1990 were usually stored in mission-specific
formats on a variety of media and depending on specialized software, hampering the
development of multi-mission archive concepts.

The NASA High Energy Astrophysics Science Archive Research Center1 (HEASARC)
was created in 1990 and now archives high energy (X-ray and γ-ray) astrophysical data
from all major satellite missions. Data from “mature” missions, i.e., from the pre-ROSAT
era, have been restored and reformatted into the FITS format, whereas the data from mis-
sions flown after 1990 come to the HEASARC archive directly from their Science Data
centers or the mission PIs.

The HEASARC website allows the user to browse observation catalogs of the individ-
ual missions and to search multiple mission catalogs for a given source name or position
in the sky. For this thesis, the mission catalogs of ASCA, BeppoSax, Chandra, and XMM-
Newton were searched for observations that contained sources of the MOJAVE sample
inside the mission-specific Field-of-Views (FoVs) of their X-ray spectroscopic detectors.
In the case of the narrow-field instruments2 of ASCA and BeppoSax, this usually implied
pointed observations of the AGN of interest. In the case of Chandra and XMM-Newton
a number of sources were found in observations of objects or fields close to the nominal
position a MOJAVE source. In these cases, however, the final judgment about the us-
ability of these observations had to be made after a direct inspection of the data because
of the roll-angle dependence of the (non circular) FoVs, e.g., of the ACIS-S detector of
Chandra, and the different detector-modes that may reduce the useful FoV considerable,
e.g., in the case of small-window mode observations with the XMM-Newton PN detector.

1http://heasarc.gsfc.nasa.gov
2The full FoV of the SIS, GIS, LECS, and MECS detectors onboard these two satellites is comparable

to the FoVs of Chandra and XMM-Newton (compare Table 2.1). However, the ratio of their PSFs to their
FoVs is in the range of 1/4 to 1/60, making it difficult or impossible to resolve neighboring sources from
the generally much brighter target source at the center of the FoV.
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3.4 Data Calibration and Extraction of Source Spectra
The general concept of X-ray spectral data reduction involves the following steps that, to
a large degree, differ only in the use of specific software for the individual missions:

1. The data have to be downloaded from the given archive, copied and uncompressed
in a local directory.

2. The data have to be inspected. In general, the FITS headers contain all relevant
information on the observational details like nominal pointing position, integration
time, detectors in use, etc.

3. The most recent (or most appropriate) calibration has to be used, i.e., the necessary
information on how the given detector at the time of the observation responds to the
incoming radiation in terms of spectral, timing and spatial response. In particular,
this step provides the necessary calibration data that allows the data-reduction soft-
ware to consider properly the mirror area (effective area), the mirror point-spread-
function (PSF), the mirror grating diffraction efficiency and the grating line-spread
function (LSF) (in case of grating facilities in use), the detector quantum efficiency
(QE), the detector redistribution matrix file (RMF), and the time-dependent coordi-
nate transformations (accounting for telescope “dithering”) for the given observa-
tion.

4. The event file that contains the full information of data recorded during the ob-
servation (photon events) has to be filtered, i.e., “bad-time” intervals need to be
recognized and waived. In particular, this may apply for periods of detector mal-
functions, high internal or external background periods, or damaged detector pixels
or sub-arrays. Filtering may also invoke the extraction of events inside a given
detector or sky region (the extraction of source data) or for given time periods.

5. The spectrum, i.e., the pulse-height signal, of the source has to be extracted from
the filtered event file for the time period of interest.

6. An appropriate background spectrum has to be extracted from the filtered event file
for the same time period. The background should not be contaminated by other
sources and should be taken from a region close to the source (ideally from an
annulus around the source region). If this is not possible, standard background files
provided from the mission science teams may be used.

7. Using the filtered event file and applying the proper calibration, an RMF has to be
created for the detector regions and time periods of interest. The RMF accounts for
detector-specific modifications of the incoming signal, in particular for the redistri-
bution of detector channels into energy bins. The same applies for the background
spectrum.

8. An ancillary response file (ARF) has to be produced, accounting for the combined
mirror/filter/detector effective areas and efficiencies as a function of energy, for the
regions and time periods of interest, i.e., the source and background spectra.
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9. The spectra have to be binned (irreversible) or grouped (reversible) together to pro-
vide an acceptable SNR. Usually, for the spectra analyzed in this thesis, grouping
has been performed to yield 25 counts per bin, providing a SNR of 5 (assuming
Poisson statistics).

10. The background-subtracted source spectra have to be fitted with a (physical) model.
The free parameters of the spectral model are varied to find the best fitting approxi-
mation (according to the least-squares method) of the model folded with the instru-
mental response to the measured spectral data.

The application of the basic steps of for the individual detectors of ASCA, BeppoSax,
Chandra, and XMM-Newton are described in more detail in the subsequent paragraphs.
The spectral fitting procedure is described in Sect. 3.5.

3.4.1 ASCA Data

All ASCA observing sequences with targets designated as AGN (as indicated by a leading
“7” in the observing sequence number) are contained in the TARTARUS database (Turner
et al. 2001b). TARTARUS provides source and background event files, spectra, ancillary
response files and response matrices, images and assorted light curves for all 661 ASCA
observing sequences designated as AGN observations.

All TARTARUS data base on the observation files available from the HEASARC
ASCA database. Screened event files have been produced using the ancillary files for the
given observation. Source and background events have been extracted from the nominal
target position for all four detectors. All TARTARUS results used in this thesis correspond
to source detections of at least 5-σ. Appropriate ancillary and response files are provided
along with the source spectra. For a full description of the data reduction applied, see
http://astro.ic.ac.uk/Research/Tartarus.

3.4.2 BeppoSax Data

The SAX Science Data Center in Rome maintains the archive of BeppoSax observational
data. This archive includes all necessary files for the BeppoSAX data analysis of the NFI
detectors LECS, MECS, and PDS. Along with the raw and filtered event files, the archive
provides higher-level data products, in particular the source spectra, produced following
the procedures described in the cookbook of the BeppoSax NFI spectral analysis (Fiore
et al. 1999). The PDS spectra are background subtracted, while background spectra ob-
tained from blank-sky observations have to be obtained for the given source-extraction
radius from the HEASARC public ftp area3. The same holds for the necessary response
and ancillary files.

3ftp://heasarc.gsfc.nasa.gov/sax
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3.4.3 Chandra Data
The Chandra data were obtained from the Chandra Data Archive (CDA4) and were re-
duced with the Chandra data reduction software CIAO V.3.0.2 using the CALDB 2.26
calibration files provided by the CXC.

Source and background spectra were extracted following the guidelines of the “Step-
by-Step Guide to Creating ACIS Spectra for Pointlike Sources” of the Chandra-Science-
Threads website5. The regions for the extraction of source spectra were defined to contain
virtually all source photons. Usually circular regions with an extraction radius of 10 arcsec
were used (unless contaminating sources in this field were present) for the source spectra
and source-free background regions in the direct vicinity of the source region located on
the same detector chip. Light curves from both regions were obtained and inspected for
background flares during the observations and if necessary, the data were filtered to waive
contaminated time intervals. If the source was found to be resolved into a nucleus–jet
structure, the source spectra were extracted to contain both the nucleus and the jet, to
allow the spectral results to be compared with the (lower-angular resolution) data from
ASCA, BeppoSax, and XMM-Newton. In these cases, separate jet or knot spectra have
been extracted, as well. In the case of bright sources (see pileup discussion below), source
spectra have been obtained for the full source and for annuli excluding the central 3 × 3
pixels around the source center for later comparison of pileup-modeled full source spec-
tra and the source spectra from the wings of the PSF which are not affected by pileup.
Response and ancillary matrices were calculated for the given position on the chip and a
correction for the aspect motion during the observation was applied.

The Pileup Effect: CCD detectors in general, but Chandra’s ACIS in particular, suffer
from the problem of photon pileup. Pointings on bright point sources are the strongest
affected observations by this effect. When multiple photons arrive at the same CCD
pixel within one frame time (the read-out interval of the detector), the detector is not
capable of distinguishing between one high-energy event and possible combinations of
separate lower-energy events. If we consider a series of 1 keV photon pairs that arrive
at the same pixel of Chandra’s ACIS within its standard frame time of 3.2 s, two things
may occur: I: the detector electronics may record one-photon events of 2 keV energy,
reducing the source flux by a factor of two and artificially hardening the spectrum. II:
the two photons of one pair may produce different event patterns, i.e., set free charge in
neighboring pixels, resulting in an overall pattern with a “bad grade” (grade migration).
In this case, the event will be discarded by the onboard electronics, again reducing the
source flux and hardening the measured spectrum due to the loss of soft-energy photons.
Pairs of higher-energy photons above 6 keV are lost anyway because the total energy goes
above the on-board discriminators. In practice, the impact of pileup can be reduced by
decreasing the frame time of the detector in observations of bright point sources. This,
however, reduces substantially the efficiency of the detector performance.

The number of incident X-ray photons per detector frame can be written as

NFrame = FX × A × τFrame , (3.1)
4The CDA is part of the Chandra X-Ray Observatory Science Center (CXC) which is operated for

NASA by the Smithsonian Astrophysical Observatory.
5http://cxc.harvard.edu/ciao/threads
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where FX is the X-ray flux in photons/s/cm−2, A is the effective area of the mirror-detector
assembly including the quantum efficiency and filter transmission, and τFrame is the frame
time of the detector. The degree of pileup for Chandra ACIS observations was deter-
mined by the AXAF X-ray Calibration Facility (XRCF) in pre-launch ACIS exposures
with increasing flux of a monochromatic source (Al Kα emission, E = 1.487 keV). In
these measurements, the intensity of the ACIS detected 1.487 keV line decreased when
pileup occurred while pileup peaks at 2.974 keV, 4.461 keV, etc. could be seen. The pileup
fraction is the ratio of the number of photons detected at the pileup energies at 2.974 keV,
4.461 keV, etc. to the total number of detected photons. The degree of photon pileup PP

of ACIS was determined from the ratio of the summed, photon-weighted areas under the
pileup peaks An (n = 1, 2, 3, ...) and the primary peak A0:

PP =

∑

n≥1(An · n)
∑

n≥0(An · n)
(3.2)

Similarly, the degree of event pileup PE is roughly a factor of two smaller than the degree
of photon pileup:

PE =

∑

n≥1 An
∑

n≥0 An
∼ PP/2 (3.3)

Figure 3.3 shows the determined pileup fractions as a function of the total number of
photons per frame. Moreover, it shows that the data are adequately represented by a model
developed by B.R. McNamara6. The mean encircled energy ε(R1) within the central
detection cell (2.1 pixel) for the pre-launch tests of the XRCF was found to be ε(R1) =
61% while the in-orbit performance of ACIS was later determined to ε(R1) ∼ 90%. This
degradation increases the pileup fraction further by about a factor of two.

A pileup correction model has been developed by Davis (2001), which has been im-
plemented into the standard X-ray spectral fitting programs7 ISIS, SHERPA and XSPEC.
All Chandra spectra analyzed for this thesis project were tested for pileup and — if nec-
essary — modeled by invoking the PILEUP model of XSPEC. In this model, the grade
morphing is expressed through a single parameter, α which presents a free parameter of
the model. The fraction of good grades is assumed to be proportional to αp−1 where p is
the number of piled photons. A typical value of α = 0.5 corresponds to a spectrum where
half of the two-photon pileup events are lost due to grade migration, as well as 3/4 of
the three-photon pileup events. To ensure the robustness of the solution, the determined
spectral model was compared to a spectrum obtained from the wings of the PSF, i.e., by
excluding the central piled-up pixels of the PSF.

It has to be noted that pileup remains a severe problem in the analysis of bright
point sources from Chandra ACIS observations. While the model developed by Davis
(2001) has proven to reproduce sufficiently the effects of moderate pileup, heavily piled-
up sources (particularly at large off-axis angles) are beyond the scope of this approach.
Two spectra of 0430+052 (3C 120), eleven spectra of 1226+023 (3C 273), and one spec-
trum of 1957+405 (Cygnus A) were excluded from the statistical analysis since the quality
of the pileup correction could not be established.

6Compare
http://cxc.harvard.edu/cal/Acis/Cal prods/pileup/pileup memo b 10 2.ps.

7See http://space.mit.edu/CXC/analysis/PILECOMP/ for a comparison of the
three implementations.
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Figure 3.3: ACIS pileup fraction as a function of the number of detected pho-
tons per CCD frame. The solid and dashed lines represent the analytical pileup
model developed by B.R. McNamara for ε(R1) = 61% and ε(R1) ∼ 90% cor-
responding to the pre-launch and in-orbit performance of ACIS. Diamonds show
the degree of photon pileup. Squares show the degree of event pileup. The open
triangles describe the photon pileup fraction for ASCA-G02346-grade photons
for which the pileup fraction is underestimated due to grade migration. Taken from
http://cxc.harvard.edu/cal/Acis/Cal prods/pileup/pileup.html.

3.4.4 XMM-Newton Data

The XMM-Newton were obtained from the XMM-Newton Science Archive8. The data
were processed using the XMM-Newton Science Analysis System SAS V. 6.1.0 and the
latest available calibration information. For that, the EPIC raw data were re-processed
to obtain calibrated pipeline data products using the SAS tasks EMCHAIN and EPCHAIN.
Data from all three EPIC instruments onboard XMM-Newton were considered when all
were available: the two MOS cameras (MOS 1 & MOS 2) and the PN detector. Source
and background spectra were extracted from circular regions located on the same detector
chip containing virtually all source photons (usually ∼ 50 arccsec in radius) and no con-
taminating sources, respectively. In small-window-mode observations, the background
spectra were extracted from one of the outer detector chips to avoid a contamination of the
background spectrum with source photons. Light curves over the full 0.3 keV to 12 keV
energy range were produced for the full chip, the source- and the background region to
identify time intervals contaminated by background flares, which were filtered out, sub-
sequently. Only single and double event patterns were considered for the PN detector
(PATTERN ≤ 4) and single, double, triple, and quadruple event patterns for the MOS de-
tectors (PATTERN ≤ 4). In addition to this, the source spectra were investigated for pileup
using the EPATPLOT task within SAS. If a significant pileup fraction was found, spectra

8http://xmm.vilspa.esa.es/external/xmm data acc/xsa
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were extracted from annulus-regions, rejecting the central pileup-affected detector pixels
at the maximal source count rate. RMF and ARF files were produced using the SAS tasks
RMFGEN and ARFGEN.

3.5 Spectral Fitting

Spectral fitting was performed using the program XSPEC. For all 239 data sets investi-
gated, a simple absorbed-power-law fit has been performed (model I) with the absorp-
tion being consisting of a neutral Galactic component (a WABS component in XSPEC)
equal to the value determined from the LAB survey9 (Kalberla et al. 2005) and an excess-
absorption component considered to correspond to a source-intrinsic absorber located in
the source rest frame (a ZWABS component in XSPEC). In some cases, excess absorption
is known to correspond to Galactic molecular clouds or to intervening galactic systems.
In these cases, the redshift of the ZWABS component has been set to an appropriate value
(model IZ). These cases are marked in column 12 of Table 4.1 in Chap. 4. Due to the noto-
rious difficulties in disentangling the relative contributions of different absorbers located
at different redshifts, any possible additional contribution of source-intrinsic absorbers
were neglected in these cases.

In the cases of those spectra, which are not adequately approximated by model I
because of systematic trends of the residuals or a statistically unacceptable fit result
(χred � 1), a second power-law component was added to the model (model II). If model
II yielded a significant improvement of the fit according to the F-test, the model II results
were used in the further analysis. Those cases are given in Table 4.2 in Chap. 4.

The sources 0316+164 (Perseus A) and 1228+126 (M 87) are known to be embedded
in bright, extended thermal-plasma emitting environments (compare Sect. 4.3). The high
angular resolution of Chandra allowed the nuclear AGN emission to be resolved from the
surrounding plasma emission so that model I could be applied to the nuclear power-law
spectrum. To account for the thermal emission in the lower-angular-resolution ASCA,
BeppoSax, and XMM-Newton spectra of those sources, a thermal-plasma model compo-
nent (a MEKAL component in XSPEC) was added to the standard power-law model (model
III).

The normalization factors for the different ASCA and XMM-Newton detectors used in
the same fit (to account for inter-calibration problems or partial source masking effects on
individual detectors, e.g., in the case of sources located close to detector-chip gaps) were
left free to vary, yielding typically values close to unity. In some cases, particularly for
data sets that are only poorly represented by a one-power-law model, the inter-calibration
factors of the LECS, MECS, and PDS detectors of BeppoSax had to be fixed during the fit
because otherwise they diverged to unreasonable values. In these cases, the LECS/MECS
factor was fixed at a value of 0.65 and the PDS/MECS factor was set to 0.85, according to
the lower end of typical acceptable LECS/MECS normalization values (to avoid the spu-

9The Leiden/Argentine/Bonn Galactic HI Survey. NHi values were obtained from the catalog
as available in March 2005. A web interface for the LAB survey is available since July 2005
at http://www.astro.uni-bonn.de/ webrai/german/tools labsurvey.php.
See Sect. 5.2 for a discussion of the discrepancies between the March 2005 and the July 2005 versions
of the LAB catalog.
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rious introduction of artificial apparent absorption), and the mean PDS/MECS normaliza-
tion factor, as given by Fiore et al. (1999). All spectra were grouped to have 25 counts per
spectral bin (5-σ) except some cases of high background level where 50 counts per bin
were chosen to increase the SNR. A considerable fraction of all Chandra spectra are af-
fected by pileup. In most of these cases, invoking the PILEUP model component of XSPEC

yielded a source spectrum with a photon index in agreement with the value determined
from an annulus spectrum in the wings of the PSF. In some cases the pileup-corrected
photon index and the annulus-determined photon index did not match, particularly in the
case of extreme pileup, and the data set was waived for further analysis. All these data-set
specific remarks are given in column 12 of Table 4.1 in Chap. 4. The residuals to the
best-fitting spectral model I, II, or III, respectively, are shown in appendix A.
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4.1 X-ray Core Spectral Properties of Radio-Loud, Core-
Dominated AGN

In this chapter, the results from the X-ray spectral fitting for the 2 cm-X-Sample are pre-
sented. The results of the one-power-law spectral fits with a fixed absorber corresponding
to Galactic absorption plus a freely variable absorber in the source frame or at the redshift
of an intervening system (model I) are tabulated in Table 4.1. All values in this and the
following tables are listed with their 90 % confidence ranges, corresponding to ∆χ = 2.7
for one parameter of interest. For photon indices and absorbing column densities from in-
dividual spectral fits, upper and lower errors do not agree, in general, so that both values
are listed. For a large fraction of all spectra model I provides an acceptable approximation
(the average value of χ2 over the whole sample is 1.43, however, with a large standard
deviation of 1.22 due to a wide tail of the distribution towards high values). The largest
values of χ2 (> 3) stem from observations with the highest SNR of bright objects with
complex or multiple emission, e.g., the long ASCA, BeppoSax, and XMM-Newton obser-
vations of 0316+164 (Perseus A), 0430+052 (3C 120), 1228+126 (M 87), and 1957+405
(Cygnus A). Small values of χ2 < 1 occur in cases of snapshot observations or weak
sources and are a sign of the transition from χ2 statistics to Poisson statistics. In these
cases, no meaningful test of more complicated spectral models is possible. A quality code
is given for all model I fits in Table 4.1, with a “3” indicating an acceptable fit (χred ∼ 1),
a “2” indicating a statistically acceptable fit but the presence of systematical broad and/or
narrow residuals, and a “1” indicating a statistically unacceptable fit (χred � 1). In a
number of cases with quality codes “1” and “2”, clear residuals at soft and/or hard ener-
gies are apparent. In other cases, these residuals show up only if the spectrum is grouped
stronger, increasing the SNR. A two-power-law model with Galactic and source-intrinsic
absorption (model II) has been tested in such cases but has been accepted only if the fit
to the data yielded a significant improvement to model I, according to the F-test. In a
small number of spectra, narrow residuals around a rest-frame energy of 6.4 keV were ap-
parent, being accounted for by the addition of a ZGAUSS model component, a redshifted
Gaussian emission line model redshifted with respect to the observer’s frame. In two
cases (1749+096, epoch 1995-09-22; 2200+420, epoch 1999-12-05), model II yielded no
statistically significant improvement over model I but the residuals showed an apparent
steepening of the continuum at hard energies. In both cases, the modified model II with a
broken power law substituting the two separate power laws yields a significantly improved
fit. In the nine cases of low-angular resolution observations, i.e., non-Chandra observa-
tions, of the sources Perseus A and M 87, a thermal plasma model component (MEKAL
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component in XSPEC) has been added to the model to account for the bright intra-cluster
emission into which the nuclei of these objects are embedded. All other special remarks
on individual one-power-law fits (model I) are given in Table 4.1. The results of the two-
power-law model II fits are given in Table 4.2. Table 4.3 gives the results of the model
III fits. For further analysis, all models in Table 4.2 and Table 4.3 have been considered,
waiving the statistically inferior models in Table 4.1 for these spectra. In the case of two
sources (NGC 1052 and Cygnus A), neither model II nor model III provides an adequate
representation of the measured spectrum. Among all 2 cm-X-Sample sources, these are
the only two jet-systems believed to be oriented close to the plane of the sky (compare
Kellermann et al. (2004)). The complex X-ray spectrum of NGC 1052 is discussed in
detail in Sect. 6.3.3 and the Cygnus A nucleus is known to exhibit a similarly complex
spectrum invoking a heavily absorbed hard-power-law component, a soft excess com-
posed of a power law or a bremsstrahlung-plus-narrow-emission-lines component and a
strong narrow iron line (Young et al. 2002). The six observations of these two sources
have not been further considered in this chapter to sustain a maximal uniformity of the
analysis with only three different models. In all remaining cases, the soft power law of
model II is considered as the simplest possible parametrization of a soft excess present in
these sources. The nature of this soft excess and possible alternative ways to model this
spectral component are discussed in Sect. 5.1. Throughout this chapter, the steeper of the
two power laws in the individual model II realizations is referred to as the “soft-excess
component”.

For the best-fitting model of each spectrum, mean values for the photon indices of the
one or two invoked power laws, for the excess absorbing column density over the Galactic
value (in the source frame) and the source fluxes in the (0.5−2.0) keV and (2.0−10.0) keV
bands have been determined. Errors have been determined as the geometrical mean of the
deviations from the mean value and the mean upper and lower errors of the individual
measured photon indices and column densities. For the fluxes, an absolute calibration
uncertainty of 20 % has been assumed and has been used as the error for features with
only one spectrum. In the cases, where more than one spectrum of the same source was
available, the error of the mean fluxes was calculated as the geometrical mean of the
deviations from the mean flux and the 20 % uncertainty of the mean flux. The resulting
mean spectral parameters are given in Table 4.4 along with their calculated errors1.

Table 4.1: One-power-law X-ray spectral fit results

Source? Obs. Date∗ T† Sequence NH
F Γ‡ F �

1 F♣
2 F♠

3 χred d.o.f. Q♥

0007+106 1997-07-01 A 75052000 < 0.3 1.66+0.01
−0.02 5.49 10.60 − 1.00 889 2

0007+106 2000-07-03 X 0127110201 < 0.1 1.74+0.02
−0.01 3.74 6.40 − 1.07 958 2a

0048−097 1996-12-02 B 50046003 68.6+159.4
−68.6 1.82+0.23

−0.17 − 1.63 − 0.15 1 3b,c,d

0048−097 1997-12-19 B 500460031 < 4.6 1.95+0.13
−0.11 0.98 1.23 − 0.60 12 3c,d

0235+164 1994-02-04 A 71015000 30.6+12.1
−15.3 1.73+0.08

−0.07 0.63 1.41 − 1.50 86 3e

0235+164 1994-02-11 A 71015010 24.1+11.9
−12.1 1.82+0.07

−0.08 0.70 1.37 − 1.31 85 3e

0235+164 1994-02-16 A 71015020 36.4+17.7
−12.3 1.89+0.10

−0.07 0.58 1.14 − 0.72 68 3e

Continued on next page
1Note that, in contrast to Table 4.1–4.3 only one mean value for the error is given, corresponding to the

upper and lower uncertainty range.
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Source? Obs. Date∗ T† Sequence NH
F Γ‡ F �

1 F♣
2 F♠

3 χred d.o.f. Q♥

0235+164 1994-02-19 A 71015030 24.6+12.9
−13.7 1.81+0.07

−0.08 0.86 1.69 − 0.83 73 3e

0235+164 1998-02-11 A 75063000 54.6+9.2
−9.6 1.76+0.03

−0.03 1.59 4.30 − 1.08 242 3e

0235+164 1999-01-28 B 50482001 28.1+34.8
−24.6 1.94+0.09

−0.09 0.47 0.81 − 0.98 16 3e

0235+164 2000-08-20 C 884 18.7+2.1
−2.4 1.55+0.03

−0.04 0.46 1.27 − 1.07 134 3e

0235+164 2002-02-10 X 0110990101 24.5+0.4
−0.3 2.40+0.01

−0.01 5.02 4.37 − 1.15 1103 3e

0235+164 2004-01-18 X 0206740101 24.2+1.3
−0.9 1.64+0.02

−0.01 0.78 1.98 − 0.96 755 3e

0235+164 2004-08-02 X 0206740501 24.4+2.5
−2.3 1.58+0.02

−0.02 0.79 2.18 − 0.94 344 3e

0235+164 2005-01-28 X 0206740701 17.3+2.7
−2.5 1.73+0.03

−0.03 0.39 0.82 − 1.04 244 3e

0238−084 1996-08-11 A 74061000 < 0.8 0.02+0.01
−0.04 0.22 5.64 − 1.25 357 2a,f

0238−084 2000-01-11 B 50828001 309.7+39.3
−37.1 1.01+0.02

−0.02 0.05 3.59 30.72 2.28 84 1a,f,g,h

0238−084 2000-08-29 C 884 < 2.4 0.06+0.08
−0.11 0.16 3.84 − 4.39 11 1f

0238−084 2002-09-28 X 0093630101 < 0.1 0.45+0.02
−0.02 0.29 3.66 − 3.29 451 1a,f

0316+164 1993-08-06 A 80007000 8.7+0.3
−0.3 2.06+0.01

−0.01 345.36 471.75 − 2.23 1202 2i,j

0316+164 1993-08-06 A 80008000 13.2+0.3
−0.2 2.05+0.01

−0.01 306.06 473.11 − 1.72 2080 2j

0316+164 1995-08-18 A 83051000 9.1+0.5
−0.5 2.00+0.01

−0.01 310.52 464.82 − 1.69 999 2i,j

0316+164 1995-09-04 A 83053000 7.9+0.4
−0.4 2.01+0.01

−0.01 146.10 207.71 − 1.70 1061 2i,j

0316+164 1996-09-19 B 60009001 37.6+1.7
−1.7 2.40+0.01

−0.01 − 105.14 39.50 13.72 195 1j,g′,h

0316+164 1999-09-20 C 502 10.7+3.1
−3.2 2.13+0.07

−0.09 3.44 4.55 − 1.54 45 3k,l

0316+164 1999-10-10 C 333 0.3+3.0
−0.3 2.09+0.06

−0.03 18.97 19.54 − 1.25 91 3k,l

0316+164 1999-11-28 C 503 12.2+3.4
−3.3 2.04+0.12

−0.14 3.99 6.10 − 0.85 76 3k,l

0316+164 2000-01-29 C 1513 10.1+1.6
−1.4 2.15+0.07

−0.07 4.22 5.24 − 1.19 195 3k,l

0316+164 2000-08-25 C 428 < 2.1 2.08+0.04
−0.04 8.85 9.14 − 1.17 151 3k,l

0316+164 2001-01-30 X 0085110101 13.4+0.1
−0.1 2.21+0.01

−0.01 37.95 47.01 − 3.24 2040 2j

0316+164 2002-08-08 C 3209 19.8+0.8
−0.7 2.58+0.05

−0.05 6.40 5.66 − 1.23 375 3k,l,m

0316+164 2002-08-10 C 4289 18.6+0.8
−0.7 2.46+0.05

−0.05 6.43 6.49 − 1.19 365 3k,l,m

0316+164 2002-08-11 C 3404 11.7+1.0
−1.1 2.45+0.03

−0.05 6.34 5.41 − 1.28 172 3k,l,n

0333+321 1994-02-01 A 71047000 16.3+1.1
−1.0 1.68+0.01

−0.01 3.39 9.46 − 0.98 780 3o

0333+321 1999-08-05 B 50997001 17.6+6.0
−5.0 1.63+0.02

−0.02 2.33 7.09 13.77 1.13 130 3o

0415+379 1996-02-13 A 74087000 67.4+0.9
−1.0 1.73+0.01

−0.01 7.24 39.06 − 0.97 1637 3o

0415+379 1998-03-08 B 50552001 64.4+4.3
−4.1 1.64+0.01

−0.01 4.35 25.51 51.04 1.10 226 3o

0415+379 2001-03-14 X 0065940101 52.3+0.4
−0.4 1.69+0.01

−0.01 12.61 60.03 − 1.27 1076 3o,p

0420−014 1997-08-31 A 75088000 30.3+30.9
−6.5 1.91+0.12

−0.02 1.16 1.87 − 0.99 162 3

0430+052 1994-02-17 A 71014000 6.2+0.2
−0.2 1.95+0.01

−0.01 32.05 47.38 − 1.27 1452 2
0430+052 1997-09-20 B 50384001 6.9+0.8

−0.8 1.86+0.01
−0.01 21.14 47.17 56.67 1.24 400 2

0430+052 1998-02-12 A 76009000 < 0.1 1.85+0.01
−0.01 32.32 46.93 − 1.28 1895 2

0430+052 2001-01-27 C 1612 14.4+2.4
−1.9 2.49+0.10

−0.10 44.02 38.04 − 1.64 76 2k′

0430+052 2001-09-18 C 1613 8.7+0.9
−0.9 2.13+0.06

−0.06 6.11 7.44 − 1.09 158 2k′

0430+052 2001-12-21 C 3015 6.1+1.4
−1.3 2.03+0.02

−0.02 16.78 22.21 − 1.32 371 2k

0430+052 2002-09-06 X 0109131101 < 0.1 1.84+0.01
−0.01 24.31 35.86 − 1.11 1255 2q

0430+052 2003-08-26 X 0152840101 4.9+0.1
−0.1 1.94+0.01

−0.01 30.73 44.55 − 4.99 2680 2m

0458−020 2002-10-10 C 2985 36.7+7.0
−6.6 1.64+0.03

−0.03 0.32 0.69 − 1.30 178 3e′

0528+134 1994-08-28 A 72030000 28.9+3.4
−3.4 1.69+0.03

−0.03 1.14 3.92 − 1.04 233 3o

0528+134 1995-03-07 A 73054010 29.4+2.0
−2.0 1.72+0.02

−0.02 2.91 9.70 − 0.93 433 3o

0528+134 1995-03-14 A 73054000 27.0+1.8
−1.7 1.71+0.02

−0.02 3.15 10.22 − 1.01 517 3o

0528+134 1995-03-19 A 73090000 30.9+1.6
−1.6 1.75+0.01

−0.01 4.08 13.40 − 1.01 508 3o

0528+134 1997-02-21 B 50237001 17.7+24.0
−17.7 1.41+0.05

−0.06 0.64 2.39 − 1.48 23 3o,r

0528+134 1997-02-22 B 50237002 44.3+32.2
−20.6 1.57+0.06

−0.05 0.56 2.54 − 0.96 22 3o,r

0528+134 1997-02-27 B 50237003 24.0+39.1
−20.7 1.40+0.10

−0.07 0.57 2.41 − 0.45 17 3o,r

0528+134 1997-03-01 B 50237004 23.1+30.2
−19.9 1.42+0.06

−0.05 0.59 2.40 − 1.09 33 3o,r

Continued on next page
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Source? Obs. Date∗ T† Sequence NH
F Γ‡ F �

1 F♣
2 F♠

3 χred d.o.f. Q♥

0528+134 1997-03-03 B 50237005 < 19.6 1.27+0.06
−0.05 0.71 2.25 − 1.02 33 3o,r

0528+134 1997-03-04 B 50237006 22.9+38.0
−21.7 1.55+0.08

−0.05 0.70 2.36 − 1.06 27 3o,r

0605−085 2001-05-01 C 2132 12.3+8.6
−6.3 1.63+0.07

−0.05 0.60 1.32 − 1.14 46 3

0716+714 1994-03-16 A 71006000 < 0.1 2.41+0.06
−0.05 2.01 1.26 − 1.02 192 3d

0716+714 1994-03-19 A 71006010 < 0.8 2.17+0.08
−0.07 1.10 0.99 − 0.96 117 3d

0716+714 1994-03-21 A 71006020 < 0.5 2.40+0.05
−0.05 1.62 1.04 − 1.07 211 3d

0716+714 1996-11-14 B 50160001 < 0.3 2.20+0.03
−0.03 1.51 1.31 − 1.34 103 2c,d,f

0716+714 1998-11-07 B 50750002 < 0.7 1.91+0.05
−0.04 1.79 2.39 2.52 1.44 44 3c,d,f,h,s

0716+714 2000-10-30 B 51153001 < 0.1 2.31+0.04
−0.04 3.75 2.76 1.21 1.24 88 2c,d,f,h,s

0716+714 2001-04-13 X 0012850101 < 0.1 2.86+0.11
−0.03 2.81 0.81 − 1.41 155 2d,s

0716+714 2001-09-19 X 0012850601 < 0.1 2.85+0.06
−0.02 5.12 1.65 − 1.24 214 2d,s,t

0716+714 2002-03-26 X 0012850701 < 0.1 2.66+0.02
−0.01 13.49 5.87 − 1.11 589 3a′,d

0735+178 1996-04-22 A 74005000 < 2.4 1.74+0.07
−0.06 0.40 0.69 − 0.94 251 3d

0736+017 1998-10-26 A 76055000 4.0+3.8
−3.3 1.74+0.02

−0.02 1.95 3.62 − 1.03 431 3

0738+313 2000-10-10 C 377 5.3+1.8
−2.2 1.55+0.04

−0.04 0.35 0.84 − 1.33 113 3
0738+313 2001-04-19 X 0112850301 6.2+1.5

−1.8 1.73+0.04
−0.05 0.39 0.71 − 0.96 327 3

0827+243 2002-05-07 C 3047 0.8+1.9
−0.8 1.66+0.03

−0.03 1.04 2.01 − 1.10 160 3

0836+710 1995-03-17 A 72002010 < 33.3 1.34+0.01
−0.01 4.82 15.19 − 0.89 548 3

0836+710 1998-05-27 B 50497003 102.6+42.0
−37.3 1.37+0.01

−0.01 7.35 25.66 87.88 0.98 224 3
0836+710 1999-10-17 C 1450 8.8+15.3

−8.8 1.37+0.02
−0.02 4.67 14.27 − 1.08 282 3k

0836+710 2000-08-25 C 1802 < 19.7 1.39+0.04
−0.03 5.24 15.32 − 1.03 103 3k

0836+710 2001-04-12 X 0112620101 6.5+0.9
−0.8 1.34+0.01

−0.01 11.21 35.58 − 1.11 2686 3

0851+202 1994-11-18 A 15035000 < 0.6 1.59+0.01
−0.01 2.83 6.15 − 1.13 537 3

0851+202 1997-04-26 A 75001000 < 5.2 1.57+0.03
−0.04 0.88 1.96 − 1.06 260 3

0851+202 1997-11-18 A 75001010 11.9+3.5
−2.7 1.60+0.03

−0.02 0.89 2.22 − 1.10 380 3
0851+202 1997-11-24 B 50046002 38.4+50.2

−29.6 1.73+0.08
−0.08 0.76 2.16 − 1.67 11 3c

0851+202 2001-11-20 B 51336001 32.6+27.3
−22.9 1.86+0.06

−0.06 0.51 1.14 − 1.02 35 3c

0923+392 1998-11-01 A 76056000 30.8+6.5
−7.0 1.88+0.02

−0.02 2.34 4.23 − 1.01 448 3
0923+392 2002-10-19 C 3048 < 0.4 1.69+0.03

−0.02 1.99 3.67 − 1.71 213 2m

1038+064 1996-12-13 A 74007000 40.9+18.6
−16.1 1.48+0.02

−0.02 0.74 2.17 − 1.04 577 3
1038+064 1996-12-20 A 74007010 40.9+44.0

−40.9 1.65+0.09
−0.06 0.77 1.76 − 1.27 66 3b

1038+064 2003-05-18 X 0151390101 < 0.2 1.56+0.02
−0.01 0.64 1.45 − 0.99 943 2f,s

1055+018 2001-01-09 C 2137 < 0.9 1.66+0.04
−0.03 1.77 3.45 − 1.08 153 3

1127−145 1999-06-04 B 50850001 17.3+7.1
−5.5 1.51+0.02

−0.02 2.69 8.25 20.89 0.95 147 3e∗

1127−145 2000-05-28 C 866 8.8+0.7
−0.7 1.23+0.02

−0.02 1.43 6.00 − 1.31 285 3e∗

1127−145 2002-07-01 X 0112850201 13.0+0.5
−0.4 1.32+0.01

−0.01 1.65 6.32 − 1.06 1233 3e∗

1156+295 2000-06-29 C 874 1.1+2.9
−1.1 1.61+0.03

−0.03 0.41 0.87 − 1.22 152 3

1222+216 2002-11-06 C 3049 < 0.1 1.41+0.04
−0.02 1.22 3.45 − 1.50 200 2f

1226+023 1993-06-08 A 70023000 < 0.1 1.68+0.01
−0.01 65.46 123.47 − 2.58 373 2f,s

1226+023 1993-12-15 A 10022010 2.1+0.2
−0.2 1.61+0.01

−0.01 74.98 163.30 − 1.22 1959 2f

1226+023 1993-12-15 A 10022020 1.1+0.2
−0.2 1.60+0.01

−0.01 90.89 198.28 − 1.10 2125 2f

1226+023 1993-12-16 A 71038010 2.3+0.2
−0.2 1.60+0.01

−0.01 91.16 201.61 − 1.01 1920 3
1226+023 1993-12-19 A 10022000 1.3+0.1

−0.1 1.53+0.01
−0.01 73.72 178.65 − 1.13 2646 2f

1226+023 1993-12-20 A 10022030 1.1+0.2
−0.2 1.56+0.01

−0.01 71.63 165.04 − 1.08 1999 3
1226+023 1993-12-20 A 71038000 1.5+0.3

−0.3 1.60+0.01
−0.01 69.83 153.62 − 1.02 1754 3

1226+023 1993-12-23 A 71038020 1.8+0.3
−0.3 1.56+0.01

−0.01 71.27 165.72 − 1.07 1772 2f

1226+023 1993-12-27 A 71038030 3.1+0.3
−0.3 1.53+0.01

−0.01 78.24 196.72 − 1.00 1475 3
Continued on next page
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Source? Obs. Date∗ T† Sequence NH
F Γ‡ F �

1 F♣
2 F♠

3 χred d.o.f. Q♥

1226+023 1996-07-16 A 10402000 < 0.2 1.60+0.01
−0.01 35.77 75.88 − 1.12 2763 3

1226+023 1996-07-18 B 50021001 < 0.2 1.59+0.01
−0.01 32.63 70.24 147.58 1.14 331 3

1226+023 1997-01-13 B 50237011 0.8+0.3
−0.2 1.58+0.01

−0.01 53.04 118.77 258.08 0.95 406 3
1226+023 1997-01-15 B 50237012 0.3+0.2

−0.2 1.59+0.01
−0.01 52.54 113.96 239.91 1.01 404 3

1226+023 1997-01-17 B 50237013 0.9+0.3
−0.2 1.63+0.01

−0.01 52.41 107.70 206.28 1.05 391 3
1226+023 1997-01-22 B 50237014 0.3+0.3

−0.2 1.56+0.01
−0.01 45.67 103.06 229.57 0.84 343 2f

1226+023 1998-06-24 B 50795004 < 0.1 1.63+0.01
−0.01 52.93 107.00 205.59 1.26 459 2f

1226+023 1998-06-24 A 12601000 < 0.1 1.64+0.01
−0.01 59.65 118.91 − 1.04 3062 2f

1226+023 2000-01-09 B 50795008 < 0.1 1.62+0.01
−0.01 56.60 115.92 226.87 1.30 465 2f,u

1226+023 2000-01-09 A 10701000 < 0.2 1.65+0.01
−0.01 62.91 123.32 − 1.07 2415 2f

1226+023 2000-01-09 C 1198 < 0.1 1.83+0.02
−0.02 87.66 131.82 − 1.44 377 2k′

1226+023 2000-01-10 C 459 < 0.7 1.65+0.04
−0.04 22.16 43.36 − 1.35 200 2k′

1226+023 2000-06-13 B 50795010 < 0.1 1.63+0.01
−0.01 42.94 86.54 165.51 1.17 465 2f,u

1226+023 2000-06-13 X 0126700101 < 0.1 1.79+0.02
−0.01 62.38 99.53 − 1.13 720 2f

1226+023 2000-06-13 X 0126700201 < 0.1 1.81+0.05
−0.02 71.98 110.76 − 0.99 327 2f

1226+023 2000-06-13 X 0126700301 < 0.1 1.81+0.01
−0.01 47.38 73.65 − 3.53 3002 2f

1226+023 2000-06-14 C 1711 < 0.2 1.83+0.02
−0.02 9.98 14.92 − 1.28 280 3k′

1226+023 2000-06-14 C 1712 < 0.1 1.51+0.02
−0.02 1.56 3.82 − 2.26 251 2k′

1226+023 2000-06-15 X 0126700401 < 0.1 1.78+0.01
−0.01 53.46 86.22 − 1.21 1232 2f

1226+023 2000-06-15 X 0126700601 < 0.1 1.81+0.01
−0.01 47.06 72.92 − 2.74 2691 2f

1226+023 2000-06-15 X 0126700701 < 0.1 1.80+0.01
−0.01 45.40 71.16 − 2.63 2718 2f

1226+023 2000-06-16 X 0126700501 < 0.1 1.77+0.01
−0.01 44.87 73.66 − 1.24 1413 2f

1226+023 2000-06-17 X 0126700801 < 0.1 1.80+0.01
−0.01 44.60 69.70 − 4.03 2942 2f

1226+023 2001-06-12 B 50795011 < 0.1 1.65+0.01
−0.01 50.95 100.59 186.86 1.68 416 2f

1226+023 2001-06-13 C 2463 < 0.6 1.78+0.04
−0.03 8.78 14.23 − 1.31 183 2k′

1226+023 2001-06-13 C 2464 < 0.1 1.93+0.02
−0.02 76.33 99.13 − 1.61 334 2k

1226+023 2001-06-13 X 0136550101 < 0.1 1.93+0.01
−0.01 66.19 85.19 − 6.31 2852 2f

1226+023 2001-06-15 C 2471 < 0.1 2.04+0.02
−0.02 93.01 101.91 − 1.46 302 2k′

1226+023 2001-12-16 X 0112770101 < 0.1 1.85+0.01
−0.01 70.47 102.54 − 1.32 1673 2f

1226+023 2001-12-22 X 0112770201 < 0.1 1.80+0.01
−0.01 67.96 107.09 − 1.38 1654 2f

1226+023 2002-01-09 X 0137551001 < 0.1 1.82+0.01
−0.01 54.72 82.71 − 1.34 1201 2f

1226+023 2002-06-04 C 3574 < 0.1 1.86+0.02
−0.02 30.74 43.84 − 1.66 358 2k′

1226+023 2002-06-05 C 3456 < 0.5 2.61+0.04
−0.04 68.00 32.11 − 1.36 196 2k′

1226+023 2002-06-05 C 3457 < 0.6 2.04+0.03
−0.03 33.78 37.13 − 1.26 227 2k′

1226+023 2002-06-06 C 3573 < 1.7 1.92+0.03
−0.03 29.53 38.51 − 1.31 197 2k′

1226+023 2002-07-07 X 0112770601 < 0.1 1.87+0.01
−0.01 53.27 74.96 − 1.02 1570 2f

1226+023 2002-12-17 X 0112770801 < 0.1 1.96+0.01
−0.01 76.73 94.10 − 1.15 1602 2f

1226+023 2003-01-05 X 0112770701 < 0.1 2.02+0.01
−0.01 64.29 72.13 − 1.10 1463 2f

1226+023 2003-01-05 X 0136550501 < 0.1 1.98+0.01
−0.01 64.89 77.17 − 1.93 2140 2f

1226+023 2003-06-18 X 0112771001 < 0.1 1.97+0.01
−0.01 90.36 109.89 − 1.03 859 2f

1226+023 2003-07-07 C 4430 < 0.7 1.80+0.08
−0.01 30.53 44.14 − 1.26 188 2f,k

1226+023 2003-07-07 C 4431 < 0.1 1.74+0.04
−0.01 37.94 61.89 − 1.52 385 2f,k

1226+023 2003-07-07 X 0159960101 < 0.1 1.94+0.01
−0.01 75.26 96.20 − 1.99 2778 2f

1226+023 2003-07-08 X 0112770501 < 0.1 1.94+0.01
−0.01 70.65 89.66 − 1.04 1695 2f

1226+023 2003-11-24 C 4876 < 0.1 1.66+0.02
−0.02 38.23 73.73 − 1.20 473 3k

1226+023 2003-12-14 X 0112771101 < 0.1 1.89+0.01
−0.01 52.53 71.45 − 1.43 1764 2f

1226+023 2004-02-10 C 4877 < 0.1 1.90+0.02
−0.02 40.63 54.89 − 1.40 465 2f,k

1226+023 2004-06-30 C 5169 < 0.1 1.70+0.03
−0.03 8.64 15.78 − 1.17 204 2k′

1226+023 2004-06-30 C 5170 < 0.1 1.78+0.01
−0.02 29.17 47.39 − 1.35 363 3k

1226+023 2004-06-30 X 0136550801 < 0.1 1.84+0.01
−0.01 45.80 67.65 − 1.87 3064 2f
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Source? Obs. Date∗ T† Sequence NH
F Γ‡ F �

1 F♣
2 F♠

3 χred d.o.f. Q♥

1228+126 1993-06-07 A 60033000 26.5+0.2
−0.2 2.99+0.01

−0.01 134.38 84.62 − 9.37 1226 1j,n

1228+126 1996-07-14 B 60010001 97.5+3.5
−3.4 3.39+0.01

−0.01 − 52.88 2.38 4.09 145 1g′,j,n

1228+126 2000-04-15 C 517 11.4+1.3
−1.2 2.49+0.07

−0.07 40.26 32.58 − 1.32 95 3k,v

1228+126 2000-04-20 C 351 4.6+1.0
−1.2 2.48+0.13

−0.12 9.27 6.14 − 1.14 55 3k

1228+126 2000-06-19 X 0114120101 22.8+0.2
−0.2 3.27+0.02

−0.02 12.36 5.01 − 4.69 737 1j,n

1228+126 2000-07-17 C 241 2.1+1.0
−0.8 2.66+0.06

−0.05 3.48 1.64 − 1.77 99 3v

1228+126 2000-07-29 C 352 1.9+0.2
−0.2 2.26+0.02

−0.02 13.20 11.01 − 3.11 207 2k,v

1228+126 2000-07-30 C 1808 1.1+0.3
−0.2 2.43+0.03

−0.03 3.16 2.01 − 1.71 152 3v

1228+126 2002-01-16 C 3085 3.0+0.4
−0.4 2.44+0.04

−0.04 5.07 3.41 − 1.30 122 3v

1228+126 2002-02-12 C 3084 4.3+0.5
−0.4 2.53+0.05

−0.05 4.73 2.91 − 1.28 115 3v

1228+126 2002-03-30 C 3086 2.3+0.5
−0.4 2.39+0.04

−0.04 4.50 3.17 − 1.25 115 3v

1228+126 2002-06-08 C 3087 5.6+0.5
−0.5 2.57+0.04

−0.04 4.86 2.93 − 1.68 119 3v

1228+126 2002-07-05 C 3717 14.1+0.6
−0.5 2.99+0.05

−0.05 4.66 2.08 − 1.86 181 2k,v

1228+126 2002-07-06 C 2707 2.8+0.2
−0.2 2.29+0.02

−0.02 5.54 4.59 − 4.05 320 3k,v

1228+126 2002-07-24 C 3088 2.3+0.4
−0.4 2.32+0.04

−0.04 5.19 4.07 − 1.46 123 3v

1228+126 2002-11-17 C 3975 4.0+0.4
−0.4 2.46+0.04

−0.04 5.19 3.50 − 1.66 121 3v

1228+126 2002-12-29 C 3976 3.9+0.5
−0.5 2.42+0.04

−0.04 5.13 3.63 − 1.73 119 3v

1228+126 2003-02-04 C 3977 3.9+0.5
−0.4 2.42+0.04

−0.04 4.74 3.34 − 1.75 122 3v

1253−055 1993-06-21 A 70026000 4.0+1.3
−1.2 1.78+0.01

−0.01 5.02 8.52 − 0.97 891 3
1253−055 1993-12-16 A 71045010 1.7+1.7

−1.7 1.75+0.02
−0.02 6.11 10.60 − 1.03 394 3

1253−055 1993-12-21 A 71045000 5.2+2.2
−2.2 1.73+0.02

−0.02 5.47 10.12 − 1.05 440 3
1253−055 1993-12-23 A 71045020 4.6+2.1

−1.9 1.79+0.02
−0.02 5.78 9.65 − 0.92 444 3

1253−055 1993-12-27 A 71045030 4.5+2.1
−1.9 1.78+0.02

−0.02 5.66 9.64 − 0.87 462 3
1253−055 1994-12-20 A 73012000 7.3+3.4

−3.3 1.69+0.03
−0.03 3.62 7.21 − 1.00 282 3

1253−055 1995-01-05 A 73012020 < 1.9 1.60+0.02
−0.04 4.34 9.24 − 0.96 273 3

1253−055 1995-01-08 A 73012010 2.7+7.5
−2.7 1.65+0.03

−0.02 4.72 9.51 − 0.98 254 3
1253−055 1995-06-27 A 73012030 < 1.9 1.61+0.01

−0.02 8.12 16.90 − 1.11 507 3
1253−055 1995-07-08 A 73012040 < 5.1 1.65+0.02

−0.02 6.18 12.21 − 1.01 427 3
1253−055 1996-01-27 A 15401000 < 1.7 1.63+0.01

−0.01 7.48 15.07 − 1.07 601 3
1253−055 1997-01-13 B 50237016 < 3.6 1.70+0.03

−0.03 2.98 5.48 − 0.88 70 3c

1253−055 1997-01-15 B 50237017 < 1.9 1.68+0.03
−0.03 2.95 5.58 9.77 0.86 90 3h

1253−055 1997-01-18 B 50237018 12.8+79.2
−12.8 1.70+0.09

−0.07 2.97 6.17 − 0.46 7 3b,c

1253−055 1997-01-21 B 50237019 < 6.2 1.72+0.04
−0.04 3.09 5.50 − 1.18 40 3c

1253−055 1997-01-23 B 50237020 7.6+6.9
−3.6 1.72+0.04

−0.01 2.83 5.41 8.56 0.88 97 3h

1253−055 2002-03-21 C 2971 3.2+1.4
−1.3 1.69+0.01

−0.01 5.38 10.28 − 1.58 423 3k

1308+326 1996-06-10 A 74094000 73.3+50.4
−41.4 1.77+0.10

−0.08 0.31 0.72 − 0.98 72 3
1308+326 1996-06-11 A 74094010 < 86.2 1.50+0.11

−0.04 0.33 0.82 − 0.79 103 3
1308+326 2002-12-10 X 0020540401 0.2+0.9

−0.2 1.66+0.01
−0.01 2.10 4.08 − 0.94 642 3

1334−127 2003-01-31 X 0147670201 5.2+0.5
−0.5 1.79+0.01

−0.01 1.67 2.80 − 0.92 746 3

1413+135 1998-07-24 A 76051000 544.9+66.2
−56.0 1.89+0.06

−0.06 0.03 0.85 − 1.16 171 3b

1458+718 2002-01-28 C 3105 < 0.6 1.59+0.04
−0.03 0.93 2.00 − 1.30 86 2f

1502+1062001-01-13/14X 0112910201 < 11.6 1.53+0.11
−0.08 − − − 0.81 52 3w

1510−089 1996-08-20 A 74082000 6.3+5.4
−5.2 1.26+0.02

−0.02 2.43 9.32 − 0.94 422 3
1510−089 1998-08-03 B 50497004 < 3.9 1.39+0.02

−0.03 1.71 5.04 16.50 0.88 96 3
1510−089 2001-03-23 C 2141 0.1+1.4

−0.1 1.39+0.05
−0.02 2.58 7.54 − 1.44 170 3k

1633+382 1996-03-04 A 74020000 77.3+150.7
−77.3 1.39+0.08

−0.07 0.56 1.90 − 1.02 55 3
1633+382 1996-03-21 A 74020010 < 59.0 1.59+0.07

−0.07 0.79 1.71 − 0.95 65 3
1633+382 1996-03-25 A 74020020 0.1+65.7

−0.1 1.41+0.08
−0.09 1.03 2.89 − 0.83 65 3
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Source? Obs. Date∗ T† Sequence NH
F Γ‡ F �

1 F♣
2 F♠

3 χred d.o.f. Q♥

1633+382 1996-03-27 A 74020030 1.4+66.3
−1.4 1.38+0.07

−0.08 0.91 2.69 − 1.09 65 3

1641+399 1999-02-19 B 50727002 0.5+2.3
−0.5 1.70+0.03

−0.04 2.55 4.65 7.64 1.42 75 3
1641+399 2001-04-27 C 2143 < 0.3 1.81+0.07

−0.02 2.78 4.28 − 1.46 148 2f,k,s

1655+077 2002-04-28 C 3122 10.0+13.7
−10.0 1.58+0.08

−0.08 0.53 1.28 − 1.09 28 3

1749+096 1995-09-22 A 73087000 25.2+4.9
−4.3 1.93+0.02

−0.02 1.96 3.63 − 0.99 412 3

1803+784 1998-09-28 B 50482004 29.1+27.6
−18.4 1.70+0.05

−0.05 0.80 1.83 − 1.24 41 3c

1823+568 1997-10-11 B 50046005 < 43.9 2.22+0.17
−0.13 0.95 0.80 − 0.58 3 3c

1828+487 2002-05-20 C 3124 12.5+4.2
−3.0 1.81+0.07

−0.04 2.09 3.58 − 1.19 80 3k

1928+738 1997-08-12 A 75075000 < 2.1 1.79+0.02
−0.03 3.18 5.03 − 1.03 353 3

1928+738 2001-04-27 C 2145 2.9+1.1
−0.8 2.09+0.05

−0.02 3.44 3.61 − 1.17 163 3k

1957+405 1993-05-27 A 70003000 2.4+0.5
−0.4 1.46+0.01

−0.01 28.74 79.51 − 1.47 2085 2j

1957+405 1993-10-27 A 70003010 6.1+0.4
−0.4 1.47+0.01

−0.01 24.45 72.95 − 1.64 2319 2j

1957+405 1999-10-27 B 51016001 18.7+2.0
−2.0 1.58+0.01

−0.01 17.65 57.35 126.29 3.73 343 1j

1957+405 2000-05-26 C 1707 935.9+55.6
−46.8 0.43+0.02

−0.02 0.01 15.74 − 3.27 105 1b,f

2134+004 2000-11-25 B 51143001 < 17.9 1.73+0.04
−0.03 1.09 1.89 − 0.95 73 3c

2145+067 1998-12-05 A 76003000 < 2.9 1.59+0.01
−0.01 8.00 17.23 − 1.05 956 3

2200+420 1995-11-22 A 73088000 5.6+1.3
−1.2 1.91+0.01

−0.01 6.03 9.38 − 0.91 732 3o

2200+420 1997-07-18 A 15505000 < 0.2 1.44+0.01
−0.01 10.66 29.05 − 1.10 1287 2f,o

2200+420 1997-11-08 B 50046004 9.9+4.0
−3.4 1.90+0.03

−0.03 6.08 10.76 11.63 0.95 93 2f,o,h

2200+420 1999-06-05 B 50881001 1.7+1.9
−1.6 2.13+0.02

−0.02 5.24 5.29 3.43 1.15 182 2f,o,h

2200+420 1999-06-28 A 77000000 < 0.6 1.87+0.01
−0.01 5.16 7.29 − 0.95 1136 2f,o

2200+420 1999-12-05 B 50881002 6.0+3.7
−3.4 1.65+0.01

−0.01 5.18 11.99 22.48 0.96 175 2f,o,h

2200+420 2000-01-07 C 843 27.7+23.0
−16.5 1.68+0.14

−0.13 0.98 3.47 − 0.70 9 2f,o,k

2200+420 2000-02-16 C 139 7.5+24.0
−7.5 0.73+0.40

−0.31 3.59 34.11 − 0.75 14 2f,o,k

2200+420 2000-07-26 B 51165001 0.5+4.6
−0.5 1.89+0.03

−0.03 3.92 5.49 − 0.90 62 3b,o

2200+420 2000-10-31 B 511650011 14.4+1.3
−1.2 2.62+0.01

−0.01 28.36 20.21 4.54 1.08 107 3b,o

2223−052 1997-11-10 B 50181006 < 99.3 1.77+0.10
−0.09 0.82 1.35 − 1.06 10 3c

2230+114 1995-12-06 A 73084000 59.5+23.4
−20.6 1.52+0.03

−0.03 0.97 3.05 − 0.94 215 3
2230+114 1997-11-11 B 50237021 < 30.0 1.51+0.04

−0.03 2.27 5.55 13.99 1.36 59 3h

2230+114 1997-11-13 B 50237022 15.6+22.4
−15.1 1.63+0.03

−0.03 2.66 5.88 11.50 0.74 71 3h

2230+114 1997-11-16 B 50237023 34.3+29.3
−21.2 1.61+0.03

−0.03 2.37 5.88 12.00 1.16 71 3h

2230+114 1997-11-18 B 50237024 3.0+27.5
−3.0 1.52+0.04

−0.04 2.50 6.09 14.98 1.13 47 3h

2230+114 1997-11-21 B 50237025 9.3+26.6
−9.3 1.51+0.04

−0.03 2.35 6.03 15.19 1.22 66 3h

2243−123 1998-11-18 B 50727005 < 8.4 1.64+0.06
−0.06 0.92 1.84 − 1.21 29 2c,f

2251+158 2000-06-05 B 51220001 46.1+18.6
−16.9 1.39+0.01

−0.02 2.92 10.96 35.86 1.08 161 3
2251+158 2002-11-06 C 3127 23.3+6.3

−5.8 1.61+0.05
−0.04 4.26 10.28 − 1.12 125 3k
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Source? Obs. Date∗ T† Sequence NH
F Γ‡ F �

1 F♣
2 F♠

3 χred d.o.f. Q♥

? B 1950.0 coordinates; ∗ Date of the observation in yyyy-mm-dd format; † T: Telescope (A: ASCA, B: BeppoSax, C: Chandra,
X: XMM-Newton); F Amount of extra absorption over the Galactic value in units of 1020 cm−2. Note discussion in Sect. 5.2 on
the discrepancies between the used March 2005 data from the LAB survey and the data available since July 2005; ‡ Photon index;
� (0.5 − 2.0) keV flux in units of 10−12 erg s−1 cm−2, corrected for Galactic absorption; ♣ (2.0 − 10.0) keV flux in units of
10−12 erg s−1 cm−2, corrected for Galactic absorption; ♠ (20.0 − 80.0) keV flux in units of 10−12 erg s−1 cm−2, corrected for
Galactic absorption; ♥ Quality label of the fit (1: Inappropriate model; 2: Fair fit but model cannot account for systematic residuals;
3: Model appropriate for statistical analysis), labels 1,2 imply that the spectrum is better represented by model II or III and included in
Table 4.2 or Table 4.3; a broad iron emission complex; a′ narrow iron emission line residual; b poor statistics due to short exposure; c

no PDS detection; d no redshift: zzwabs = 0; e intervening system at zzwabs = 0.524; e′ intervening system at zzwabs = 2.04; e∗

intervening system at zzwabs = 0.312; f soft excess; g LECS/MECS normalization frozen at 0.65; g′ no LECS data; h PDS/MECS
normalization frozen at 0.85; i only GIS data used; j extended plasma emission included; k pileup model applied; k′

pileup-model
corrected spectrum was not in agreement with annulus spectrum taken from the wings of the PSF, data were not used in further analysis;
l bright extended background emission; m broad soft residuals; n broad soft and hard residuals; o non-neutral Galactic absorption:
zzwabs = 0; p PN data discarded due to X-ray loading (see Lewis et al. 2005 for details); q low-energy calibration uncertainties:
data below 0.6 keV discarded; r PDS data discarded because of confusion; s hard excess; t no PN data; u spectral steepening at high
energies; v 50 counts per grouping bin due to high background; w Bulk source region masked, three epochs from 2001-01-13 and
2001-01-14 combined (0112910201, 0070740101, 0070740301)
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Table 4.2: Two-power-law X-ray spectral fit results

Sourcea Obs. Dateb Tc Sequence NH
d Γe

1 Ef
Break Γg

2 F soft,h
1 F soft,i

2 F soft,j
3 F hard,k

1 F hard,l
2 F hard,m

3 χred d.o.f.

0235+164 2002-02-10 X 0110990101 29.8+0.4
−0.4 2.70+0.01

−0.01 6.0 1.34+0.03
−0.03 4.48 2.76 - 0.48 1.96 - 1.41 279

0430+052 1994-02-17 A 71014000 8.8+0.4
−0.4 2.63+0.01

−0.01 1.9 1.47+0.01
−0.01 22.77 13.64 - 11.67 36.85 - 1.34 334

0430+052 1997-09-20 B 50384001 39.5+0.9
−0.9 4.64+0.08

−0.08 1.0 1.79+0.01
−0.01 14.54 1.84 0.01 13.31 45.59 64.19 1.33 176

0430+052 1998-02-12 A 76009000 4.8+0.4
−0.4 2.32+0.01

−0.01 4.5 1.01+0.01
−0.01 28.95 24.07 - 4.46 25.80 - 1.35 413

0430+052 2001-12-21 C 3015 35.5+1.2
−1.7 3.88+0.11

−0.06 2.2 1.06+0.02
−0.02 10.60 2.75 - 2.08 17.78 - 1.19 369

0430+052 2002-09-06 X 0109131101 12.1+0.2
−0.2 3.48+0.04

−0.04 1.0 1.56+0.01
−0.01 12.69 2.74 - 12.71 37.53 - 0.93 395

0430+052 2003-08-26 X 0152840101 16.7+0.1
−0.1 3.90+0.01

−0.01 1.0 1.70+0.01
−0.01 15.19 2.23 - 16.28 43.39 - 1.48 741

0458-020 2002-10-10 C 2985 196.2+7.9
−7.6 4.09+0.11

−0.12 0.9 1.38+0.03
−0.03 0.16 0.02 - 0.17 0.75 - 1.11 176

0716+714 1996-11-14 B 50160001 0.1+0.7
−0.1 2.41+0.04

−0.03 7.0 0.78+0.13
−0.10 1.71 1.06 - 0.04 0.30 - 1.12 100

0716+714 1998-11-07 B 50750002 < 0.9 2.50+0.26
−0.31 4.0 1.20+0.09

−0.07 2.10 1.20 1.23 0.32 1.27 6.22 1.37 41
0716+714 2000-10-30 B 51153001 0.8+0.5

−0.4 3.21+0.11
−0.08 2.0 1.34+0.23

−0.02 2.53 0.52 0.03 0.93 1.80 10.93 0.78 85
0716+714 2001-04-13 X 0012850101 < 0.3 3.44+0.06

−0.06 1.6 1.53+0.11
−0.10 2.11 0.30 - 0.73 1.73 - 1.08 153

0716+714 2001-09-19 X 0012850601 0.5+0.3
−0.3 3.70+0.05

−0.06 0.8 2.29+0.06
−0.06 2.15 0.21 - 2.52 1.92 - 1.10 212

0923+392 2002-10-19 C 3048 45.7+0.9
−0.9 5.43+0.06

−0.06 0.8 1.59+0.02
−0.02 0.66 0.01 - 1.33 3.98 - 1.40 211

1038+064 2003-05-18 X 0151390101 < 0.9 1.67+0.01
−0.01 13.0 0.43+0.05

−0.05 0.62 1.18 - 0.03 0.40 - 1.06 280
1222+216 2002-11-06 C 3049 15.2+0.9

−0.8 3.90+0.08
−0.09 0.8 1.17+0.03

−0.02 0.41 0.04 - 0.83 3.93 - 1.10 198
1226+023 1993-06-08 A 70023000 3.5+0.2

−0.2 3.37+0.04
−0.04 0.5 1.55+0.01

−0.01 64.80 125.13 - 50.16 122.55 - 1.43 371
1226+023 1993-12-15 A 10022010 3.6+0.2

−0.2 1.73+0.01
−0.01 20.0 0.71+0.02

−0.02 75.25 169.15 - 3.78 33.43 - 1.83 440
1226+023 1993-12-15 A 10022020 3.1+0.2

−0.2 2.05+0.01
−0.01 0.7 1.40+0.01

−0.01 91.07 203.30 - 47.53 143.94 - 1.37 516
1226+023 1993-12-19 A 10022000 2.8+0.1

−0.2 1.73+0.01
−0.01 8.0 1.12+0.01

−0.01 73.81 183.61 - 15.81 73.60 - 1.34 668
1226+023 1993-12-23 A 71038020 3.7+0.3

−0.3 1.78+0.01
−0.01 7.0 1.14+0.01

−0.01 71.62 172.41 - 15.16 69.44 - 1.27 270
1226+023 1997-01-22 B 50237014 1.6+0.3

−0.2 4.43+0.10
−0.17 0.3 1.56+0.01

−0.01 45.73 108.44 179.51 42.69 99.23 222.51 0.96 130
1226+023 1998-06-24 B 50795004 4.5+0.1

−0.1 5.03+0.03
−0.03 0.5 1.62+0.01

−0.01 52.27 125.24 176.62 44.42 100.65 200.63 1.13 179
1226+023 1998-06-24 A 12601000 < 0.4 2.98+0.04

−0.04 0.4 1.53+0.01
−0.01 62.41 117.91 - 14.15 3.89 - 1.41 341

1226+023 2000-01-09 B 50795008 3.5+0.1
−0.1 4.48+0.03

−0.03 0.4 1.62+0.01
−0.01 58.85 143.74 180.91 48.47 107.48 213.60 1.26 179

1226+023 2000-01-09 A 10701000 < 0.3 2.29+0.02
−0.02 0.0 1.56+0.01

−0.01 64.31 125.27 - 12.96 9.70 - 1.34 676
1226+023 2000-01-09 C 1198 < 0.1 2.88+0.07

−0.03 0.7 1.27+0.01
−0.03 50.58 123.29 - 33.68 118.07 - 1.29 375

1226+023 2000-01-10 C 459 8.2+2.0
−1.6 2.94+0.13

−0.17 1.3 1.01+0.03
−0.04 14.23 36.29 - 5.59 33.11 - 1.21 198

Continued on next page57
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Sourcea Obs. Dateb Tc Sequence NH
d Γe

1 Ef
Break Γg

2 F soft,h
1 F soft,i

2 F soft,j
3 F hard,k

1 F hard,l
2 F hard,m

3 χred d.o.f.

1226+023 2000-06-13 B 50795010 4.8+0.1
−0.1 5.35+0.03

−0.04 0.4 1.64+0.01
−0.01 42.76 97.10 126.88 36.66 80.20 150.86 1.12 130

1226+023 2000-06-13 X 0126700101 < 0.2 2.83+0.14
−0.14 0.0 1.70+0.01

−0.01 4.42 1.52 - 42.96 78.11 - 1.37 249
1226+023 2000-06-13 X 0126700201 0.1+0.5

−0.1 3.45+0.19
−0.21 0.3 1.69+0.03

−0.03 7.54 1.06 - 63.27 117.70 - 0.94 325
1226+023 2000-06-13 X 0126700301 0.6+0.1

−0.1 2.85+0.01
−0.01 0.4 1.57+0.01

−0.01 11.51 3.90 - 34.36 77.06 - 2.43 817
1226+023 2000-06-15 X 0126700401 < 0.1 3.21+0.05

−0.05 0.2 1.63+0.01
−0.01 5.80 1.14 - 46.44 93.70 - 1.08 566

1226+023 2000-06-15 X 0126700601 < 0.0 2.75+0.01
−0.01 0.5 1.53+0.01

−0.01 12.61 4.80 - 32.75 77.28 - 1.54 1225
1226+023 2000-06-15 X 0126700701 < 0.0 2.91+0.01

−0.01 0.4 1.56+0.01
−0.01 9.59 2.93 - 34.18 76.65 - 1.55 1229

1226+023 2000-06-16 X 0126700501 < 0.1 3.53+0.06
−0.06 0.3 1.61+0.01

−0.01 4.13 0.52 - 39.34 81.79 - 1.14 549
1226+023 2000-06-17 X 0126700801 < 0.0 3.00+0.01

−0.01 0.4 1.57+0.01
−0.01 8.93 2.38 - 33.94 75.54 - 1.67 1564

1226+023 2001-06-12 B 50795011 4.0+0.1
−0.1 4.93+0.04

−0.04 0.5 1.64+0.01
−0.01 53.18 124.86 159.15 43.56 94.16 177.87 1.33 96

1226+023 2001-06-13 C 2463 < 0.7 6.40+0.19
−0.38 0.3 1.68+0.06

−0.07 0.76 - - 34.54 65.43 - 1.22 181
1226+023 2001-06-13 C 2464 < 0.2 5.34+0.07

−0.18 0.3 1.65+0.03
−0.01 1.46 0.01 - 36.59 71.67 - 1.55 332

1226+023 2001-06-13 X 0136550101 < 0.0 2.86+0.01
−0.01 0.6 1.54+0.01

−0.01 22.74 7.46 - 40.34 93.94 - 1.89 1504
1226+023 2001-06-15 C 2471 4.7+0.5

−0.4 3.29+0.05
−0.06 1.0 1.19+0.02

−0.02 12.00 2.44 - 9.97 43.09 - 1.37 300
1226+023 2001-12-16 X 0112770101 < 0.1 2.32+0.01

−0.01 1.1 1.44+0.01
−0.01 35.18 25.19 - 33.37 90.90 - 1.12 840

1226+023 2001-12-22 X 0112770201 < 0.1 2.51+0.02
−0.02 0.4 1.53+0.01

−0.01 17.03 9.23 - 38.64 90.87 - 1.24 590
1226+023 2002-01-09 X 0137551001 < 0.1 4.08+0.08

−0.05 0.3 1.70+0.01
−0.01 3.77 0.21 - 49.79 90.72 - 1.40 505

1226+023 2002-06-04 C 3574 < 0.2 3.30+0.07
−0.12 0.3 1.78+0.02

−0.02 14.01 2.43 - 86.28 140.29 - 1.93 152
1226+023 2002-06-05 C 3456 < 0.4 5.06+0.17

−0.15 0.5 1.59+0.05
−0.09 5.73 0.08 - 40.52 87.34 - 1.26 194

1226+023 2002-07-07 X 0112770601 < 0.1 2.57+0.02
−0.02 0.2 1.68+0.01

−0.01 11.93 5.96 - 40.51 75.78 - 1.31 608
1226+023 2002-12-17 X 0112770801 1.8+0.1

−0.1 2.84+0.01
−0.01 0.6 1.65+0.01

−0.01 27.24 9.60 - 47.88 97.95 - 1.22 800
1226+023 2003-01-05 X 0112770701 < 0.1 2.55+0.01

−0.01 0.9 1.58+0.01
−0.01 29.98 15.34 - 32.65 71.81 - 1.12 716

1226+023 2003-01-05 X 0136550501 1.5+0.1
−0.1 3.14+0.01

−0.01 0.5 1.68+0.01
−0.01 18.43 4.22 - 44.28 85.43 - 1.56 832

1226+023 2003-06-18 X 0112771001 0.1+0.1
−0.1 3.14+0.04

−0.05 0.3 1.77+0.01
−0.01 14.64 3.19 - 73.47 121.16 - 1.23 363

1226+023 2003-07-07 C 4430 < 0.7 4.86+0.36
−0.25 0.4 1.69+0.05

−0.09 2.96 0.05 - 40.95 78.21 - 1.17 186
1226+023 2003-07-07 C 4431 < 0.4 8.72+0.22

−1.34 0.2 1.84+0.01
−0.02 0.04 - - 102.35 151.41 - 1.36 383

1226+023 2003-07-07 X 0159960101 < 0.0 2.43+0.01
−0.01 0.5 1.70+0.01

−0.01 26.40 16.20 - 47.61 86.84 - 2.34 1400
1226+023 2003-07-08 X 0112770501 0.4+0.1

−0.1 2.15+0.01
−0.01 6.0 1.28+0.01

−0.01 57.09 53.85 - 12.67 44.37 - 1.11 870
1226+023 2003-12-14 X 0112771101 < 0.1 2.52+0.01

−0.01 0.7 1.53+0.01
−0.01 20.76 11.12 - 30.22 71.74 - 1.23 892

1226+023 2004-02-10 C 4877 < 0.1 4.81+0.04
−0.06 0.3 1.67+0.03

−0.02 1.68 0.03 - 39.07 74.72 - 1.26 463
1226+023 2004-06-30 X 0136550801 < 0.0 2.81+0.01

−0.01 0.3 1.65+0.01
−0.01 8.57 3.01 - 36.07 70.47 - 2.43 1062

Continued on next page
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Table 4.2 – continued from previous page

Sourcea Obs. Dateb Tc Sequence NH
d Γe

1 Ef
Break Γg

2 F soft,h
1 F soft,i

2 F soft,j
3 F hard,k

1 F hard,l
2 F hard,m

3 χred d.o.f.

1458+718 2002-01-28 C 3105 53.3+1.9
−1.8 5.34+0.09

−0.09 0.8 1.44+0.03
−0.03 0.29 0.01 - 0.63 2.25 - 0.83 84

1510-089 1998-08-03 B 50497004 < 6.2 2.22+0.10
−0.10 2.0 0.99+0.03

−0.03 1.41 1.17 0.62 0.75 4.02 30.54 0.84 40
1641+399 2001-04-27 C 2143 3.9+1.4

−0.8 2.97+0.09
−0.09 0.8 1.52+0.04

−0.04 0.94 0.28 - 1.36 3.37 - 1.25 147
1749+096 1995-09-22 A 73087000 < 4.4 1.55+0.04

−0.03 2.1 1.92+0.07
−0.06 2.23 3.76 - - - - 1.16 38

2200+420 1997-07-18 A 15505000 0.1+0.9
−0.1 2.67+0.07

−0.07 0.7 1.23+0.01
−0.01 4.28 1.63 - 7.69 28.94 - 1.17 110

2200+420 1997-11-08 B 50046004 14.4+6.4
−2.6 2.15+0.04

−0.04 11.0 0.86+0.13
−0.07 5.24 6.76 0.25 0.30 2.63 26.94 1.08 21

2200+420 1999-06-05 B 50881001 12.6+2.0
−1.9 2.67+0.03

−0.03 6.0 1.02+0.05
−0.04 5.89 4.36 0.74 0.33 2.17 15.59 0.91 63

2200+420 1999-06-28 A 77000000 18.3+0.9
−1.0 3.41+0.05

−0.05 1.1 1.65+0.01
−0.01 2.73 1.19 - 2.28 6.88 - 0.79 107

2200+420 1999-12-05 B 50881002 1.5+3.5
−1.5 1.55+0.01

−0.01 6.8 2.08+0.27
−0.22 5.24 28.66 9.52 - - - 0.92 86

2200+420 2000-10-31 B 511650011 16.2+1.3
−1.2 2.69+0.01

−0.01 25.0 1.04+0.19
−0.12 24.22 16.35 1.57 0.15 1.01 6.99 1.07 105

2243-123 1998-11-18 B 50727005 < 8.2 3.50+0.45
−0.51 0.8 1.51+0.06

−0.06 0.70 2.60 - 0.66 1.62 - 1.00 27
a B 1950.0 coordinates; b Date of the observation in yyyy-mm-dd format; c T: Telescope (A: ASCA, B: BeppoSax, C: Chandra, X: XMM-Newton); d Amount of extra absorption over the Galactic value in units
of 1020 cm−2. Note discussion in Sect. 5.2 on the discrepancies between the used March 2005 data from the LAB survey and the data available since July 2005; e Photon index of the soft-excess component; f

Break Energy; g Photon index of the hard-power-law component; h (0.5− 2.0) keV flux of the soft-excess component in units of 10−12 erg s−1 cm−2, corrected for Galactic absorption; i (2.0− 10.0) keV flux
of the soft-excess component in units of 10−12 erg s−1 cm−2, corrected for Galactic absorption; j (20.0 − 80.0) keV flux of the soft-excess component in units of 10−12 erg s−1 cm−2, corrected for Galactic
absorption; k (0.5 − 2.0) keV flux of the hard-power-law component in units of 10−12 erg s−1 cm−2, corrected for Galactic absorption; l (2.0 − 10.0) keV flux of the hard-power-law component in units of
10−12 erg s−1 cm−2, corrected for Galactic absorption; m (20.0 − 80.0) keV flux of the hard-power-law component in units of 10−12 erg s−1 cm−2, corrected for Galactic absorption
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4 Results

Table 4.3: One-power-law plus extended plasma X-ray spectral fit results

Source? Obs. Date∗ T† Sequence NH
F kT � Γ‡ F �

1 F♣
2 F♠

3 χred d.o.f.

0316+164 1993-08-06 A 80007000 3.2+0.4
−0.3 3.67+0.04

−0.04 1.91+0.01
−0.01 162.29 235.24 0 1.15 1200

0316+164 1993-08-06 A 80008000 7.8+0.3
−0.2 3.84+0.06

−0.06 1.95+0.01
−0.01 174.11 269.63 0 1.16 2078

0316+164 1995-08-18 A 83051000 4.0+0.5
−0.5 3.70+0.08

−0.06 1.82+0.01
−0.01 146.92 251 0 1.19 997

0316+164 1995-09-04 A 83053000 3.5+0.4
−0.4 3.74+0.08

−0.06 1.88+0.01
−0.01 166.48 253.47 0 1.13 1059

0316+164 1996-09-19 B 60009001 < 0.79 3.16+0.03
−0.03 2.06+0.01

−0.01 0 45.784 34.215 2.78 195
0316+164 2001-01-30 X 0085110101 6.4+0.1

−0.1 2.99+0.04
−0.04 2.03+0.01

−0.01 21.168 28.445 0 1.43 2038

1228+126 1993-06-07 A 60033000 7.0+0.2
−0.2 1.76+0.01

−0.01 2.36+0.01
−0.01 30.934 26.471 0 2.08 1224

1228+126 1996-07-14 B 60010001 13.6+3.5
−3.4 1.78+0.02

−0.02 2.35+0.03
−0.03 0 11.663 6.0055 1.71 143

1228+126 2000-06-19 X 0114120101 4.3+0.2
−0.2 1.27+0.01

−0.01 2.48+0.02
−0.02 5.8169 3.8411 0 1.57 735

? B 1950.0 coordinates; ∗ Date of the observation in yyyy-mm-dd format; † T: Telescope (A: ASCA, B: BeppoSax, C: Chandra,
X: XMM-Newton); F Amount of extra absorption over the Galactic value in units of 1020 cm−2. Note discussion in Sect. 5.2 on
the discrepancies between the used March 2005 data from the LAB survey and the data available since July 2005; � temperature
of thermal plasma in units of keV ; ‡ Photon index; � (0.5 − 2.0) keV flux in units of 10−12 erg s−1 cm−2, corrected for Galactic
absorption; ♣ (2.0 − 10.0) keV flux in units of 10−12 erg s−1 cm−2, corrected for Galactic absorption; ♠ (20.0 − 80.0) keV flux in
units of 10−12 erg s−1 cm−2, corrected for Galactic absorption; a only GIS data used; b extended plasma emission included; c no
LECS data d PDS/MECS normalization frozen at 0.85; e broad soft residuals
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Table 4.4: Mean X-ray spectral parameters of the 2 cm-X-Sample sources.

Sourcea Nb
2 Nc Nd

H ∆NH Γe
1 ∆Γ1 Ef

Break ∆EBreak Γg
2 ∆Γ2 F soft,h

1 ∆F soft
1 F soft,i

2 ∆F soft
2 F soft,j

3 ∆F soft
3 F hard,k

1 ∆F hard
1 F hard,l

2 ∆F hard
2 F hard,m

3 ∆F hard
3

0007+106 0 2 0.001 0.005 — — — — 1.76 0.02 — — — — — — 4.80 1.17 8.88 2.31 — —
0048−097 0 2 0.001 0.346 — — — — 1.91 0.09 — — — — — — 0.98 0.20 1.43 0.32 — —
0235+164 1 11 0.286 0.029 2.70 0.01 6.0 — 1.63 0.06 4.48 0.90 2.76 0.55 — — 0.70 0.17 1.72 0.44 — —
0316+164 0 14 0.064 0.017 — — — — 1.97 0.07 — — — — — — 42.85 18.54 67.49 28.82 34.22 6.84
0333+321 0 2 0.163 0.009 — — — — 1.66 0.02 — — — — — — 2.86 0.68 8.27 1.85 13.77 2.75
0415+379 0 3 0.603 0.065 — — — — 1.69 0.02 — — — — — — 7.96 2.40 41.23 11.11 51.21 10.24
0420−014 0 1 0.303 0.158 — — — — 1.91 0.06 — — — — — — 1.16 0.23 1.87 0.37 — —
0430+052 6 6 0.161 0.059 2.39 0.55 3.8 1.6 1.68 0.16 18.93 5.20 11.29 5.77 0.01 0.00 9.12 2.94 30.83 7.85 59.87 11.97
0458−020 1 1 1.962 0.055 4.09 0.08 0.9 — 1.38 0.02 0.16 0.03 0.02 0.00 — — 0.17 0.03 0.75 0.15 — —
0528+134 0 12 0.292 0.036 — — — — 1.69 0.06 — — — — — — 1.37 0.44 4.65 1.45 — —
0605−085 0 1 0.123 0.053 — — — — 1.63 0.04 — — — — — — 0.60 0.12 1.32 0.26 — —
0716+714 5 9 0.000 0.001 3.49 0.31 3.1 1.0 2.52 0.30 2.12 0.44 0.66 0.22 0.63 0.44 2.69 1.56 1.90 0.70 8.57 3.75
0735+178 0 1 0.000 0.024 — — — — 1.74 0.04 — — — — — — 0.40 0.08 0.69 0.14 — —
0736+017 0 1 0.040 0.025 — — — — 1.74 0.02 — — — — — — 1.95 0.39 3.62 0.72 — —
0738+313 0 2 0.058 0.010 — — — — 1.63 0.07 — — — — — — 0.37 0.07 0.77 0.16 — —
0827+243 0 1 0.008 0.019 — — — — 1.66 0.02 — — — — — — 1.04 0.21 2.01 0.40 — —
0836+710 0 5 0.065 0.193 — — — — 1.35 0.01 — — — — — — 6.66 1.73 21.20 5.64 87.88 17.58
0851+202 0 5 0.009 0.023 — — — — 1.60 0.01 — — — — — — 1.17 0.44 2.73 0.96 — —
0923+392 1 2 0.455 0.074 5.43 0.04 0.8 — 1.74 0.10 0.66 0.13 0.01 0.00 — — 1.84 0.51 4.10 0.83 — —
1038+064 1 3 0.002 0.192 1.67 0.01 13.0 — 1.33 0.32 0.62 0.12 1.18 0.24 — — 0.51 0.22 1.44 0.52 — —
1055+018 0 1 0.000 0.009 — — — — 1.66 0.02 — — — — — — 1.77 0.35 3.45 0.69 — —
1127−145 0 3 0.117 0.021 — — — — 1.33 0.07 — — — — — — 1.92 0.50 6.86 1.49 20.89 4.18
1156+295 0 1 0.011 0.029 — — — — 1.61 0.02 — — — — — — 0.41 0.08 0.87 0.17 — —
1222+216 1 1 0.151 0.006 3.90 0.06 0.8 — 1.17 0.02 0.41 0.08 0.04 0.01 — — 0.83 0.17 3.93 0.79 — —
1226+023 31 47 0.000 0.003 2.31 0.31 1.6 0.7 1.61 0.03 27.90 7.47 50.95 16.06 160.89 33.89 38.95 8.74 3.93 12.96 120.16 24.03
1228+126 0 18 0.041 0.007 — — — — 2.38 0.02 — — — — — — 6.61 2.44 4.83 1.95 — —
1253−055 0 17 0.030 0.006 — — — — 1.70 0.01 — — — — — — 4.86 1.05 9.24 2.01 9.16 2.02
1308+326 0 3 0.003 0.243 — — — — 1.66 0.07 — — — — — — 0.91 0.52 1.88 0.98 — —
1334−127 0 1 0.052 0.004 — — — — 1.79 0.01 — — — — — — 1.67 0.33 2.80 0.56 — —

Continued on next page
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Table 4.4 – continued from previous page

Sourcea Nb
2 Nc Nd

H ∆NH Γe
1 ∆Γ1 Ef

Break ∆EBreak Γg
2 ∆Γ2 F soft,h

1 ∆F soft
1 F soft,i

2 ∆F soft
2 F soft,j

3 ∆F soft
3 F hard,k

1 ∆F hard
1 F hard,l

2 ∆F hard
2 F hard,m

3 ∆F hard
3

1413+135 0 1 5.449 0.434 — — — — 1.89 0.04 — — — — — — 0.03 0.01 0.85 0.17 — —
1458+718 1 1 0.533 0.013 5.34 0.07 0.8 — 1.44 0.02 0.29 0.06 0.01 0.00 — — 0.63 0.13 2.25 0.45 — —
1502+106 0 1 0.000 0.116 — — — — 1.53 0.07 — — — — — — — — — — — —
1510−089 1 3 0.008 0.022 2.22 0.07 2.0 — 1.23 0.10 1.41 0.28 1.17 0.23 0.62 0.12 1.92 0.61 6.96 1.89 30.54 6.11
1633+382 0 4 0.048 0.400 — — — — 1.45 0.05 — — — — — — 0.82 0.19 2.30 0.52 — —
1641+399 1 2 0.036 0.017 2.97 0.07 0.8 — 1.63 0.07 0.94 0.19 0.28 0.06 — — 1.31 0.68 2.67 1.18 7.64 1.53
1655+077 0 1 0.100 0.137 — — — — 1.58 0.06 — — — — — — 0.53 0.11 1.28 0.26 — —
1749+096 1 1 0.000 0.044 1.55 0.03 2.1 — 1.92 0.04 2.23 0.45 3.76 0.75 — — — — — — — —
1803+784 0 1 0.291 0.166 — — — — 1.70 0.03 — — — — — — 0.80 0.16 1.83 0.37 — —
1823+568 0 1 0.000 0.439 — — — — 2.22 0.11 — — — — — — 0.95 0.19 0.80 0.16 — —
1828+487 0 1 0.125 0.026 — — — — 1.81 0.04 — — — — — — 2.09 0.42 3.58 0.72 — —
1928+738 0 2 0.026 0.015 — — — — 1.89 0.11 — — — — — — 3.31 0.67 4.32 1.00 — —
2134+004 0 1 0.000 0.179 — — — — 1.73 0.03 — — — — — — 1.09 0.22 1.89 0.38 — —
2145+067 0 1 0.000 0.029 — — — — 1.59 0.01 — — — — — — 8.00 1.60 17.23 3.45 — —
2200+420 6 10 0.101 0.027 2.22 0.26 8.4 3.3 1.44 0.15 7.93 3.40 9.83 4.46 3.02 1.98 2.30 0.94 8.55 4.01 12.38 20.27
2223−052 0 1 0.000 0.993 — — — — 1.77 0.07 — — — — — — 0.82 0.16 1.35 0.27 — —
2230+114 0 6 0.274 0.119 — — — — 1.55 0.02 — — — — — — 2.19 0.49 5.41 1.17 13.53 4.34
2243−123 1 1 0.000 0.082 3.50 0.34 0.8 — 1.51 0.04 0.70 0.14 2.60 0.52 — — 0.66 0.13 1.62 0.32 — —
2251+158 0 2 0.257 0.110 — — — — 1.41 0.10 — — — — — — 3.59 0.86 10.62 2.14 35.86 7.17

a B 1950.0 coordinates; b Number of epochs in which a soft-excess component was identified; c Total number of epochs; d excess absorbing column density over the Galactic value. Note discussion in Sect. 5.2
on the discrepancies between the used March 2005 data from the LAB survey and the data available since July 2005; e Photon index of the soft-excess component; f Break Energy; g Photon index of the
hard-power-law component; h (0.5 − 2.0) keV flux of the soft-excess component in units of 10−12 erg s−1 cm−2, corrected for Galactic absorption; i (2.0 − 10.0) keV flux of the soft-excess component in
units of 10−12 erg s−1 cm−2, corrected for Galactic absorption; j (20.0 − 80.0) keV flux of the soft-excess component in units of 10−12 erg s−1 cm−2, corrected for Galactic absorption; k (0.5 − 2.0) keV
flux of the hard-power-law component in units of 10−12 erg s−1 cm−2, corrected for Galactic absorption; l (2.0 − 10.0) keV flux of the hard-power-law component in units of 10−12 erg s−1 cm−2, corrected
for Galactic absorption; m (20.0 − 80.0) keV flux of the hard-power-law component in units of 10−12 erg s−1 cm−2, corrected for Galactic absorption
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4.1 X-ray Core Spectral Properties of Radio-Loud, Core-Dominated AGN

4.1.1 Soft Excess Photon Indices

A soft-excess component is found in 13 of the 48 sources investigated in this chapter. In
addition, the two objects that could not be fitted with model I, II, or III (NGC 1052 and
Cygnus A) are known to exhibit pronounced soft excesses but in these cases extended
thermal plasma components give rise to the soft excess (Kadler et al. 2004a, reprinted in
Sect. 6.3.2; Young et al. 2002)2. Among the other 13 sources with a detected soft excess
9 are quasars, 3 are BL Lac objects, and 3 are radio galaxies.

In Fig. 4.1, the distribution of photon indices of the 2 cm-X-Sample sources are
shown. The soft-excess components are found to be distributed over a very broad range
without a clear peak between Γsoft−excess,min = 1.7 and Γsoft−excess,max = 5.5. The aver-
age value is 〈Γsoft−excess〉 = 3.2 with a dispersion of σ〈Γsoft−excess 〉 = 1.2. The numbers
of objects in the quasars–, BL Lac–, and galaxy–classes are too low and the range of
photon indices is too large to derive meaningful results from the individual distributions.
However, it can be speculated that the untypically large scatter may be an indicator of
multiple emission mechanisms and/or a curved spectral distribution of this emission com-
ponent. In the case of the two BL Lac objects 0235+164 (see Sect. 6.2) and 0716+714 (see
Sect. 6.5) the soft spectral component can be identified with the high-energy tail of the pri-
mary synchrotron emission component with the (secondary) inverse-Compton emission
component dominating at higher energies. Another frequently considered idea is that the
high-energy end of the so-called “big blue bump” may extend into the soft X-ray regime
that may be better described via a black-body model rather than a power law. Even if the
spectral emission maximum of the big blue bump were intrinsically located at the same
frequency in the rest frame of all sources, the different source redshifts would shift its
position in the observed spectrum to different values. Depending on the position of the
spectral maximum of the big blue bump in the observed spectrum, the parametrization via
a power law may lead to a large range of photon indices derived.

4.1.2 Hard-Power-Law Photon Indices

A range of values between Γhard−PL,min = 1.2 and Γhard−PL,max = 2.5 is found for the
hard power-law components with an average photon index of 〈Γhard−PL〉 = 1.68 and a
dispersion of σ〈Γhard−PL〉 = 0.26. The peak of the distribution around 1.6–1.7 is very
pronounced with 15 out of 48 sources lying in this narrow range.

Figure 4.2 shows the distribution of Γhard−PL for the separate classes of quasars,
BL Lac objects and galaxies. Only the quasars exhibit the Γhard−PL = 1.6 − 1.7 peak
while the hard power laws of BL Lacs range from relatively flat values (ΓB

hard−PL,min =
1.4) to very steep slopes (ΓB

hard−PL,max = 2.5). Among the galaxies, values between
ΓG

hard−PL,min = 1.7 and ΓG
hard−PL,max = 2.4 occur. According to a K-S test, there is

only a 16 % probability that the BL Lac and quasar distributions of Γhard−PL are drawn
from the same parent population, for the galaxies the probability to match with the quasar
distribution decreases to 2 %.

2Even with consideration of the bright extended thermal plasma emission in Cygnus A, Young et al.
(2002) find a soft-excess of the nuclear spectrum seen with Chandra.
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Figure 4.1: Distribution of the photon indices of the soft-excesses and the hard-power-
law components found in the individual sources of the 2 cm-X-Sample. Note the different
binning sizes for the two histograms.

4.1.3 Absorbing Column Densities
In 19 out of 41 sources, a significant amount of absorption in excess of the Galactic
value could be detected, that cannot be attributed to well-known intervening systems.
NGC 1052 and Cygnus A are known to contain high-density absorbers obscuring the nu-
clear power-law source, as well (Kadler et al. (2004a), reprinted in Sect. 6.3.2; Young
et al. (2002)). Including those, the detection rate of absorption towards the nuclei of
2 cm-X-Sample sources is 51 %. 15 quasars (out of 30) are found to be absorbed, 1 (out
of 7) BL Lac objects, and 5 (out of 6) radio galaxies (including NGC 1052 and Cygnus A).

In Fig. 4.3, the distribution of absorbing column densities (in the source frames) is
shown for quasars, BL Lac objects, and radio galaxies. The quasar distribution ranges
from 2.6 × 1020 cm−2 to 5.5 × 1022 cm−2 with an average value of 1.3 × 1021 cm−2 and
a dispersion of σlog NH

= 0.57. The galaxies seem to exhibit somewhat lower absorbing
column densities but the small number of objects in this class does not allow this result to
be quantified. One heavily absorbed BL Lac object is found, the source 1413+135. This
peculiar case is discussed briefly in Sect. 4.3.

4.1.4 Flux and Luminosity Distribution
The absorption-corrected X-ray fluxes of the soft-excess and hard-power-law spectral
components found in the 2 cm-X-Sample are shown in Fig. 4.4. In general, the hard
power laws exhibit much narrower distributions in the two bands (0.5–2.0) keV and (2.0–
10.0) keV than the soft-excess spectral components. The soft-excess components are dis-
tributed in a relatively uniform way between F

(0.5−2.0) keV
soft−excess,min = 1.6 × 10−14 erg cm−2 s−1
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Figure 4.2: Distribution of the photon indices of the hard-power-law components for
quasars (top), BL Lac objects (middle) and galaxies (bottom) of the 2 cm-X-Sample.

and F
(0.5−2.0) keV
soft−excess,max = 2.8 × 10−11 erg cm−2 s−1 in the (0.5–2.0) keV band and between

F
(2.0−10.0) keV
soft−excess,min = 1×10−14 erg cm−2 s−1 and F

(2.0−10.0) keV
soft−excess,max = 5×10−11 erg cm−2 s−1 in

the (0.5–2.0) keV band. The hard-power-law components, on the other hand, exhibit dis-
tinct albeit broad maxima around 〈F (0.5−2.0) keV

hard−PL 〉 = 10−12 erg cm−2 s−1 and 〈F (2.0−10.0) keV
hard−PL 〉 =

3 × 10−11 erg cm−2 s−1 in the two bands, respectively, with dispersions of about half a
magnitude in both bands. The hard-power-law components show a clear cut-off in the
harder band at F

(2.0−10.0) keV
hard−PL,min = 7 × 10−13 erg cm−2 s−1 which is most likely a selection

effect related to the need for sufficiently high X-ray fluxes in the (2.0-10.0) keV band for
hard-X-ray spectroscopy.

For comparison of the different source types, the X-ray flux distributions of the hard-
power-law components detected in quasars, BL Lac objects and galaxies is shown in
Fig. 4.5. K-S tests find low probabilities that the distributions are drawn from the same
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Figure 4.3: Distribution of the detected absorbing column densities in excess over the
Galactic value for quasars (filled), BL Lac objects (hatched) and galaxies (dotted) in
source of the 2 cm-X-Sample where no intervening systems are known.
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Figure 4.4: Distribution of absorption-corrected X-ray fluxes of soft-excess compo-
nents and hard-power-law components of the sources of the 2 cm-X-Sample in the (0.5–
2.0) keV band (left) and in the (2.0–10.0) keV band (right).

parent population3.
The luminosity distributions of the detected soft-excess components and the hard-

power-law components are shown in Fig. 4.6. The soft-excesses and the hard-power-law
components have different luminosity distributions with only 22 % and 3 % probabilities
of being drawn from the same parent distribution for the (0.5–2.0) keV and (2.0–10.0) keV
bands, respectively. A comparison of Figure 4.5 and Figure 4.7 shows that the X-ray
brightness of galaxies is a distance effect. These sources are located at, on average, much
lower redshifts compared to the BL Lacs and quasars and their luminosities are in fact

3The probabilities for a common parent population are 68 % and 38 % for the comparison of the quasars
and the BL Lac objects in the (0.5–2.0)keV band and the (2.0–10.0)keV band, respectively, 0.7 % and 0.1 %
for the quasar–galaxy comparisons, and 0.1 % and 2 % for the comparison of BL Lacs and galaxies.
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Figure 4.5: Distribution of absorption-corrected X-ray fluxes of the hard-power-law com-
ponents of the sources of the 2 cm-X-Sample in the (0.5–2.0) keV band (left) and in the
(2.0–10.0) keV band (right) for quasars (filled, top), BL Lac objects (hatched, middle)
and galaxies (dotted, bottom).
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Figure 4.6: Distribution of X-ray luminosities of soft-excess components and hard-
power-law components of the sources of the 2 cm-X-Sample in the (0.5–2.0) keV band
(left) and in the (2.0–10.0) keV band (right).
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Figure 4.7: Distribution of X-ray luminosities of hard-power-law components of the
sources of the 2 cm-X-Sample in the (0.5–2.0) keV band (left) and in the (2.0–10.0) keV
band (right) for quasars (filled, top), BL Lac objects (hatched, middle) and galaxies (dot-
ted, bottom).
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Figure 4.8: Distribution of X-ray luminosities of hard-power-law components of the
sources of the 2 cm-X-Sample detected in the in the (20–80) keV band for quasars (filled,
top), BL Lac objects (hatched, middle) and galaxies (dotted, bottom).
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substantially lower than the ones of the other two classes of objects. Although the number
of BL Lacs with measured luminosities small4, their luminosity distribution appears to
be shifted to lower values with respect to the quasar distribution and no clear peak is
visible. In fact, K-S tests find only 10 % and 3 % probabilities that both distributions are
intrinsically the same.

At energies above 12 keV, the PDS detector onboard BeppoSax yielded data for 15
sources. In nine cases, BeppoSax failed to detect the source in any pointing with the PDS
detector. In three cases (0716+714, 3C 279, and BL Lac) a detection occurred in some
of the multiple pointings on those sources but not in all (compare Table 4.1) most likely
due to source variability. Reflecting the limited sensitivity of the PDS detector, no (20-
80) keV fluxes below 7 × 10−12 erg s−1 cm−2 are found among the sample sources. The
luminosity distribution in Fig. 4.8 shows that the PDS-detected quasars are much more
luminous in this band than the BL Lacs and the galaxies.

4.1.5 Trends with luminosity
No strong trends with the luminosity of the soft-excess component are found for the soft-
excess and hard-power-law photon indices (see Fig. 4.9). However, the inspection of
the Γhard−PL–Lsoft−excess plane shows that sources in which a soft-excess component is
detected do exhibit a flatter hard-power-law slope than the average value over the full
sample. The average hard-power-law photon index for those sources with a soft excess is
1.5 ± 0.2, about ∼ 0.2 flatter than the overall average value for the 2 cm-X-Sample.

A weak correlation is found between the slope of the hard power-law component
Γhard−PL and the hard-power-law luminosity. Figure 4.10 shows a slightly decreasing
trend of Γhard−PL with increasing Lhard−PL in the three different bands considered. A
linear regression to the three relations in the Γhard−PL–Lhard−PL plane yields very similar
results. The correlation is not very strong with correlation coefficients of −0.44, −0.53,
and −0.61 in the (0.5-2.0) keV band, the (2.0-10.0) keV band and the (20-80) keV band,
respectively. The resulting values for the slopes of the three linear regressions are −0.09±
0.03, −0.01 ± 0.03, and −0.08 ± 0.03.

The detected absorbing column densities do not show any obvious trend with the
luminosity of the hard-power-law component. The number of sources with a soft-excess
and significant absorption over the Galactic value is too small to derive strong constraints
on any possible correlation between Lsoft−excess and NH.

4.2 X-Ray Jets and Jet-Associated Extended Emission
About 50 % (26 out of 50) of the 2 cm-X-Sample sources have been observed with Chan-
dra. Among those, 14 sources exhibit extended jet-associated emission regions bright
enough and far enough separated from the core emission for the extraction of spectra.
The individual features are classified based on their X-ray morphology into I) jets (to the
first order linear features which show a connection to the core), II) knots (distinct, unre-
solved regions isolated from the core or any associated jet), hotspots (unresolved regions

40048–097 and 0716+714 have no well-established redshift measurements so that no luminosities could
be obtained for these sources.
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Figure 4.9: Soft-excess photon indices (top) and hard-power-law photon indices of the
sources of the 2 cm-X-Sample as a function of soft-excess X-ray luminosities. The dot-
ted lines indicate the average soft-excess and hard-power-law photon index over the full
sample.

being located beyond the end of a known radio jet), and jet-associated halos (extended,
diffuse emission being correlated with a known radio jet in extent and/or direction). Ac-
cording to this classification scheme, the sample contains eight X-ray jets (0605−085,
0738+313, 0827+243, 1127−145, 1226+023 (3C 273), 1228+126 (M 87), 1510−089,
and 1928+738), four distinct knots (0430+052 (3C 120), 1228+126 (M 87), 1253−055
(3C 279), and 2251+158 (3C 454.3)), two hotspots (both in 1957+405 (Cygnus A)), and
two jet-associated halos (0238−084 (NGC 1052) and 2200+420 (BL Lac)). An additional
emission knot is found in the southwest of the 0605−085 nucleus which is associated with
a foreground star (Sambruna et al. 2004).

The main purpose of the spectral analysis of the extended X-ray features of 2 cm-X-
Sample sources for this thesis is to provide a set of spectral characteristic parameters de-
scribing the X-ray emission on kiloparsec scales for comparison with the nuclear emission
parameters. Therefore, it has not been attempted to identify all significant features, e.g.,
with automatic source-detection algorithms incorporated into the Chandra data analysis
software, CIAO. In general, only distinct features that are apparent from the inspection
of the raw photon images (see Fig. 4.11 and Fig. 4.11) yield enough photons to extract
spectra of sufficient SNR to compare them to the nuclear X-ray spectra of the 2 cm-X-
Sample. In the case of the two detected jet-associated halos of NGC 1052 and BL Lac,
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Figure 4.10: Hard-power-law photon indices of the sources of the 2 cm-X-Sample as
a function of hard-power-law X-ray luminosities in the (0.5-2.0) keV band (top), in the
(2.0-10.0) keV band (middle) and in the (20-80) keV band (bottom). The dotted lines
indicate the average hard-power-law photon index over the full sample and the solid lines
represent a linear regression fit to the data sets.
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the extended emission is diffuse and due to the short exposure times only weakly seen in
raw photon images (compare Fig. 1 of Kadler et al. 2004a, reprinted in Sect. 6.3.2 and
Fig. 4.12). In both cases, however, the extended emission is highly significant if an adap-
tive smoothing algorithm is applied, as apparent from Fig. 2 of Kadler et al. (2004a) and
the right panel of Fig. 4.12.

More sophisticated detection methods of X-ray jets and associated extended features
from Chandra observations of radio-loud AGN are applied by Sambruna et al. (2004) and
Marshall et al. (2005). However, it shall be noted that the purely morphological identifi-
cation and classification used here, clearly reveals four out of five of the 2 cm-X-Sample
sources in the list of Sambruna et al. (2004)5 and two out of three 2 cm-X-Sample objects
among the twelve detected X-ray jets found by Marshall et al. (2005). With only seven
objects in common with these two samples (and six sources in common between the Sam-
bruna et al. 2004 and the Marshall et al. 2005 samples), nearly identical detection rates of
extended jet-associated emission features are found: 59 %, 60 %, and 54 %, respectively.
This is particularly remarkable because unlike the two other samples, the 2 cm-X-Sample
has not been selected based on the presence of a known bright kiloparsec-scale radio jet
but on the milliarcsecond core properties.

X-ray spectra have been extracted from circles, annuli or rotated-box regions, de-
pending on the shape of the emission region of the given feature (see Table 4.5 for region
parameters). Appropriate background regions were selected, close to the source regions,
free of contaminating sources and large enough to contain a significant number of back-
ground photons. In all cases, the background spectra were taken from the same observa-
tion as the source spectra and from the same chip. Spectral fitting was performed with
the program XSPEC in the 0.3 keV to 8.0 keV band, as described in Sect. 3.5. In each
case, a power-law model with Galactic absorption was used to approximate the measured
spectral distribution. The results of the spectral fitting are given in Table 4.5.

As for the nuclear spectra, mean values for the photon index and the fluxes of the indi-
vidual detected features in the (0.5 − 2.0) keV and (2.0 − 10.0) keV bands have been de-
termined in all cases of multiply observed sources. The errors are calculated as described
above for the nuclear spectra. The resulting mean spectral parameters of the investigated
jet-associated extended emission features are given in Table 4.6.

In Fig. 4.14, the distribution of photon indices is shown for all extended X-ray features
investigated and for the X-ray jets and knots, separately. The full sample, exhibits a broad
range of photon indices between 1.3 and 3.8, with an average value of Γextended = 1.8 ±
0.6, however, it has to be noted that the distribution is clearly non-Gaussian. It peaks at flat
photon indices ≤ 1.4 and shows a broad tail towards steeper values. The extreme case of
NGC 1052 with a photon index of 3.8 is better described via a thermal plasma emission
model, rather than a steep power law (Kadler et al. 2004a). The exclusion of the jet-
associated halos and hotspots, formally reduces the standard deviation of the distribution.
Considering only the jets and knots, an average photon index of Γjets+knots = 1.7 ± 0.3
is found. The reduced distribution is dominated by the smallest bins, peaking around 1.4
and extending up to 1.7–1.9. The only two remaining exceptions are M 87 and 1928+738
with values of 2.40 ± 0.05 and 2.2 ± 0.5, respectively. These findings are consistent with
the results of Sambruna et al. (2004), who find an average photon index of 1.5 ± 0.2 for

5The X-ray jet of 1641+399 (3C 345) is visible as a weak extension of the core towards the north-west
but was not bright enough and not sufficiently separated from the core to derive a spectrum.
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their sample.
In Fig. 4.14, the distribution of the average luminosities of the investigated jet-associated

extended X-ray emission features are shown. The jets and knots are more luminous, on
average, than the hotspots and jet-associated halos, with the full distribution range of
∼ (1039 − 1045) erg cm−2 s−1 in the (0.5 − 2.0) keV and (2.0 − 10.0) keV bands.

Table 4.5: X-Ray Jet Spectral Fit Results

Source? M∗ Obs. Date† Sequence Γ‡ F �
1 F♣

2 χred d.o.f.

0238−084 J/HaloI 2000-08-29 884 3.8+0.6
−0.7 9.4 1.1 0.52 22

0430+052 KII 2001-09-18 1613 1.57+0.09
−0.14 11.1 24.5 0.49 14

0430+052 KII,a 2001-12-21 3015 1.41+0.12
−0.09 8.2 23.9 0.70 13

0605−085 JIII,b
E 2001-05-01 2132 1.43+0.38

−0.35 3.0 10.3 1.13 6
0605−085 KIV,b

S 2001-05-01 2132 2.21+0.67
−1.10 3.7 3.1 1.74 2

0738+313 JV,b 2000-10-10 377 1.43+0.76
−0.77 0.6 1.7 0.95 5

0827+243 JV I,a 2002-05-07 3047 1.53+0.27
−0.24 2.1 4.9 0.76 6

1127−145 JV II,a,c 2000-05-28 866 1.62+0.18
−0.16 2.1 4.4 0.39 13

1226+023 JV III 2000-01-09 1198 1.85+0.09
−0.08 39.6 51.0 1.38 30

1226+023 JV III 2000-01-10 459 2.02+0.12
−0.12 39.7 41.5 1.09 24

1226+023 JV III 2000-06-14 1711 1.82+0.05
−0.04 36.6 55.4 1.10 118

1226+023 JV III 2000-06-14 1712 1.83+0.04
−0.04 37.0 55.8 1.03 120

1226+023 JV III 2001-06-13 2463 1.79+0.11
−0.13 29.7 47.3 1.35 14

1226+023 JV III 2001-06-13 2464 1.83+0.12
−0.10 43.4 65.5 1.28 23

1226+023 JV III 2001-06-15 2471 1.95+0.16
−0.15 42.4 52.7 0.40 20

1226+023 JV III 2002-06-04 3574 1.95+0.15
−0.13 43.5 54.5 1.23 18

1226+023 JV III 2002-06-05 3456 1.81+0.10
−0.12 35.7 54.9 0.88 14

1226+023 JV III 2002-06-05 3457 1.87+0.16
−0.10 34.7 49.1 1.80 14

1226+023 JV III 2002-06-06 3573 1.80+0.12
−0.08 38.3 59.7 0.62 18

1226+023 JV III 2003-07-07 4430 1.94+0.15
−0.09 40.7 51.4 0.87 16

1226+023 JV III 2003-07-07 4431 1.77+0.14
−0.11 39.7 65.6 0.83 17

1226+023 JV III 2003-11-24 4876 1.84+0.04
−0.04 39.3 58.0 1.30 140

1226+023 JV III 2004-02-10 4877 1.81+0.04
−0.04 39.5 60.8 1.11 136

1226+023 JV III 2004-06-30 5169 2.00+0.12
−0.08 44.4 51.5 0.92 18

1226+023 JV III 2004-06-30 5170 1.96+0.16
−0.12 41.9 51.9 0.73 17

1228+126 JIX,d,e 2000-04-15 517 2.32+0.11
−0.10 983.9 709.0 1.01 61

1228+126 JIX,d,e 2000-04-20 351 2.86+0.17
−0.18 588.1 190.7 0.99 31

1228+126 JIX,e 2000-07-17 241 2.75+0.08
−0.08 179.4 69.1 1.39 61

1228+126 JIX,e 2000-07-29 352 2.37+0.03
−0.03 152.9 101.8 2.56 167

1228+126 JIX,e 2000-07-30 1808 2.52+0.04
−0.04 173.4 92.9 1.48 124

1228+126 JIX,e 2002-01-16 3085 2.55+0.07
−0.07 175.6 90.3 1.45 82

1228+126 JIX,e 2002-02-12 3084 2.50+0.07
−0.07 170.3 94.3 1.28 78

1228+126 JIX,e 2002-03-30 3086 2.50+0.08
−0.08 164.8 91.6 1.30 76

1228+126 JIX,e 2002-06-08 3087 2.49+0.07
−0.07 166.6 93.3 1.56 77

1228+126 JIX,d,e 2002-07-05 3717 2.30+0.04
−0.04 142.9 106.1 1.61 143

1228+126 JIX,d,e 2002-07-06 2707 2.32+0.03
−0.01 212.8 150.4 3.77 233

1228+126 JIX,e 2002-07-24 3088 2.48+0.07
−0.08 172.5 97.6 1.21 74

1228+126 JIX,e 2002-11-17 3975 2.49+0.06
−0.06 178.2 100.7 1.16 83

1228+126 JIX,e 2002-12-29 3976 2.40+0.07
−0.07 176.1 113.3 1.81 71

1228+126 JIX,e 2003-02-04 3977 2.43+0.07
−0.07 155.5 95.0 1.69 77

Continued on next page
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Table 4.5 – continued from previous page

Source? M∗ Obs. Date† Sequence Γ‡ F �
1 F♣

2 χred d.o.f.

1228+126 KX,d,e 2000-04-15 517 2.52+0.14
−0.15 50.6 27.2 0.55 10

1228+126 KX,d,e 2000-04-20 351 2.74+0.21
−0.29 175.2 67.7 0.77 10

1228+126 KX,e 2000-07-17 241 2.83+0.11
−0.10 72.5 24.7 0.73 12

1228+126 KX,e 2000-07-29 352 2.78+0.05
−0.05 53.7 19.6 1.49 91

1228+126 KX,e 2000-07-30 1808 2.68+0.05
−0.05 72.0 30.6 1.88 57

1228+126 KX,e 2002-01-16 3085 2.66+0.09
−0.10 77.8 33.9 1.12 21

1228+126 KX,e 2002-02-12 3084 2.76+0.09
−0.11 73.3 27.6 1.41 19

1228+126 KX,e 2002-03-30 3086 2.68+0.10
−0.10 70.5 29.7 2.30 19

1228+126 KX,e 2002-06-08 3087 2.72+0.09
−0.09 71.2 28.6 1.05 20

1228+126 KX,d,e 2002-07-05 3717 2.65+0.08
−0.05 128.7 57.0 1.29 52

1228+126 KX,d,e 2002-07-06 2707 2.65+0.03
−0.03 53.0 23.5 1.58 138

1228+126 KX,e 2002-07-24 3088 2.70+0.09
−0.10 73.8 30.2 0.89 19

1228+126 KX,e 2002-11-17 3975 2.68+0.08
−0.09 69.4 29.5 2.08 20

1228+126 KX,e 2002-12-29 3976 2.62+0.10
−0.11 71.6 33.4 1.43 19

1228+126 KX,e 2003-02-04 3977 2.68+0.10
−0.10 67.4 28.7 2.70 19

1253−055 KXI 2002-03-21 2971 1.36+0.05
−0.09 8.7 26.8 1.05 20

1510−089 JXII,a 2001-03-23 2141 1.63+0.23
−0.19 6.2 12.7 0.50 9

1928+738 JXIII,a 2001-04-27 2145 2.16+0.54
−0.37 3.3 3.0 0.28 2

1957+405 HXIV,b
e1 2000-05-26 1707 1.47+0.36

−0.18 5.1 13.2 0.82 13
1957+405 HXV,b

w1 2000-05-26 1707 1.99+0.54
−0.24 3.0 3.6 0.84 4

2200+420 J/HaloXV I,b,f 2000-01-07 843 1.34+0.24
−0.19 14.8 50.7 0.25 6

2200+420 J/HaloXV I,b,g 2000-02-16 139 1.32+0.31
−0.21 23.1 78.2 0.71 6

2251+158 KXV II,b 2002-11-06 3127 1.76+0.77
−0.49 3.1 5.1 1.23 2

? B 1950.0 coordinates; ∗ Morphology (J: Jet, K: Knot, H: Hotspot, J/Halo: jet-associated halo); † Date of the observation in yyyy-
mm-dd format; ‡ Photon index; � (0.5 − 2.0) keV flux in units of 10−14 erg s−1 cm−2, corrected for Galactic absorption; ♣ (2.0 −
10.0) keV flux in units of 10−14 erg s−1 cm−2, corrected for Galactic absorption; I Circular region with 10 arcsec diameter, north-
west of the nucleus (compare Fig. 4.11); II Circular region with 4.3 arcsec diameter, east of the nucleus (compare Fig. 4.11); III

Circular region with 4 arcsec diameter, south-west of the nucleus; associated with foreground star by Sambruna et al. (2004) and
therefore not considered for further analysis; IV Rotated (38 × 8) arsec box region at 70◦ P.A., south-east of the nucleus (compare
Fig. 4.11); V Circular region with 3.3 arcsec diameter, south of the nucleus (compare Fig. 4.11); V I Rotated (27.5 × 5.5) arsec
box region at 135◦ P.A., north-east of the nucleus (compare Fig. 4.11); V II Circular region with 11.4 arcsec diameter, south-west
of the nucleus (compare Fig. 4.11); V III Circular region with 22 arcsec diameter, north-west of the nucleus (compare Fig. 4.11);
IX Circular region with 3.3 arcsec diameter, north-west of the nucleus (compare Fig. 4.11), contained in VIII; X Circular region
with 4 arcsec diameter, south-west of the nucleus (compare Fig. 4.11); XI Circular region with 6.5 arcsec diameter, south-east of the
nucleus (compare Fig. 4.11); XII Circular region with 2.7 arcsec diameter, south of the nucleus (compare Fig. 4.11); XIII Circular
region with 5.5 arcsec diameter, east of the nucleus (compare Fig. 4.11); XIV Circular region with 4 arcsec diameter, west of the
nucleus (compare Fig. 4.11); XV Annulus region with 3 arcsec inner diameter and 30 arcsec outer diameter, surrounding the nucleus
(compare Fig. 4.12); XV I Annulus region with 3 arcsec inner diameter and 30 arcsec outer diameter, surrounding the nucleus (compare
Fig. 4.12); XV II Circular region with 5 arcsec diameter, north-west of the nucleus (compare Fig. 4.11); a 15 counts per grouping bin
due to low SNR; b 9 counts per grouping bin due to low SNR; c adding extra absorption from source fit alters Γ to 1.820.21

0.18 ; d pileup
model applied; e 50 counts per grouping bin due to bright background; f adding extra absorption from source fit alters Γ to 1.49−0.18

+0.25 ;
g adding extra absorption from source fit alters Γ to 1.48−0.32

+0.23

4.3 Notes on Individual Sources

The purpose of this section is threefold. First, peculiarities of the spectral fits to the in-
dividual spectra of the different source shall be reported to help the reader judging the
individual results in the previous sections of this chapter. Second, a review of the rel-
evant literature for each source shall be given as concise as necessary but at the same
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Figure 4.11: Raw Chandra (0.3− 8.0) keV photon images of the sources from the 2 cm-X-Sample with jet-associated extended X-ray emission.
The circles (box regions) indicate the regions over which spectra have been drawn. In the case of M 87 (a), the dotted circle indicates the region
of a distinct knot, whose spectrum has been extracted in addition to the integrated jet spectrum.75
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Figure 4.11: continued
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4.3 Notes on Individual Sources

Table 4.6: Mean spectral parameters for the extended jet-associated X-ray emission fea-
tures of 2 cm-X-Sample sources.

Source M Na 〈Γ〉 ∆〈Γ〉 〈F(0.5−2.0) keV〉 ∆〈F(0.5−2.0) keV〉 〈F(2.0−10.0) keV〉 ∆〈F(2.0−10.0) keV〉
[10−14 erg cm−2 s−1] [10−14 erg cm−2 s−1] [10−14 erg cm−2 s−1] [10−14 erg cm−2 s−1]

0238−084 J/Halo 1 3.80 0.65 9.4 1.9 1.1 0.2
0430+052 K 2 1.48 0.10 9.5 2.2 24.5 4.9
0605−085 J 1 1.43 0.37 4.0 0.8 3.0 0.6
0738+313 J 1 1.43 0.77 1.0 0.2 2.0 0.4
0827+243 J 1 1.53 0.25 2.0 0.4 5.0 1.0
1127−145 J 1 1.62 0.17 2.0 0.4 4.0 0.8
1226+023 J 17 1.84 0.03 666.0 202.1 928.0 281.6
1228+126 J 15 2.40 0.05 3792.0 1163.9 2196.0 674.5
1253−055 J 1 1.36 0.07 9.0 1.8 27.0 5.4
1510−089 J 1 1.63 0.21 6.0 1.2 13.0 2.6
1928+738 J 1 2.16 0.45 3.0 0.6 3.0 0.6
1957+405 He1 1 1.47 0.27 5.0 1.0 13.0 2.6
1957+405 Hw1 1 1.99 0.39 3.0 0.6 4.0 0.8
2200+420 J/Halo 2 1.33 0.17 45.0 18.7 121.0 50.2
2251+158 K 1 1.76 0.63 3.0 0.6 5.0 1.0

a Number of Chandra observations.

5’’

Chandra (Color)
VLA (Contours)

Figure 4.12: Extended X-ray emission associated with the radio jet of BL Lac. Left
Panel: Raw Chandra photon image for the integrated energy range 0.3 keV to 8.0 keV
from the 2000-01-07 2.1 ksec Chandra observation of BL Lac. The inner (white) and
outer (black) circles indicate the annulus region from which the spectrum has been taken.
Right Panel: Adaptively smoothed three-color coded Chandra image with radio contours
superimposed. Red represents soft photons between 0.3 keV and 1.5 keV, green repre-
sents photons of medium energy between 1.5 keV to 2.5 keV and blue hard emission
between 2.5 keV and 8 keV. The image has been adaptively smoothed to reveal extended
structures of 3 σ–5 σ with a maximal allowed smoothing scale of 2′′. The radio contours
have been adopted from Antonucci (1986).

77



4 Results

1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4

Photon Index

0

1

2

3

4

5

6

N

All
Jets and Knots

Figure 4.13: Distribution of the photon indices of jets, knots and other extended X-ray
emission regions detected in Chandra observations of 2 cm-X-Sample sources in the
(0.5 − 10.0) keV band.
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Figure 4.14: Distribution of the luminosities of jets, knots and other extended X-ray
emission regions detected in Chandra observations of 2 cm-X-Sample sources in the
(0.5 − 2.0) keV band (left panel) and in the (2.0 − 10.0) keV band (right panel).
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time as comprehensive as possible. These two intentions are not always compatible in
view of the rich literature published on many individual sources, e.g., 3C 273. At least,
each individual-source paragraph shall provide a starting point for a more complete lit-
erature search by providing references to published works that appear most relevant in
the context of this thesis. Where available the X-ray spectral results shall be compared
to previously published works. Relatively frequently, the results are not fully consistent
and in some cases substantial differences are found. Such differences may be due to an
improved calibration being available compared to the one at the time of writing of the
corresponding work, to slightly or substantially different approaches in the spectral fitting
procedure, or to the fact that in this work only three standard models are considered while
more sophisticated spectral models may have been applied in publications dedicated to
individual sources. The notes in this section shall highlight such inconsistencies, present
explanations where such are obvious and refer to the corresponding works to allow the
reader to compare the results directly. The third intention of this section is to collect new
insights into the X-ray properties of the individual sources that have been gathered from
the systematical study of the 2 cm-X-Sample from previously unpublished data or from
the uniform reanalysis of different observations at different epochs of the same source. In
particular, results shall be highlighted that have a direct relevance for the general scientific
context of this thesis related to the combination of radio and X-ray observational AGN
research.

0007+106 — (aka III Zw 2) This X-ray bright Seyfert 1 galaxy has also been classified
as a “radio-intermediate quasar” and shows correlated multiwavelength emission variabil-
ity on long time scales (� years) (Salvi et al. 2002). III Zw 2 has been observed by ASCA
and XMM-Newton in July 1997 and July 2000 for ∼ 44 ksec and ∼ 15 ksec, respectively,
exhibiting a point-like morphology to both telescopes. Both spectra are well fitted with
simple absorbed power-law models at low signal-to-noise data grouping (25 counts per
bin). Stronger grouping (200/250 counts per bin), however, reveals broad residuals, de-
grading the one-power-law fits, significantly. The ASCA data cannot distinguish between
a two-power-law scenario (Γ1 = 2.4, Γ2 = 1.3) and a one-power-law plus broad-line
scenario (Γ = 1.7,Eline = 6.99 keV, σline = 1.1 keV, EW = 530 eV). The XMM-Newton
spectrum can be better fitted by a one-power-law plus broad-line model, yielding a very
broad slightly redshifted line at 6 keV in the source frame with an equivalent width of
∼ 890 eV.

In the radio regime, III Zw 2 is the only Seyfert galaxy, which showed superluminal
motion of jet components (Brunthaler et al. 2000), although this finding could not be
verified by Ros (2004). This discrepancy is of importance since the result of Brunthaler
et al. led Salvi et al. (2002) to waive their best-fitting power-law plus disk-line model
because it implied an almost edge-on view of the nuclear disk, in conflict with the small
angle between the jet and the line of sight in superluminal-jet systems.

0048–097 — See Sect. 6.1 for a detailed discussion of the VLBI structure of 0235+164,
its long-term broadband variability characteristics, and its X-ray spectrum.
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0235+164 — See Sect. 6.2 for a detailed discussion of the VLBI structure of 0235+164,
its long- and short-term broadband variability characteristics, and its X-ray spectrum.

0238–084 — (aka NGC 1052) See Sect. 6.3 for a detailed discussion of the VLBI struc-
ture of NGC 1052, its large-scale radio and X-ray morphology, X-ray spectrum and a
probe of the jet-disk coupling in this low-luminosity AGN.

0316+164 — (aka NGC 1275, M 84, core of the Perseus cluster [aka Abell 426]). The
Perseus cluster is the X-ray brightest cluster in the sky in X-rays. An unprecedented
variety of structural and spectral information on the gas distribution, the relation to the
radio-jet structure, shocks and gas motions have been reported on from an analysis of
the large-scale X-ray emission coming from the galaxy cluster (e.g., Fabian et al. 2000b,
Fabian et al. 2003, Churazov et al. 2004). The AGN itself at the center of the Perseus
cluster has been considerably less well studied. Ezawa et al. (2001) found the central,
non-thermal power-law source to contribute less than 1 % of the total cluster flux in the
0.7 keV to 10 keV energy bands from the analysis of ASCA data. Nonthermal emission,
attributed to the central AGN, was found earlier by Primini et al. (1981) from HEAO 1
observations reporting a photon index of ∼ 1.9 in the 20 keV–50 keV band. A flatter
photon index of ∼ 1.25 was found by Rothschild et al. (1981) based on OSO 7 (Peterson
1973).

The analysis of 0316+164 in this work used model III for the low-angular resolution
ASCA, BeppoSax, and XMM-Newton data. For the spectra taken by Chandra from small
(10 arcsec diameter) circular regions around the central point source, model I was found
to approximate the data adequately (using the Davis (2001) pileup model in XSPEC).
Consistently, photon indices in the range 1.8–2.5 were found with an average value of
Γ = 1.97 ± 0.07.

0333+321 — (aka NRAO 140) This object is remarkable because of its bright, spectrally
flat (or at most moderately steep) X-ray emission (Marscher 1988) but without strong γ-
ray emission (Maisack et al. 1996) on a flux level detectable with the Compton Gamma
Ray Observatory (CGRO).

Maisack et al. (1996) discuss a steep spectrum at MeV energies as a likely reason for
the γ-ray faintness of NRAO 140 rather than a spectral break at hard X-ray frequencies.
Indeed, the BeppoSax spectrum of NRAO 140 shows no hints of spectral steepening in
the sub-MeV regime.

NRAO 140 location in the sky is at the edge of a molecular cloud associated with the
Perseus complex. The significant amount of extra absorption over the Galactic value of
neutral hydrogen of 1.26 × 1021 cm−2 is likely to occur within our own Galaxy (compare
Turner et al. 1995). Assuming z = 0, Nextra = (1.63 ± 0.10) × 1021 cm−2 is derived, in
remarkable agreement with a value of NH2 = 1.7 × 1021 cm−2 of molecular gas derived
by Bania et al. (1991). See also Turner et al. (1995) for a more comprehensive discussion
of the absorption towards NRAO 140.

0415+379 — (aka 3C 111) See Sect. 6.4 for a kinematical 2 cm-study of this source
on parsec scales. A comprehensive investigation of the XMM-Newton view of 3C 111 is
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given by Lewis et al. (2005).

0420–014 — The analysis of the available ASCA data for 0420–014 yielded comparable
results to the study by Reeves and Turner (2000) who analyzed the same data. The γ-ray
bright source exhibits a comparatively steep X-ray spectrum with Γ ∼ 1.9. Significant
extra absorption exceeding the Galactic value by at least a factor of two seems to be
present in the quasars frame.

0430+052 — (aka 3C 120) This source is is classified as a broad-line radio galaxy and
belongs to the Fanaroff and Riley type I class of radio galaxies. A detailed study of the
August 2003 deep XMM-Newton observation of 3C 120 has been presented by Ogle et al.
(2005). In contrast to previous claims, this so far highest-SNR X-ray spectrum of this
source shows no evidence for relativistically broadened wings of the iron emission line in
the spectrum. The source exhibits strong soft excess, which Ogle et al. (2005) ascribe to
a disk corona, and an excess absorbing column density of NH = (1.0− 1.6)× 1021 cm−2

in agreement with the result presented in this thesis derived from the application of model
II.

Marscher et al. (2002) find ejections of VLBI jet components in 3C 120 to be pre-
ceded by dips in the (2.4–20) keV X-ray light curve along with a hardening of the X-ray
spectrum. This result is derived from a long-term radio and X-ray monitoring campaign,
combining radio flux density monitoring observations from the University of Michigan
monitoring program, monthly to bimonthly VLBA observations and and weekly RXTE
X-ray flux monitoring observations. This result is interpreted by Marscher et al. (2002)
as a response of the radio jet to dynamical processes within the accretion flow of 3C 120,
a connection previously established for microquasars (Mirabel and Rodriguez 1998). Al-
though the physical processes that lead to an X-ray dip are not well understood at present,
the result of Marscher et al. (2002) provides the most direct link between black-hole mass
accretion and jet formation in AGN that has been found so far.

0458−020 — This source is a bright distant (z = 2.291) quasar detected at γ-rays by
EGRET. There is a pronounced (71◦) misalignment between the inner radio jet and the
kpc-scale structure and a less pronounced misalignment between individual parsec-scale
jet components at different distances from the core (Paragi et al. 2000 and references
therein). 0458−020 is a member of a small sample of AGN located behind a high-redshift
absorption system (Wolfe et al. 1986). The z = 2.04 absorber in the line of sight towards
0458−020 has a particularly high column density (5 × 1021 cm−2; Wolfe et al. 1985) and
is found to have a disk-like structure that extends over several kiloparsecs in size (Briggs
et al. 1989).

To my best knowledge, the Chandra ACIS-S spectral data derived from the only
broadband spectroscopic X-ray observation of 0458−020 has not been published else-
where at the time of writing of this thesis. A simple absorbed power law yields a moderate
fit quality with χred = 1.3 for 178 d.o.f., a relatively flat photon index of Γ ∼ 1.64, and an
extra amount of photoelectric absorption over the LAB value of (4.4 ± 0.8) × 1021 cm−2

and (3.7± 0.7)× 1021 cm−2 if the absorber is assumed to be located at the source redshift
of z = 2.286 or at z = 2.04, respectively. This is in good agreement with the value de-
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rived by Wolfe et al. (1985) of 5 × 1021 cm−2 from optical and radio measurements. The
spectral fit can be improved by adding either a second power-law component, a thermal
plasma, or a high-energy reflection component. The two-power-law model suffers from
the unphysically steep photon index of the soft component (Γ > 4), while the power-law-
plus-plasma model predicts a very flat photon index (Γ < 1.5). In view of the uncertainty
of the continuum model, it was not attempted to model a residual excess at ∼ 2 keV which
might represent the tentative imprint of an iron emission line.

0528+134 — This source is a powerful, distant (z = 2.07), γ-ray bright blazar with a
high-energy peak located between 10 MeV and 100 MeV and a low-energy peak in the far
infra-red to optical regime. The X-ray band covers roughly the minimum between both
emission peaks. The ASCA data of 0528+134 was discussed by Sambruna et al. (1997).
These authors test different combinations of local (i.e. Galactic) and distant absorbers at
intermediate redshifts between 0 and 2.07. They show that even under the assumption
of a purely local absorber, the derived column density still exceeds the Galactic value
(NH ∼ 5 × 1021 cm−2). Ghisellini et al. (1999) analyzed the 8 epochs of BeppoSax data
for this source taken in early 1997 during a faint state of the source. In this state, the
source exhibited a flatter spectral index than in 1994/1995 of Γ ∼ 1.5. Due to the low
count rate, the LECS data could not further constrain the amount of absorption. Ghisellini
et al. (1999) further discussed the PDS data in detail, which lies significantly above the
extrapolated MECS spectrum. They explain this excess by the presence of another hard-
X-ray emitting source within the FoV of the PDS detector. Adopting this explanation, the
PDS spectral data of 0528+134 was discarded in the here discussed analysis.

In this work, an average value of NH = (2.92 ± 0.36) × 1021 cm−2 is derived from
the available ASCA and BeppoSax data, assuming of a source-intrinsic origin of the extra-
amount of absorption.

0605−085 — East of the bright unresolved core of 0605−085, a compact knot is visible
in the Chandra ACIS-S image taken in May 2001 (see Fig. 4.11). Sambruna et al. (2004)
compared the Chandra view of 0605−085 with the A-configuration VLA observed radio
source structure. They find the X-ray emission to peak about half an arcsecond before the
radio-jet peaks in brightness, although matching the general extent and position angle.
These authors further identified the similarly bright southern knot as a foreground star.

The 0605−085 nucleus is unaffected of pile up and dominates the integrated source
emission (∼90% of the total flux). The spectral parameters remain stable within their 1–σ
uncertainties independent of considering only the nuclear or the integrated emission but
the statistical quality of the simple absorbed power-law fit is improved significantly when
the jet- and star emission is discarded (χred decreased from 1.14 to 0.87 with the number
of degrees of freedom decreasing from 46 to 39). The high-resolution Chandra data of
0605−085 thus provides a good example of how small-scale sub structure can affect the
statistical quality of spectral fitting.

0716+714 — See Sect. 6.5 for a detailed analysis of the X-ray properties of 0716+714
and a kinematical analysis on parsec scales.
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0735+178 — This source is a BL Lac object with unknown redshift (although an absorp-
tion system at z = 0.424 was found by Carswell et al. (1974), providing a lower limit for
the source redshift). On parsec scales, 0735+178 exhibits one of the most extreme curved
morphologies observed in AGN jets with possible highly superluminal motions and free-
free absorbing regions (Kellermann et al. 1998a, Gómez et al. 1999, Gómez et al. 2001b,
Gabuzda et al. 2001, Agudo et al. 2002). The basic parameters of its ASCA spectrum
(assuming a pure power-law spectrum affected by fixed Galactic absorption) have been
reported by Kubo et al. (1998). The ∼ 10% smaller value derived from the LAB survey
yields a slightly decreased photon index of Γ = 1.74 ± 0.06. No significant amount of
excess absorption over the LAB value was found and the data show no evidence for any
further spectral component besides the primary power law.

0736+017 — The ASCA data of this flat-spectrum quasar was previously analyzed and
discussed by Sambruna et al. (2000) focusing on the apparent discrepancy between the
unusually steep soft X-ray spectrum observed by ROSAT in the (0.2–2.4) keV band and
the flatter spectrum at medium X-ray energies. The ASCA spectrum of 0736+017 can well
be represented by a simple absorbed power law with Γ = 1.74 ± 0.02 with only tentative
evidence for a small amount of extra absorption over the neutral Galactic value.

0738+313 — (aka OI 363) Siemiginowska et al. (2003) reported on the Chandra detec-
tion of a 200 kpc X-ray jet in the z = 0.63 quasar 0738+313. The re-analysis of these
data yielded quasi-identical results to Siemiginowska et al. (2003) but was restricted to a
simple absorbed power-law approximation of the integrated source emission with the ab-
sorber assumed to be located in the source frame. The possible influence of two distinct
intervening absorption systems is discussed in Siemiginowska et al. (2003), as well as the
spectral properties of the diffuse extended emission around the nucleus. The nucleus of
0738+313 dominates the integrated source emission and its spectrum can be represented
by a power law with a photon index of Γ = 1.55+0.03

−0.05, relatively unaffected of the redshift
which is assumed for the absorber.

In April 2001, six months after the Chandra observation, 0738+313 was observed by
XMM-Newton. The previously unpublished data derived from this 30 ksec observation
suffered heavily from a strong proton flare that affected the complete duration of the
integration. Conservative flagging criteria were applied to create a good-time interval
(gti) file to filter only those time intervals during which the source count rate exceeded
substantially the flare-dominated background count rate. This procedure resulted to a
substantially decreased effective exposure time and in somewhat larger error bars than
usual. Still, the XMM-Newton spectrum is characterized by a significantly steeper photon
index than apparent from the Chandra spectrum of Γ = 1.73+0.05

−0.04.

0827+243 — Chandra revealed a curved kiloparsec-scale X-ray jet in this z = 0.941
quasar (Jorstad and Marscher 2004). The reanalysis of these Chandra data for this thesis
yielded a good approximation with a simple absorbed power-law model of the integrated
source and the jet spectrum (Γint = 1.66+0.04

−0.02; Γjet = 1.5+0.3
−0.2).
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0836+710 — ASCA observed 0836+710 on March 17, 1995. The resulting spectral data
have been presented by Cappi et al. (1997). Due to the SIS detector degradation from late
1994 on, the source-intrinsic absorption reported there, may be instrumentally altered.
In the reanalysis of the ASCA data of 0836+710, only the SIS data between 1.0 keV and
10 keV were considered, the range that is unaffected by the detector degradation. No
excess absorption over the Galactic LAB value is found and the photon index is flatter
than given by Cappi et al. (1997), Γ = 1.34+0.02

−0.02. Tavecchio et al. (2000) report on the
BeppoSax spectrum of 0836+710 finding a high but poorly constrained absorbing column
density of several times 1021 cm−2, in agreement with the reanalysis of the same data for
this thesis. The Chandra data of 0836+710 suffered from strong photon pileup. Applying
the PILEUP6 model in XSPEC, spectral parameters in agreement with Fang et al. (2001)
are derived, who analyzed the (pileup unaffected) HETG Chandra spectrum. A smaller
amount of absorption is found than given by Cappi et al. (1997) and Tavecchio et al.
(2000), however, within the errors in agreement with the ASCA and BeppoSax reanalysis
in this thesis (compare Table 4.1). The XMM-Newton spectrum of 0836+710 obtained in
April 2001 provides the X-ray spectral observation with the so far highest SNR for this
object. A one-power-law model provides a good approximation of the data yielding an
absorbing column density of 6.5+0.9

−0.8 × 1020 cm−2.

0851+202 — (aka OJ 287) See Sect. D.1 for a study of the radio jet kinematics on parsec
scales in OJ 287.

OJ 287 has been observed twice by BeppoSax and three times by ASCA between 1994
and 2001. The first ASCA epoch was discussed by Idesawa et al. (1997) and Kubo et al.
(1998), the latter two by Isobe et al. (2001). Massaro et al. (2003) and Padovani et al.
(2001) investigated the two BeppoSax spectra of OJ 287 obtained in November 1997 and
2001. While the reanalysis performed for this work in general yielded results similar to
those published works, a steeper photon index is found from the 2001 BeppoSax epoch
(Γ = 1.77+0.06

−0.05) compared to the values of ∼ 1.6 found for the other epochs, while Mas-
saro et al. (2003) reported a much flatter spectrum (Γ ∼ 1.45). This result can be repro-
duced if the LECS/MECS normalization factor is fixed to 1 during the fit. In view of the
usual guidelines, however, the value presented in this work may be regarded as more re-
liable (although the fitted normalization factor of ∼ 0.58 is somewhat outside the typical
range of ∼ 0.65 to ∼ 1).

Bearing in mind the above mentioned uncertainty for the November 2001 epoch of
X-ray spectral data of OJ 287, the photon index of this optically and radio highly variable
object remained remarkably stable (and comparably flat) in time. On a time scale of 7
months, no strong X-ray variability is apparent, three years earlier the source was brighter
by a factor of 3 in the 2 keV to 10 keV range, although the spectral shape was similar.

0923+392 — (aka 4C +39.25) This z = 0.698 quasar was observed by ASCA and Chan-
dra in November 1998 and October 2002, respectively. The ASCA spectrum is very sen-
sitive to changes in the considered energy range and on whether or not an additional
absorption component besides the Galactic absorption is allowed or not. Model I invokes
by default an extra absorber at the source frame, yielding a relatively steep photon index

6compare Davis 2001 where the 0836+710 spectrum is used as an example of pileup correction.
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of ∼ 1.88. This value is in agreement with the photon index derived by Sambruna et al.
(2000) from a model with freely varied absorption at z = 0 (predicting ∼ 1× 1021 cm−2).
While the location of the extra absorber cannot be determined unambiguously, it shall be
noted that this component is required statistically with an improvement of the fit with an
F-test value of 6.37 corresponding to a 99.8% reliability.

The so far unpublished Chandra spectrum of 4C +39.25 exhibits a flatter slope than
the ASCA spectrum, with ΓChandra ∼ 1.7 and does not require any extra amount of ab-
sorption over the Galactic value if a simple absorbed power-law model is applied. The fit
is statistically not good, mainly due to residuals around 2 keV that may be due to detec-
tor calibration uncertainties. However, a formal improvement is achieved by adding an
additional soft component to the model (model II and III). A soft excess component in
4C +39.25 was already found by Sambruna et al. (2000) based on the combination of non
simultaneous ROSAT and ASCA data.

1038+064 — (aka 4C +06.41) No X-ray spectral data in the (0.5–10.0) keV band have
been published so far for this object. Two ASCA observations of 1038+064 have been
performed in December 1996 and a deeper XMM-Newton observation took place in May
2003. Both ASCA spectra can be described adequately with model I although the photon
indices derived are not fully consistent (1.48+0.02

−0.02 and 1.65+0.09
−0.05, respectively). The XMM-

Newton spectrum reveals a similarly flat photon index for a simple absorbed PL model
with Γ = 1.56+0.02

−0.01. The residuals are weak if the data are grouped to have 25 counts
per bin. However a flattening at high energies is apparent from the visual inspection.
Applying a stronger grouping (125 counts/bin) reveals this flattening to be significant and
model II is found to improve the fit substantially (F-test value of 25.5 with a 10−10 %
probability of an improvement by chance). The slope of the second PL, however, is found
to be highly inverted with Γ = 0.43+0.05

−0.05. A competitive fit is achieved with a high-energy-
reflection model. The power law in this model has a slope of ∼= 1.6. A modest reflection
fraction < 0.8 is implied and a disk at a small angle to the line of sight < 48◦.

Based on these findings, it is likely that 1038+064 exhibits one of the most pro-
nounced disk-reflection X-ray spectra among all core-dominated, radio-loud AGN. X-ray
continuum monitoring observations, similar to the RXTE observing program of 3C 120
(Marscher et al. 2002) or frequent X-ray spectroscopic observations with XMM-Newton,
thus provide a high chance of being sensitive to dynamical processes within the accretion
disk of this object. Additionally, 1038+064 has a bright compact radio core, resolved into
a one-sided jet with VLBI. VLBA 2 cm Survey and MOJAVE observations between 1998
and 2004 reveal at least two distinct jet components traveling at speeds of 0.11 mas/yr
and 0.46 mas/yr, respectively (M. Lister, priv. communication). Future coordinated X-ray
and VLBI observations of this source may have a high potential to study the connection
between the accretion disk and the parsec-scale jet.

1055+018 — The here presented fit to the Chandra data of 1055+018 is in general
agreement with the results of Gambill et al. (2003). However, it shall be noted that Gam-
bill et al. (2003) marks the source as affected by pile up and determines the spectrum
from the wings of the PSF, while the reanalysis for this work did not show a significant
difference between the spectrum extracted from the whole source region and any annulus
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region that excludes the PSF core. The here presented spectrum is therefore extracted
from the whole source region yielding an improved SNR.

1127−145 — This distant (z = 1.187) gigahertz-peaked spectrum quasar was found to
exhibit a 300 kiloparsec X-ray jet (Siemiginowska et al. 2002). In addition, 1127−145 is
peculiar because it is located behind an intervening (z = 0.312) absorbing system (Bech-
told et al. 2001 and references therein). The three archival X-ray spectroscopic data sets
of 1127−145 from Chandra, BeppoSax and XMM-Newton observations, of which the lat-
ter has not been published before, have been analyzed. In all three epochs (between June
1999 and July 2002) the source showed a flat photon index (Γ = 1.2 − 1.5). Assuming
the (significant) absorber to be located at z = 0.312, the associated column density is
consistently determined to lie in the range ∼ 9 × 1020 cm−2 to ∼ 1.7 × 1021 cm−2.

The X-ray jet of 1127−145, resolved from the core emission by Chandra only, can be
described by a Γ ∼ 1.6 power law with only Galactic absorption. If the extra absorption
is fixed to the value determined from the spectral fit to the integrated source emission, the
jet spectrum appears steeper (Γ ∼ 1.8).

1156+295 — (aka 4C +29.45) This γ-ray loud source was observed by Chandra in June
2000 with the ACIS-I detector in focus of the mirror assembly. The data from this deep-
field 75 ksec pointing was analyzed by the CYDER survey group (Castander et al. 2003),
focusing on the field properties, particularly the faint X-ray sources, with no special em-
phasis on 1156+295.

The X-ray spectrum of 1156+295 is dominated by compact emission with Γ = 1.61±
0.03. No significant pile up affected the observation and the absorption is consistent with
the Galactic value with any extra amount of absorption in the source frame below a value
of ∼ 4 × 1020 cm−2.

1222+216 — A simple power-law fit to the previously unpublished Chandra spectrum
of this γ-ray loud quasar provides no statistically satisfactory solution (χred = 1.5 at 200
d.o.f.), due to systematic broad residuals across the whole 0.3 keV to 8 keV range. The ad-
dition of a thermal plasma improves the fit but leaves broad, soft residuals that disappear
only if the plasma elemental abundances are assumed to be highly sub solar. This virtu-
ally corresponds to a bremsstrahlung component of kT ∼ 0.58 keV. Both models predict
an unusually flat photon index of the power-law component of Γ = 1.2 − 1.3. A fit of
similar statistical quality is achieved with a two-power-law model (model II), yielding
rather extreme values for the two photon indices (Γ1 ∼ 3.9, Γ2 ∼ 1.2). Although, statisti-
cally slightly inferior to the two-power-law and bremsstrahlung-plus-power-law models,
a high-energy reflection component can fit the spectrum well (χred = 1.16 at 198 d.o.f.)
and yields physically reasonable parameters: Γ ∼ 1.7, and a small angle of the reflection
system to the line of sight of < 45◦.

1226+023 — (aka 3C 273) This source is the prototypical quasar, identified in 1963 with
a magnitude 13, “quasi-stellar object” by Hazard et al. (1963) and the redshift measured
by Schmidt (1963) to be z = 0.158. It has been observed in the X-ray regime ever since
the early beginning of this branch of astronomy. To the first order, the X-ray spectrum
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of 3C 273 is found to be a featureless continuum. High-SNR observations during the
last decade have revealed a variety of relatively low-amplitude broad and narrow spectral
features though. In particular, a variable soft-excess component is found (see, e.g., Page
et al. 2004 and references therein). An iron emission line has been detected in a number of
observations with at least one report of a broad emission profile (Yaqoob and Serlemitsos
2000 and references therein). Recently, Grandi and Palumbo (2004) presented a long-term
variability study of 3C 273 based on BeppoSax data, decoupling the jet and accretion-flow
related emission components.

For this thesis, a total of 47 ASCA, BeppoSax, Chandra, and XMM-Newton spectra
have been analyzed. In 31 spectra, model II fitted the data significantly better than model
I, revealing a soft-excess component. The average photon index of the soft-excess compo-
nent is Γsoft−excess = 2.3± 0.3 and the hard-power-law component has an average photon
index of Γhard−PL = 1.61 ± 0.03 close to the average value over the full 2 cm-X-Sample.

1228+126 — (aka M 87, core of the Virgo cluster) The active nucleus of M 87 is embed-
ded in a bright soft X-ray emitting plasma. Distinct features within this diffuse emission
region obviously result from a complex interaction of the M 87 jet and the surround-
ing thermal gas (e.g., Belsole et al. 2001 and references therein). To model the M 87
spectra from the “low-angular-resolution” instruments onboard ASCA, BeppoSax, and
XMM-Newton facilitates model III to account for this strong thermal emission compo-
nent yielding consistent and reasonable values for the hard-power-law photon index in
the range 2.3–2.5. The high angular resolution of Chandra allowed spatially resolved,
background-subtracted nuclear spectra to be extracted. The Chandra source spectra were
obtained from a circular region of 20 arcsec in size, containing the nucleus and the jet
of M 87 (to allow the data to be compared with the low-resolution spectra). Background
spectra were extracted from narrow annuli surrounding the source-extraction region. In
good agreement with the ASCA, BeppoSax, and XMM-Newton spectra, a hard power law
is found (without strong distortions from the surrounding diffuse emission) with photon
indices ∼ 2.4 in all 15 Chandra observations of this source. The mean value over all 18
observations is Γhard−PL = 2.38 ± 0.02.

1253–055 — (aka 3C 279) 3C 279 has been observed 11 times with ASCA between
1993 and 1996, 5 times with BeppoSax in 1997, and once with Chandra in 2002. The
BeppoSax data of 3C 279 has been previously analyzed by Ballo et al. (2002) and three
ASCA observations of 3C 279 have been reported on by Kubo et al. (1998). In all cases,
the spectrum was described sufficiently with model I with an average photon index of
1.70 ± 0.01.

Marshall et al. (2003) report the detection of an X-ray jet from the Chandra observa-
tion of 3C 279 in March 2002, that has been found independently in this study from the
archival Chandra data and that is shown in Fig. 4.11.

1308+326 — Three archival X-ray spectroscopic observations of the high-redshift blazar
1308+326 were available for analysis for this thesis: two ASCA observations in June
1996 separated by only one day (see Watson et al. 2000) and one so far unpublished
XMM-Newton observation in December 2002. Whether 1308+326 has to be classified as
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a quasar or as a BL Lac object has been controversially discussed (see, e.g., Watson et al.
2000, Gabuzda et al. 1993 and references in these works): with an almost featureless opti-
cal spectrum, rapid variability and a high degree of optical polarization it exhibits typical
BL Lac object peculiarities. Its FR II-like radio morphology, highly superluminal jet kine-
matics, high Doppler factor and an optical-UV excess over the IR continuum, however,
are characteristics more typical for quasars.

The two ASCA observations of 1308+326 have been analyzed independently, yielding
similar, albeit not within one σ coinciding spectral parameters. On June 10, the data
suggested a comparatively steep spectrum (Γ = 1.8 ± 0.1) and a relatively large amount
of extra absorption in excess over the Galactic value (NH = (7±4)×1021 cm−2 assuming a
source-intrinsic absorber at z = 0.997). The June 11 spectrum, however, can best be fitted
with a flatter power law (Γ ∼ 1.5) and shows no strong evidence for any extra absorption.
Due to the limited sensitivity and spectral response of the ASCA detectors, however, the
combined data of both observations can statistically sufficiently be approximated by a
single model with intermediate parameters similar to the values reported by Watson et al.
(2000): Γ ∼ 1.6, and NH ∼ 3 × 1021 cm−2 in the source frame, χred = 0.85 with 181
degrees of freedom.

The XMM-Newton data of 1308+326 represents a case of a serendipitous detection.
The observation in December 2002 was pointed at the nearby cluster RXJ 1309.9+3222
and contained 1308+326 inside the FoV of the MOS and PN detectors. The source showed
a similar spectral shape than in June 1996, although at a much higher flux level. It in-
creased by a factor of ∼ in flux between 0.5 keV and 2 keV and by a factor of ∼ 4.5 in the
(2–10) keV range. The 2002 XMM-Newton spectrum can well be fitted by a simple power
law with any extra absorption over the LAB survey measured Galactic neutral hydrogen
value well below 1020 cm−2. It further shows no evidence for a soft excess, reported by
Watson et al. (2000) based on the analysis of combined non-simultaneous ROSAT data
with the 1996 ASCA data.

1334−127 — The 14 ksec XMM-Newton observation of 1334−127 from January 2003
was not reported on in the literature so far. It yielded a featureless power-law spectrum,
modified at low energies only by the absorption of Galactic material and a small amount
of excess absorption. In the source frame, this extra absorption corresponds to a column
density of NH = 5.2+0.4

−0.6 × 1020 cm−2, assuming the extra absorption to take place at zero
redshift, e.g., due to ionized or molecular material, yields a value of NH = 2.7+0.2

−0.3 ×
1020 cm−2. The extra absorber component is statistically highly significant, with an F-
test value of 72.1, corresponding to a probability > 99.9 %. The coupling between the
absorbing column density and the photon index is not very strong (see Fig. 4.15) and
assuming a flatter photon index does not allow the extra absorption to drop below 3 ×
1020 cm−2 in the source frame with 99 % probability.

1413+135 — This object provides the peculiar view of a bright, radio-loud, BL Lac-like
AGN apparently hosted by a spiral galaxy. Perlman et al. (2002) investigated 1413+135
and its apparent host galaxy using HST, VLBA, and the same ASCA data as well analyzed
for this thesis. The here derived high absorbing column density towards the X-ray nu-
cleus of 1413+135 of NH = (5.4+0.7

−0.6) × 1020 cm−2 is in rough agreement with the results
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Figure 4.15: 90, 95 and 99 per cent confidence contours for the absorbing column density
and the photon index of 1334−127 for the 2003, January 31 XMM-Newton spectrum.

of Perlman et al. (2002). Those authors point out that the absorber is unlikely to be located
within the very inner region towards the nucleus of a BL Lac object like 1413+135, par-
ticularly because the ASCA data does not show evidence for strong reprocession features
as, e.g., a strong iron line. Two alternative explanations are discussed: first, the absorber
may be a molecular-cloud system within the host galaxy of 1413+135; second, the BL Lac
object may in fact be a background object at higher redshift than the intervening spiral
galaxy.

1458+718 — (aka 3C 309.1) The Chandra spectrum of this high-redshift quasar can-
not be fitted statistically sufficiently with a simple absorbed power law. The fit can be
improved significantly if a second power law, a thermal plasma, a black body or a reflec-
tion component is added to the model. The best fits are achieved with the two-power-law
model (model II) and the black-body-plus-power-law model (χred ∼ 0.83 at 84 d.o.f.)
yielding either a very steep soft power law with Γ > 5 or a black body of ∼ 105 eV
temperature.

1502+106 — This source is separated by only 7′ from Mrk 841, which is brighter than
1502+106 at soft to medium hard X-rays by almost two orders of magnitude at. Al-
though the source was therefore contained inside the field of view of three ASCA and
two BeppoSax observations, those data were not reduced for this thesis, in view of the
limited angular resolution of both telescopes and the danger of blending with Mrk 841.
George et al. (1994) reported the spectral characteristics of 1502+106 as derived from one
of those ASCA observations: a simple absorbed power law with Γ ∼ 0.5 affected by soft
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energy absorption consistent with Galactic values.
1502+106 can further be detected in the field of view of three XMM-Newton observa-

tions of Mrk 841 and the resulting spectral information is presented here for the first time.
In all three pointings, the PN detector was operated in small-window mode and did not
collect any data of 1502+106, which was outside of the reduced FoV. The MOS cameras
were operated in fast-uncompressed and small-window modes so that only a central sub
array pixels on the central detector chip imaged the sky. Unfortunately, the centroid po-
sition of 1502+106 was on the central chip, close to one of the outer chips. Only a small
fraction of the PSF was recorded resulting in a significant loss of source flux.

The three XMM-Newton observations were distributed over only two days. Within the
uncertainties, no source variability could be detected between the individual observations
so that the data were combined in order to improve the significance. The spectra were
fitted simultaneously with an absorbed-power-law model, yielding a flat photon index of
Γ = 1.53+0.11

−0.08. Any extra absorption over the Galactic value is consistent with zero and
can be constrained to be < 1021. Due to the masking of the bulk PSF, no firm statement
about the absolute source flux during these observations can be made.

1510-089 — This high-polarization quasar has been observed by ASCA, BeppoSax, and
Chandra on one occasion each. All three data sets reveal a very flat X-ray spectrum with
a photon index of ∼ 1.25 in August 1996 (Compare Singh et al. 1997) and ∼ 1.4 in
August 1998 and March 2001 (compare Donato et al. 2005, Gambill et al. 2003). Chan-
dra resolved the source X-ray emission into a core-jet structure (see Fig. 4.11), which
was investigated and compared to the kiloparsec-scale radio structure by Sambruna et al.
(2004). Interestingly, the integrated jet emission has a power-law slope of ∼ 1.6, a value
rather steep compared to the flat nuclear continuum.

1633+382 — (aka 4C +38.41) During March 1996, four ASCA observations of this dis-
tant quasar have been performed (compare Kubo et al. 1998). In all of them, the source ex-
hibited a flat spectrum. A one-power-law model with fixed Galactic plus variable source-
intrinsic absorption provides an adequate approximation of the spectral data. Weak or no
extra absorption over the Galactic value is required in all cases. The source varied sig-
nificantly between the individual observations, both in flux and in the photon index with
values of F(2−10) keV = (1.7 − 2.9) × 10−12 erg cm−2 s−1 and Γ = 1.3 − 1.6. Fitting the
spectral data from all four observations in March 1996 simultaneously yields a photon
index of 1.5 but unacceptable statistics (χred = 1.4 with 315 d.o.f.), while each individual
epoch can be fitted with a value of χred smaller or equal to 1. This illustrates convincingly
the significance of the detected source variability.

1641+399 — (aka 3C 345) One BeppoSax observation and one Chandra observation
of this source have been performed. Tavecchio et al. (2002) reported on the BeppoSax
data, finding a flat power law with Γ ∼ 1.6. The authors waived the LECS data of
this observation mentioning a possible confusing source within the extraction region of
the LECS detector, about 5 arcmin away from the target source. In the reanalysis for
this thesis, the LECS data have been considered with an extraction radius of 4 arcmin
providing a likely explanation for the steeper photon index of Γ = 1.70+0.03

−0.04 derived here.
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Figure 4.16: 68, 90, 95, and 99 per cent confidence contours for the absorbing column
density and the photon index of 1655+077 for the 2002, April 28 Chandra spectrum. The
source intrinsic absorption is significant on a ∼ 90 % level.

Sambruna et al. (2004) report the detection of an X-ray jet of 3C 345 but due to the
short (10 ksec) exposure, the weakness of the jet and the small separation between the jet
and the core, no spectrum could be extracted for this study. Gambill et al. (2003) report
a soft excess of 3C 345 based on the same Chandra data and a best-fitting model of a
broken power law with photon indices of Γsoft ∼ 2.1, Γhard ∼ 1.4 and a break energy
of ∼ 1.6 keV with no extra absorption over the Galactic value. In the reanalysis of these
data for this thesis, model II provided the best fit to the data, invoking two separate power
laws rather than a broken power law. The results are similar but not identical. Values of
Γsoft = 2.97+0.07

−0.04, Γhard = 1.52+0.04
−0.04 and a break energy of ∼ 0.8 keV are derived. In

addition, a small amount of excess absorption is found of NH = 3.9+1.4
−0.8 cm−2.

1655+077 — Marshall et al. (2005) found no significant large-scale X-ray structure
associated with the extended radio jet of 1655+077 and report an absorbed-power-law
spectrum with spectral parameters similar to those found in this work (Γ ∼ 1.6; NH =
1.0+1.3

−1.0 × 1021 cm−2). The extra absorption in excess of the Galactic value is statistically
significant at a ∼ 90 % level (compare Fig. 4.16). This is remarkable because the source
shows pronounced superluminal motion on parsec scales with non-linear component tra-
jectories (two components identified with ∼ 5c and ∼ 15c with misalignment angles of
∼ 8◦ and ∼ 60◦ relative to the mean core-component position angle) indicative of a very
small angle to the line of sight (Kellermann et al. (2004)).
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1749+096 — (aka 4C +09.57) This BL Lac object exhibits a spectrum that can be fitted
either by I) an absorbed power-law with Galactic plus source-intrinsic (or intervening) ex-
tra absorption (NH = (2.5±0.5)×1021 cm−2 in the source frame) and a rather flat photon
index (for a BL Lac source) of Γ = 1.93± 0.3 or by II) a broken power law affected only
by Galactic absorption and indicating a spectral steepening above ∼ 2 keV from ∼ 1.55
to ∼ 1.9 (compare Sambruna et al. 1999b). Due to the poor data quality, the latter might
in fact represent a gradually steepening, concave spectrum as it might be expected at
the high-energy wing of the synchrotron emission component in BL Lac objects. Statisti-
cally, the broken-power-law model is only marginally superior to the absorbed-power-law
model.

1803+784 — Padovani et al. (2004) reported on the BeppoSax data available for this
object. The authors find a one-power-law model to approximate the data sufficiently. The
analysis presented here is in agreement with these results. The absorbing column density
is only weakly constrained so the flatter photon index given by Padovani et al. (2004)
(Γ ∼ 1.5) compared to the one derived in this thesis (Γ = 1.7+0.05

−0.05) is likely a result of a
coupling with the absorbing column density.

1823+568 — (aka 4C +56.27) The photon index of 1823+568 derived in this work (Γ =
2.2+0.2

−0.1) from a BeppoSax spectrum taken in October 1997 is in agreement with the value
obtained from the same observation by Padovani et al. (2001) (Γ ∼ 2.1) but in contrast
with the result of Donato et al. (2005) (Γ ∼ 1.8).

1828+487 — (aka 3C 380) Marshall et al. (2005) find a jet-associated emission knot
separated from the core by ∼ 1.8 arcsec that was not sufficiently resolved from the core
emission to obtain a spectrum for this thesis. The integrated source spectrum is affected
by pileup and substantially absorbed with NH = (1.3+4.2

−3.0) × 1021 cm−2.

1928+738 — (aka 4C +73.18) This quasar has been observed with ASCA (compare Yuan
et al. 2000) and Chandra (Sambruna et al. 2004, Gambill et al. 2003). The reanalysis of
the ASCA data for this thesis does not support the finding of Yuan et al. (2000) that a
one-power-law model cannot yield an adequate fit to the data. No systematic residuals are
apparent and a two-power-law model does not yield a statistically significant improvement
of the fit. Gambill et al. (2003) fitted the Chandra spectrum with a one-power-law model
invoking only a fixed amount of Galactic absorption obtained from the NED Galactic
Extinction Calculator7. Here, model I has been used to model the Chandra spectrum
of 1928+738 with a slightly smaller value of NH,Gal. = 6.82 × 1020 cm−2 (compared
to 7.71 × 1020 cm−2 used by Gambill et al. 2003) and a freely fitted amount of extra
absorption over this value. An excess absorption of NH = 2.9+1.1

−0.8 × 1020 cm−2 is found
and a steeper photon index of Γ = 2.09+0.05

−0.02 (compared to Γ = 1.88 ± 0.07 derived by
Gambill et al. (2003)).

7Based on Schlegel et al. (1998).
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1957+405 — (aka Cygnus A) The ASCA and BeppoSax data of this source was not
analyzed because of the dominance of the extended emission and the limited angular res-
olution of both instruments that prohibited a separation of the core from its environment.
The Chandra spectrum of Cygnus A is complex and cannot be approximated adequately
by the models I to III considered for this study. A comprehensive analysis of the Cygnus A
Chandra data is presented by Young et al. (2002), reporting a heavily absorbed power law
with photon index Γ ∼ 1.5 and an absorbing column density of NH = 2.0+0.1

−0.2×1023 cm−2.

2134+004 — The here derived photon index of 1.73+0.04
−0.03 agrees within its uncertainties

with the value given by Donato et al. (2005).

2145+067 — (aka 4C +06.69) Yamasaki et al. (2000) report on the ASCA spectrum of
this quasar. The analysis presented here from model I are in agreement with the results of
Yamasaki et al. (2000).

2200+420 — (aka BL Lac) BL Lac is a low-Galactic-latitude source at b ∼ −11◦. Thus,
the absorbing column density due to neutral hydrogen in the direction of BL Lac is rela-
tively large: 1.74×1021 cm−2. Moreover, a molecular cloud causes extra absorption of the
order of 1.6 × 1021 cm−2 (Lucas and Liszt 1993 and references therein). The first ASCA
observation of BL Lac took place in November 1995 and the derived spectrum was dis-
cussed by Sambruna et al. (1999b). The reanalysis of these data yielded similar spectral
parameters than given by Sambruna et al. (1999b), although no significant improvement
of the fit was achieved by considering a broken or two-power-law model over a simple
absorbed one-power-law model. Five BeppoSax observations of BL Lac have been per-
formed. Padovani et al. (2001) report on the first one on November 8, 1997 finding results
in agreement with the earlier ASCA observation analyzed by Sambruna et al. (1999b) and
in rough agreement with the reanalysis performed for this thesis. The second and third
BeppoSax observation of BL Lac was reported on by Ravasio et al. (2002). The authors
find a soft excess in June 1999 and a spectrum adequately described by a one-power-law
model in December 1999. In contrast to this, the reanalysis of these data for this thesis
revealed a steepening of the spectrum above 6.8 keV in December 1999, modeled by a
broken power law. The last two epochs of BeppoSax observations of BL Lac have been
analyzed by Ravasio et al. (2003), whose results are confirmed by the analysis performed
in this work.

The two short Chandra observations of BL Lac have been previously analyzed by
Donato et al. (2003). These authors find evidence for weak diffuse emission around the
nucleus of the source and model this emission with a radially symmetric King profile.
For this thesis, a three-color coded adaptively smoothed image was produced from the
same data analyzed by Donato et al. (2003). In Fig. 4.12, this image is shown with radio
contours of the kiloparsec-scale radio emission of BL Lac superimposed. Although only
∼ 70 photons were collected by the Chandra HRMA, the extended X-ray structure clearly
traces the position angle of the radio jet. Preferably medium and hard photons dominate
the jet and the photon index of the extended emission can be determined to Γ = 1.5±0.3.

93



4 Results

Nov 13, 1997 Nov 21, 1997

Figure 4.17: 68, 90, and 99 per cent confidence contours for NH,extra and Γ of 2230+114
at two epochs, November 13 and 21, 1997. The difference in Γ is significant on the 68 %
level.

2223−052 — (aka 3C 446) The basic absorbed-power-law model with only Galactic
absorption as derived from the LAB survey yields a good fit (χred = 1.06 for 10 d.o.f.)
with a slightly flatter photon index than derived by Tavecchio et al. (2002). The differ-
ence ∆Γ ∼ 0.1 is mainly due to different data grouping and the here used slightly more
conservative LECS energy-range flagging. Within their errors, however, the two fits agree
well. As pointed out by Tavecchio et al. (2002), there is little evidence for an absorption
column significantly larger than the Galactic value, contrary to previous findings.

2230+114 — (aka CTA 102) One ASCA and five BeppoSax observations (the latter
being separated by only 10 days and the previous been taken about two years earlier)
have been previously analyzed by Kubo et al. (1998) and Tavecchio et al. (2000). In all
epochs, 2230+114 exhibited a flat X-ray spectrum, sufficiently represented by a simple
absorbed power-law model with Γ ∼ 1.5. In contrast to Tavecchio et al. (2000), the five
BeppoSax spectra have been analyzed separately, revealing a tentatively significant evo-
lution of the power-law photon index from 1.51± 0.03 on November 11 over 1.61± 0.03
on November 13 and November 16 back to 1.51 ± 0.04 on November 18 and November
21 (∆χred = 2.3 for one parameter of interest). “Stepping” through the parameter space,
however, shows that the 90 % confidence contours in the NH − Γ-plane intersect and that
the difference between both epochs is only significant on a 1–σ level (see Fig. 4.17).
Along the NH,extra = 0 axis, the difference is significant on a 90 % level, approximately.

2243−123 — Tavecchio et al. (2002) reported a simple absorbed-power-law structure of
the BeppoSax spectrum of 2243−123 of November 1998. The reanalysis, performed for
this thesis, however, showed that a one-power-law model can fit the data only assuming
an absorbing column density well below the Galactic value (NH = 5.76 × 1020 cm−2).
Fixing the absorption at the LAB value reveals a soft excess of 2243−123 and a fit that
can be significantly improved by the addition of a soft power law (F-test value of 4.01,
corresponding to a 97 % probability; compare Fig. 4.18) with a steep photon index of
∼ 3.5. The dominance of a steep power law at low energies is in agreement with the
results of Siebert et al. (1998) based on ROSAT data.
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4.3 Notes on Individual Sources

Figure 4.18: Contributions to χ2 for the simple absorbed-power-law model to the
November 1998 BeppoSax spectral data of 2243−123. A soft excess is clearly visible.

2251+158 — (aka 3C 454.3) A comparably large amount of absorption towards the nu-
clear X-ray core of 3C 454.3 of NH = 5× 1021 cm−2 has been reported from a BeppoSax
observation of this source (Tavecchio et al. 2002). Alternatively, these authors suggest an
intrinsic break in the continuum occurring below ∼1 keV to explain the observed lack of
soft X-ray photons. The detected large amount of absorption is particularly puzzling in
view of the expected small angle of the jet axis to the line of sight in superluminal quasars
like 3C 454.3.

The CHANDRA observation of 3C 454.3 performed on Nov., 6th, 2000 reveals a re-
solved core-jet structure of 3C 454.3 with a bright knot of X-ray emission coinciding with
strong radio emission emitted about 5 arcsec from the core (Fig. 4.19; see Murphy et al.
(1993) for details of the radio structure). In addition, a significant unresolved source of
X-ray emission is located at the same P.A. at a separation of ∼ 1 arcmin from the core.
Deeper large-scale radio imaging is necessary to reveal the nature of this peculiar source.
The X-ray spectral analysis of the integrated X-ray emission of 3C 454.3 is in agreement
with the results of Marshall et al. (2005): a strongly piled-up spectrum is found with
an intrinsic photon index of ∼ 1.6 and a considerable amount of extra absorption over
the Galactic value of ∼ (2.3 ± 0.6) × 1021 cm−2, about half the value derived from the
BeppoSax data that had been analyzed before by Tavecchio et al. (2002). No significant
improvement of the fit is achieved from considering a broken- or two-power-law model
in either of the two analyzed spectra.
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Chandra (greyscale) VLA (contours)

Figure 4.19: The kiloparsec-scale radio- and X-ray brightness distribution of 3C 454.3.
The radio jet is displayed in contours (taken from Murphy et al. 1993) at a frequency of
1.6 GHz.
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5 Discussion

5.1 Origin of the soft excess

A soft excess is found in 15 of the 50 2 cm-X-Sample sources. As mentioned earlier in
this work (Sect. 4.1.1), these soft excesses are likely to have multiple origins. In radio
galaxies, a soft X-ray thermal component is usually found (Worrall and Birkinshaw 1994,
Sambruna et al. 1999a) indicative of a hot, diffuse medium into which the radio galaxies
are embedded. In the case of NGC 1052, the soft excess could be associated with an
extended soft X-ray emitting region that is correlated in extent and orientation with the
radio jet of this object (Kadler et al. 2004a, reprinted in Sect. 6.3.2). The majority of
radio-quiet AGN exhibit a soft excess that is often attributed to the high-energy end of
the so-called “big blue bump” (e.g., Comastri et al. 1992, George et al. 2000, Piconcelli
et al. 2005) for which thermal emission from an optically thick accretion disk is a common
explanation (e.g., Czerny and Elvis 1987). The direct thermal emission from the accretion
disc is expected to dominate in the optical and UV spectral regime with a fraction of
the disk photons undergoing a Comptonization process, i.e., gain energy from inverse
Compton scattering with hot electrons of a disk corona, and being scattered up in energy
into the soft X-ray regime.

Soft-excesses in radio loud AGN, in particular in flat-spectrum radio quasars have
been studied, e.g., by comparing the soft X-ray photon indices found by ROSAT in the
(0.5–2.4) keV band and harder photon indices at higher energies revealed by ASCA (Sam-
bruna et al. 2000). An explanation for soft excesses in radio loud AGN being discussed
is that the inner jet may give rise to excess emission over the Seyfert-like hard X-ray con-
tinuum at soft X-ray energies via synchrotron emission. This scenario does particularly
well describe the observed steep soft excesses observed in many BL Lac objects, e.g., in
0235+164 (see Sect. 6.2) and 0716+714 (see Sect. 6.5). In appendix B, it is shown that the
soft X-ray luminosity of core-dominated radio-loud AGN from the MOJAVE sample cor-
relates with the total radio luminosity and the VLBI luminosity of the parsec scale emis-
sion. It is shown there that the correlation is intrinsic and not introduced by the different
redshifts of the sources from two flux-limited samples. With this information and the re-
sults presented in the last chapter, it is straightforward to test if the radio/X-ray luminosity
correlation holds for the soft excess emission components detected in the 2 cm-X-Sample
and/or for the hard-power-law components. Fig. 5.1 shows the (0.5-2.0) keV luminosity
of the soft-excess components and the hard-power-law components for all sources of the
2 cm-X-Sample in which a soft excess was found (described with model II as a func-
tion of radio VLBI luminosity at 15 GHz from the VLBA 2 cm Survey). The correlation
does hold for both emission components with slightly different slopes of 0.56± 0.11 and
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Figure 5.1: The (0.5-2.0) keV luminosity of the soft-excess components and the hard-
power-law components as a function of 15 GHz VLBI luminosity for all sources of the
2 cm-X-Sample in which a soft excess was found. The solid lines indicate linear regres-
sions to the two data sets. The X-ray luminosity values are found in Table 4.2, the VLBI
luminosities are calculated from the values for S and z given by Kovalev et al. (2005).

0.68 ± 0.07 for the soft excess and the hard power law, respectively. This shows that
both emission components, the soft excess and the hard power law, typically found in the
X-ray spectra of radio-loud, core-dominated AGN are coupled to the radio-jet emission
on parsec scales.

It is interesting to note that the luminosity correlation between the soft-excess com-
ponents and the hard-power-law components, as well as the correlation between the soft-
excess luminosity and the compact radio-jet luminosity does no longer hold if one goes
from the (0.5-2.0) keV band to the (2.0-10.0) keV band, while the correlation between the
jet and the hard power law remains strong at these higher energies. The luminosities of
the soft-excess components and the hard-power-law components as a function of radio
VLBI luminosity at 15 GHz are shown for the (2.0-10.0) keV band in Fig. 5.2. The linear
regression for the hard-power-law emission yields very similar values as in the softer band
with a slope of 0.66 ± 0.10 while no power-law dependence of the soft-excess emission
and the compact radio jet emission is seen.

A possible explanation for the disappearance of the Lsoftexcess–LVLBI correlation at
high energies is that the soft excess may not adequately be represented by the power-
law approximation of model II. It may rather have a spectral shape better described by
a blackbody model, which is frequently invoked to model soft-excess spectra, having
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Figure 5.2: The (2.0-10.0) keV luminosity of the soft-excess components and the hard-
power-law components as a function of 15 GHz VLBI luminosity for all sources of the
2 cm-X-Sample in which a soft excess was found. The solid line indicates a linear re-
gression to the hard-power-law data. The X-ray luminosity values are found in Table 4.2,
the VLBI luminosities are calculated from the values for S and z given by Kovalev et al.
(2005).

in mind a blackbody-like optically thick accretion disk as the origin of the soft-excess
emission. While the different shape of a power law, as considered in model II, and a
blackbody may be negligible in the rather narrow range between 0.3 keV and 1–2 keV,
where the soft excess dominates the X-ray spectrum, a much faster decreasing power law
may substantially underpredict the emission of this spectral component at higher energies.

While the previous result demonstrates that the validity of approximating the soft
excess in core-dominated, radio-loud AGN with a power law, the slope of this soft-excess
power-law representation of the soft excess is found to correlate with the apparent speed
of VLBI jet components. In Fig. 5.3 the soft-excess and hard-power-law photon indices
of the sources in the 2 cm-X-Sample are shown as a function of βapp of the brightest
component found in all epochs of VLBA 2 cm Survey observations of these sources. The
hard-power-law slope of the quasars shows some weak trends with βapp with clustering
values at βapp ∼ 2 and Γhard−PL ∼ 1.5 − 1.9, at βapp ∼ 5 and Γhard−PL ∼ 1.4, and at
βapp ∼ 10 and Γhard−PL ∼ 1.5 − 1.8. The BL Lac and galaxy photon indices of both
emission components occupy the region of low βapp (< 7) and steep Γ ∼ 1.7 − 4, while
the quasar soft-excess photon indices decrease strongly with β from very steep slopes at
low β to more moderate values at the extreme end of the β distribution.
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Figure 5.3: The soft-excess and hard-power-law photon indices of 2 cm-X-Sample
sources as a function of the apparent speed of jet components on parsec scale.
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AGN

At present it is not clear how the finding of a strong Γsoftexcess–βapp dependence has
to be interpreted. Bearing in mind that the power-law approximation of the soft excess in
this work may be an oversimplification and that spectral models invoking blackbody or
more sophisticated disk-emission models may represent better the physical nature of these
emission components, the trend of decreasing Γsoftexcess with beta may be the signature of
a shifting emission maximum of this emission component. Models invoking the inverse
Compton process to scatter photons from lower energies into the soft X-ray regime have
in common that they predict a γ2 dependence between the energy of the seed photons and
the up-scattered photons (ν ′ = γ2ν), where γ is the Lorentz factor of the high-energy
electrons scattering the radiation. This implies that any peaked spectral distribution of
seed photons has a corresponding peak at higher energies where efficient inverse Compton
scattering is present. It is an attractive hypothesis that the Lorentz factor of this inverse-
Compton scattering medium may be related to the Lorentz factor of the jet plasma that
determines the intrinsic jet speed β but obviously this issue requires deeper theoretical
considerations. In addition, higher SNR X-ray spectra of a sufficiently large sample of
radio-loud, core-dominated AGN with soft excesses in their X-ray spectra have to be
obtained to discriminate between different spectral models for the soft-excess component
and to compare the results to suited (ideally quasi-simultaneous) VLBI data.

5.2 Origin and nature of cold absorbing material towards
core-dominated radio-loud AGN

The presence of cold (i.e., not ionized) absorbing material in the line towards radio-loud
quasars and broad-line radio galaxies (BLRGs) has been established via X-ray spec-
troscopy. Sambruna et al. (1999a) found soft X-ray absorption in 6 out of 9 BLRGs
(67 %) and in 3 out of 5 radio-loud quasars (60 %). These detection rates are somewhat
higher than in the 2 cm-X-Sample (46 %). Considering that all sources of the 2 cm-X-
Sample exhibit a bright compact radio core and in the most cases superluminal motions
of jet components on parsec scales indicates a substantial amount of relativistic boost-
ing, the detection rate of absorption is still remarkably high. Three different types of soft
X-ray absorption of the spectra analyzed in this thesis have to be considered:

1. Absorption inside the Galaxy: If clouds inside the Galaxy contain ionized or molec-
ular gas and/or dust, radio surveys like the LAB survey (Kalberla et al. 2005) are not sen-
sitive to this material. Four such cases have been found from a search of the literature on
the individual 2 cm-X-Sample sources. These cases are 0333+321 (e.g., Marscher 1988
and references therein), 0415+379 (Bania et al. 1991), 0528+134 (e.g., Sambruna et al.
1997 and references therein), and 2200+420 (Lucas and Liszt 1993).

2. Absorption in intervening systems: Three sources of the 2 cm-X-Sample are known
to be located behind intervening galactic systems at intermediate redshift: 0235+164 (e.g.,
Madejski 1994 and references therein), 0458−020 (Wolfe et al. 1986), and 1127−145
(Bechtold et al. 2001). These so-called damped Lyα systems are thought to be galaxy-
progenitor systems and provide high-column density absorption of several 1021 cm−2.
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3. Source-intrinsic absorption: Out of the remaining 43 sources in the 2 cm-X-Sample,
21 exhibit soft energy absorption that is not explained via source-extrinsic origins. Poten-
tial absorbers are the obscuring torus, the broad-line region, clouds of absorbing neutral,
ionized or molecular material inside the AGN host galaxy, or regions of enhanced par-
ticle density in the environment of the large-scale radio jets and lobes. However, the
presence of cold absorbing gas in such a large fraction of highly beamed sources ob-
served is surprising and particularly the cases with excess absorption being detected with
column densities larger than a few times 1021 cm−2 are not easy to explain. The AGN
standard model predicts such obscuration effects for relatively large angles to the line of
sight within the obscuring torus, which is in fact a likely explanation for the high-column
density absorption in the two type-2 systems NGC 1052 and Cygnus A. With these two
exceptions, the data suggest a more isotropic distribution of the absorbing material around
the central X-ray source.

The fact that no obvious correlation of the absorbing column density with source
luminosity is found is of interest because some AGN models predict a dependence of the
solid angle subtending to the primary X-ray source on luminosity (e.g., Hill et al. 1996).

For this study, no attempt has been made to search systematically for absorption edges
at low energies, frequently observed in Seyfert galaxies, and usually associated with ion-
ized material, the so-called warm absorbers. If, for a given density, the warm absorber
clouds are located at increasing distances from the central source with increasing luminos-
ity, such a scenario could explain the apparent independence of NH on L. The inspection
of the residuals to the spectral fits with the models considered for this study shows no
obvious cases of distinct warm-absorber signatures. However, most of the sources in
the 2 cm-X-Sample have redshifts considerable higher than z = 0.4 (compare Fig. 3.1).
At this redshift, the absorption edge from highly ionized oxygen (OVII/VIII) –the usu-
ally strongest signature of warm absorbers– would be shifted from its rest energy at
0.7 keV–0.8 keV below 0.5 keV, where it would be virtually not detectable with ASCA
and BeppoSax and where the Chandra calibration is less well established than at higher
energies. The high-z objects in the sample from z = 1.3 to higher values would hide the
higher continuum below the edge energy even for XMM-Newton, mimicking high-density
cold absorption.

5.2.1 Note on the used version of the LAB catalog

The Galactic absorbing column densities, used in this thesis, are based on the LAB survey
(Kalberla et al. 2005). The NH values have been extracted from a Fits file containing the
Galactic absorbing column densities for the whole sky in Ra.–Dec. coordinates, provided
by P. Kalberla in March 2005. From July 2005 on, a web interface has been available1

which can be used to determine the Galactic value of NH for a given position in the
sky. A comparison of the values used in this thesis and the ones derived from the web
interface showed a discrepancy that could be explained by a coordinate-transformation
problem that occured in the production of the original Fits file. Basically, the coordinates
in the Fits files were in fact in B 1950 format, albeit being labeled as J 2000 coordinates
in the Fits header. This introduces an error in the determined value of NH that depends

1http://www.astro.uni-bonn.de/ webrai/german/tools labsurvey.php
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AGN

strongly on the local gradients of Galactic absorbing material in the vicinity of a given
source. The selection criteria of the 2 cm-X-Sample exclude sources close to the Galactic
plane, however, filamentary structures are present at large Galactic latitudes that affect in
a number of cases significantly the obtained values.

Table 5.1: Differences between Galactic NH values from the LAB survey, as available in
March 2005, and the values from the web interface (available from July 2005 on).

Source NMar05
Gal.H NJul05

Gal.H Source NMar05
Gal.H NJul05

Gal.H

[1020 cm−2] [1020 cm−2] [1020 cm−2] [1020 cm−2]

0007+106 5.00 5.73 1226+023 1.56 1.62
0048−097 2.98 3.22 1228+126 2.00 1.61
0235+164 8.94 6.79 1252−055 2.15 2.12
0238−084 2.91 2.96 1308+326 1.14 1.27
0316+164 12.8 13.2 1334−127 4.18 5.39
0333+321 12.6 12.1 1413+135 1.55 1.57
0415+379 26.9 29.3 1458+718 2.37 2.27
0420−014 7.11 8.12 1502+106 2.09 2.19
0430+052 10.9 10.2 1510−089 6.78 7.17
0458−020 5.65 5.97 1633+382 1.10 1.11
0528+134 24.2 23.9 1641+399 0.93 1.06
0605−085 16.8 18.5 1655+077 6.69 6.10
0716+714 3.52 3.06 1749+096 8.63 10.1
0735+178 3.66 3.86 1803+784 3.40 3.40
0736+017 7.98 7.59 1823+568 4.50 4.68
0738+313 4.60 4.31 1828+487 5.82 6.03
0827+243 3.28 2.64 1928+738 6.82 7.10
0836+710 2.94 2.76 1957+405 23.5 23.6
0851+202 2.66 2.39 2134+004 4.03 4.72
0923+392 1.28 1.34 2145+067 4.69 4.54
1038+064 2.65 2.33 2200+420 17.4 17.1
1055+018 3.61 3.03 2223−052 5.86 4.42
1127−145 3.32 3.38 2230+114 5.43 4.76
1156+295 1.87 1.50 2243−123 5.76 4.40
1222+216 2.24 1.97 2251+158 6.29 7.33

Table 5.1 lists the different values of Galactic absorption derived from the March 2005
and July 2005 versions of the LAB catalog. In the most cases, the differences between
the two values is small and unlikely to have a significant influence on the spectral-fitting
results. Note, that the differences cannot be compared directly to the reported source-
intrinsic excess absorption values in the various tables of Chap. 4 because of the different
redshifts of the various sources. However, it has to be stressed that some of the sources
for which relatively small amounts of excess absorption were found from the March 2005
LAB values (1020 cm−2–1021 cm−2) may be artificially increased. Vice versa, a number of
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sources with similar amounts of excess absorption may have been missed in the analysis
because of over-estimated NH values from the March 2005 LAB catalog.

The derived photon indices and X-ray fluxes are essentially unaffected by this problem
because of the adjustment of the net absorption via the variable (source intrinsic) absorp-
tion component used in all spectral fits. As an example, the relatively strong affected
XMM-Newton spectral fits of 1334−127 are compared for the two LAB values of NH:
the excess absorption is decreased by ∼ 40 % from 5 × 1020 cm−2 to 3 × 1020 cm−2 but
remains significant at more than 5 σ. The photon index changes from 1.79 to 1.80, being
stable within the statistical uncertainty of ±0.01, the soft X-ray flux between 0.5 keV and
2.0 keV changes by ∼ 3 % from 1.67 × 10−12 erg s−1 cm−2 to 1.73 × 10−12 erg s−1 cm−2,
and the hard X-ray flux between 2.0 keV and 10 keV is stable at 2.80×10−12 erg s−1 cm−2.

5.3 Constraints on the nature of the primary X-ray con-
tinuum

The majority of the hard X-ray spectra (above 2 keV) of core-dominated, radio-loud AGN
from the 2 cm-X-Sample are well described by featureless power-law models with pho-
ton indices in the range 1.3–2.0 (see Fig. 4.1). The average hard-power-law photon index
is 〈Γhard−PL〉 = 1.68 with a dispersion of σ〈Γhard−PL〉 = 0.26. The average hard-power-
law photon index of quasars from the sample is 〈ΓQuasars

hard−PL〉 = 1.61 with a dispersion of
σ〈ΓQuasars

hard−PL〉
= 0.20. BL Lac objects are found to exhibit a broader range of photon in-

dices between ∼ 1.4 and ∼ 2.5 similar to the galaxy distribution, that does not reach
values harder than 1.7, however. This result is in good agreement with previous stud-
ies of smaller samples of radio-loud beamed AGN. Kubo et al. (1998) investigated an
ASCA sample of 18 blazars among which the authors identify quasar-hosted blazars as
the blazar sub-class with the hardest X-ray spectra (Γ ∼ 1.6). Dividing BL Lac objects
into low-energy-peaked and high-energy-peaked objects (LBLs and HBLs) according to
the location of the primary synchrotron peak in the spectrum, the authors find HBLs to ex-
hibit the steepest blazar photon indices (Γ ∼ 2−3) and LBLs intermediate values between
quasars and HBLs. Because the 2 cm-X-Sample is a radio-selected sample, the BL Lac
objects in this study are predominantly LBLs so that the results found here for BL Lac
photon indices confirms the results of Kubo et al. (1998) with the sample of LBL being
increased from 4 to 9. Reeves and Turner (2000) reported on the analysis of a larger
sample of 35 radio-loud AGN and 27 radio-quiet quasars based on the available ASCA
archival data up to January 1998. The authors find an average photon index of Γ ∼ 1.6
for radio-loud quasars. Considering both radio-quiet and radio-loud quasars, Reeves and
Turner (2000) find a dependence of the photon index on radio loudness RL, where RL

is defined as the logarithm of the ratio of the 5 GHz total radio flux density to the blue
band flux (Wilkes and Elvis 1987)2. The authors find Γ to depend on RL in the sense that
radio-louder quasars exhibit flatter X-ray photon indices. This, together with a correlation
between the X-ray luminosity and RL, is interpreted by Reeves and Turner (2000) as an
increasing importance of the jet in the more core-dominated radio-loud quasars, due to
Doppler boosting. The 2 cm-X-Sample allows this prediction to be tested by comparing

2No such correlation is found by Reeves and Turner (2000) within the radio-loud sub sample only.
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the hard-power-law photon indices for sources with different core-dominance parameters.
No correlation of Γ with the core-dominance, defined as the 15 GHz VLBI flux density to
15 GHz total radio flux ratio, is found3. The dependence of Γ on radio–to–X-ray loudness
(defined as the luminosity ratio of the 15 GHz VLBI jet and the soft X-ray luminosity;
compare appendix B) has been tested, as well, but no significant correlation could be
found. These two results call the conclusion of Reeves and Turner (2000) into question
that the radio loudness is the critical parameter that governs the slope of the hard power
law. It has to be tested if the apparent radio loudness dependence found by Reeves and
Turner (2000) may in fact be an effect of decreasing blue band flux, which would recon-
cile the two findings of a dependence of Γ on RL but an independence on radio–to–X-ray
loudness. Another possibility would be that the radio emission and the X-ray emission is
boosted at the same level while the blue band flux may be unboosted.

Relativistic boosting of the X-ray emission is expected, if jets dominate the X-ray
spectrum of radio-loud, core-dominated AGN. This hypothesis is sustained by the finding
of predominantly flat photon indices from the extended X-ray jets found in the 2 cm-X-
Sample (compare Sect. 4.2). If boosting indeed has an important influence on the slope
of hard X-ray spectra of core-dominated, radio-loud AGN, a direct correlation with the
Doppler factor is expected. For the majority of the 2 cm-X-Sample sources, Doppler fac-
tors have been estimated by Lähteenmäki and Valtaoja (1999) based on total radio flux
density variation monitoring observations. Fig. 5.4 shows the dependence of Γhard−PL

on the variability Doppler factor. Indeed, a weak trend is seen, however being only
marginally significant. The correlation coefficient is −0.25 and a linear regression yields
a shallow slope of −0.008 ± 0.005. Apparently, the dispersion of Γhard−PL is larger than
the systematic decrease of the linear regression curve over the range of Doppler factors.
On the other hand, the best determined spectral slopes, i.e., the Γhard−PL values from the
statistically best fitting models with the highest SNR, the smallest error on the individual
measurements of Γhard−PL and in the case of multiple observations the smallest differ-
ences between the individual Γhard−PL values for the same source, lie on average closer
to the regression line than the values with larger errors. The significance of this tentative
correlation needs to be tested on larger samples of high-SNR X-ray spectra, obtained from
deep Chandra and XMM-Newton observations.

5.4 Disk Reflection
In general, the X-ray spectral analysis of the 2 cm-X-sample shows that core-dominated,
radio-loud AGN exhibit relatively featureless X-ray spectra with the majority of the sources
being adequately characterized via a one-power-law spectral model, with soft X-ray ab-
sorption and soft excesses being exhibited by a fraction of the sources. At high energies
(above 2 keV) little evidence was found for an important influence of strong iron emission
lines and/or disk-reflection humps as seen in a large number of Seyfert galaxies (Nandra
and Pounds 1994). A common model for the X-ray emission from Seyfert galaxies as-
sumes that UV photons are produced from viscous dissipation in an accretion disk and
that those photons are up-scattered into the X-ray energy regime via the inverse Compton
process by interacting with hot electrons in a postulated disk corona above the surface of

3The values of total and VLBI flux at 15 GHz have been taken from Kovalev et al. (2005).
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Figure 5.4: The hard-power-law photon indices found in the 2 cm-X-Sample as a func-
tion of the Doppler factor.

the disk (Haardt and Maraschi 1993). When these hard X-ray photons illuminate in turn
the disk, they can be either absorbed with Auger de-excitation following, Compton scat-
tered back out of the disk, or reprocessed into an iron fluorescent line photon. Together,
the second and third possible process is usually referred to as Compton reflection, giving
rise to an iron absorption edge, an iron emission line and a Compton reflection hump in
the spectrum. If this process occurs in the inner accretion disk where relativistic effects
play a major role, the iron emission line is characteristically broadened and gets a skewed,
double-peaked profile (compare Sect. 6.3.3 and see Fabian et al. 2000a and Reynolds and
Nowak 2003 for two reviews on relativistically broadened iron lines).

Reeves and Turner (2000) found significant iron line emission in 7 out of 35 radio-
loud quasars with generally smaller equivalent widths than found in Seyfert galaxies and
radio-quiet quasars (〈EQW 〉 = (85±15) eV) and the reflection hump is weak or absent in
most cases. Although no systematical effort has been made in the analysis of the 2 cm-X-
Sample in this thesis to apply disk-reflection models to all sources, the results presented
here strengthen the findings of Reeves and Turner (2000) that both iron-line emission and
Compton-reflection humps are not common in core-dominated, radio-loud AGN. How-
ever, seven sources could be identified whose X-ray spectra show some evidence of disk-
reflection and where the application of HREFL and/or PEXRAV spectral models in XSPEC
provided a statistically significantly better fit to the data than the standard models I to III or
yielded physically more plausible parameters. The radio-intermediate quasar 0007+106
(III Zw2) contains either a very broad relativistic iron line or a strong disk-reflection com-
ponent (see Sect. 4.3 and Salvi et al. 2002). The XMM-Newton spectrum of the LINER
galaxy 0238−084 (NGC 1052) is investigated in detail in Sect. 6.3.3. In this source not
only a broad iron line is found but the profile of the line is demonstrated to be variable
with a possible connection to jet-production activity on parsec scales. 0430+052 (3C 120)
has been shown to exhibit a similar connection between the X-ray spectrum and the VLBI
structure, with dips in the hard X-ray light curve preceding ejections of VLBI jet com-
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ponents (compare Sect. 4.3 and Marscher et al. 2002). In Sect. 6.5, the XMM-Newton
spectrum of the BL Lac object 0716+714 is discussed in detail. While this source at eight
epochs of X-ray spectroscopic observations analyzed is adequately described by either
model I or model II, it exhibits excess emission at ∼ 5.7 keV during one XMM-Newton
observation that may be the imprint of an underlying disk component that became visible
during this epoch when the inverse-Compton spectral component was weak. A very in-
teresting case is the distant (z = 1.265) quasar 1038+064 (4C +06.41). As described in
Sect. 4.3, the XMM-Newton spectrum of this source cannot easily be explained without
invoking a disk-reflection spectral model component because of an unphysical inverted
slope of the hard-power-law component in model II. For 1226+023 (3C 273), Grandi
and Palumbo (2004) developed a model containing both a jet and a disk-emission spectral
component and applied this model successfully to the available archival BeppoSax data of
this source. The model of Grandi and Palumbo (2004) is more complex than model II used
in this thesis to account for the soft excess of 3C 273 and indeed the switch between rather
low (< 1 keV) and high break energies (6 keV – 20 keV) of the 3C 273 X-ray spectrum
found with model II suggests that more than two spectral components have to be con-
sidered to explain the variable X-ray spectrum of this bright quasar. Finally, the sources
0458−020, 1222+216, and 1458+718 show very steep soft excesses (compare Sect. 4.3
and unusually flat hard-power-law slopes if model II is considered. These sources may
either exhibit a significant amount of disk-reflection emission and/or their soft X-ray spec-
tra may better be described by invoking blackbody or thermal bremsstrahlung models that
may be attributed to the high energy tail of the big blue bump from the quasi-thermal ac-
cretion disk spectrum.

5.5 Summary of the X-ray-spectral-survey results
The insights into the physics of core-dominated, radio-loud AGN that have been gathered
from the observational results presented in Chap. 4 and their discussion in the preceding
sections of this chapter shall be summarized here:

• The so far largest X-ray spectral archival survey of core-dominated, radio-loud
AGN has been conducted with the analysis presented in this thesis. Data from
all four X-ray observatories have been considered that have yielded X-ray spectro-
scopic data since the early 1990s: ASCA, BeppoSax, Chandra, and XMM-Newton.

• The 2 cm-X-Sample has been proven to be representative of the complete flux-
limited MOJAVE sample of the brightest compact AGN in the northern radio sky,
providing more reliable statistics than previous smaller samples.

• By being based on the MOJAVE sample of the VLBA 2 cm Survey, the 2 cm-X-
Sample provides a unique database of VLBI structural and kinematical information,
allowing radio/X-ray correlation studies to be conducted.

• For all 237 spectra investigated, a uniform analysis has been performed with the
approximation of the X-ray spectral distribution through an absorbed power law
(model I). The results are given in Table 4.1. For the sources that are not adequately

107



5 Discussion

represented by model I, an absorbed two-power-law model has been applied (model
II, results in Table 4.2). Model II provides the simplest possible parametrization of
soft excesses, a spectral feature commonly found in Seyfert galaxies. The spectrum
of the radio galaxies 3C 84 and M 87 has been described via an absorbed thermal-
plasma plus power-law model (Table 4.3).

• Only two out of 50 sources cannot be described sufficiently with this spectral-
modeling scheme: the two heavily obscured sources NGC 1052 and Cygnus A.
NGC 1052 is investigated in detail in Sect. 6.3.

• In a large number of cases, data from multiple observations of the same source with
the same or different X-ray telescopes are available. Average values of the criti-
cal X-ray spectral parameters Γ, NH, F(0.5−2.0) keV, F(2.0−10.0) keV, and F(20−80) keV

have been derived for these multiply observed sources, yielding mean values better
suited for statistical purposes than one-epoch data and intrinsic dispersions of these
observables.

• The majority of core-dominated, radio-loud AGN can be described by model I.
A soft excess is found in 15 out of 50 sources, in two cases being attributed to a
soft thermal plasma. The average hard-power-law photon index of the remaining 13
soft-excess sources is 〈Γsoftexcess〉 = 3.2 with a large dispersion of σ〈Γsoftexcess 〉 = 1.2.
For the two BL Lac objects 0235+164 and 0716+714, the soft excess is best ex-
plained as the high-energy tail of the primary synchrotron component of the blazar
emission. A possible identification for the soft excesses found in quasars is the
high-energy end of the big blue bump.

• A sharp-peaked distribution of hard-power-law photon indices is found with an
average value of 〈Γhard−PL〉 = 1.68. Despite of the sharp peak, the dispersion of
the distribution of σ〈Γhard−PL〉 = 0.26 can best be explained as representative of an
intrinsic dispersion over the sample.

• The quasars dominate the sharp peak of Γhard−PL. The hard power laws of BL Lacs
and galaxies range from small to large values (1.4 < ΓB,G

hard−PL < 2.5).

• The soft-excess spectral components cover a broader range in X-ray flux than the
hard power laws. Quasars, BL Lacs and galaxies have different X-ray flux and lu-
minosity distributions with the galaxies being brighter at X-rays than quasars and
quasars being brighter than BL Lac objects. In luminosity, the galaxies are the least
powerful sources and the quasar luminosities are higher than the BL Lac luminosi-
ties.

• Γhard−PL correlates weakly with the hard-power-law luminosity in all considered
energy bands and with radio VLBI luminosity. The soft-excess luminosity corre-
lates with both quantities in the soft (0.5-2.0) keV band but not in the higher energy
bands. This may indicate that Lsoftexcess is not adequately represented by the power-
law approximation of model II.
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• The photon index of the soft-excess power-law component is found to correlate
with the apparent speed of VLBI jet components. This may be the signature of a
shifting emission maximum of the soft-excess emission component.

• No correlation of Γhard−PL with the core-dominance or the radio–to–X-ray loudness
was found over the (all radio-loud) sources of the 2 cm-X-Sample in conflict with
the discrepancy between the photon indices of radio-loud and radio-quiet AGN.

• A tentative correlation is found between Γhard−PL and the Doppler factor. If true,
this may indicate the increasing importance of relativistic boosting with flattening
Γhard−PL.

• 14 out of 26 Chandra-observed sources of the 2 cm-X-Sample exhibit extended
emission features bright enough and well-separated from the core so that their X-
ray spectra could be determined. Based on their X-ray morphology, those features
are classified, finding eight X-ray jets, four knots, 2 hotspots, and two jet-associated
halos.

• Fitting a power-law model to the detected extended X-ray emission features yields
a skewed distribution of photon indices with a peak at Γ ∼ 1.3–1.5 and a wide tail
towards steeper photon indices. The finding of predominantly flat photon indices
from X-ray jets sustains the hypothesis that jet emission may dominate the X-ray
spectra of radio-loud, core-dominated AGN on smaller scales, as well, giving rise
to the flatter photon indices found in the 2 cm-X-Sample compared to radio-quiet
AGN.

• 21 out of 41 sources show excess absorption over the Galactic value of unknown
origin, which is unexpected within the standard model of AGN given the type-1
character of 19 of those objects. 15 out of 30 quasars, 1 out of 7 BL Lacs and 5
out of 6 galaxies exhibit a significant amount of excess absorption. The detected
absorbing column densities do not show any obvious trend with luminosity.

• No obvious cases of warm absorbers could be identified within the 2 cm-X-Sample.
In many cases, however, the presence of warm absorbers may be hidden through
redshift effects.

• Disk-reflection signatures and iron lines are weak or absent in the majority of core-
dominated, radio-loud AGN. This can be understood as evidence for a different
structure of the accretion flow in radio-loud and radio-quiet AGN or as an effect
of a jet-associated emission component shining out the weaker disk emission com-
ponent. A small sample of exceptions from this rule is identified for which a disk
reflection emission component has been demonstrated or is at least suggested by
the available data. These sources may play an important role in future combined
VLBI and X-ray studies of jet-disk coupling in radio-loud AGN.
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The archival X-ray survey of radio-loud, core-dominated AGN presented in the previous
chapters of this PhD thesis triggered deeper radio and/or X-ray studies of five individual
sources from the 2 cm-X-Sample. The studies of these “special” sources are presented in
this Chapter.

6.1 The Quasi-Periodic Modulation of the Radio Light
Curve of PKS B 0048–097

Background, observations and analysis Combined low-frequency (radio) and high-
energy (X-ray, γ-ray) observations of AGN can yield important insights into the physics of
relativistic outflows associated with super-massive black holes. In particular, the emission
of blazars (BL Lac objects and optically violently variable objects (OVV’s), see Ulrich
et al. 1997 for a description on the nature of blazars) is believed to be dominated over
the whole electromagnetic spectrum by the most compact regions of a relativistic jet so
that a full understanding of the invoked physical mechanisms can be only achieved from
quasi-simultaneous observations at different wavebands, either over long time ranges or
during characteristic states of the nuclear jet.

PKS B0048−097 is a BL Lac object with unknown redshift. A lower limit of z=0.5
is postulated by Falomo (1996) from the non-detection of the host galaxy in deep optical
observations. The flux density of PKS B0048−097 has been measured since 1979 at
4.8 GHz, 8.0 GHz, and 14.5 GHz as part of the UMRAO1 program, using the University
of Michigan 26 m paraboloid (Aller et al. 2003). The source is observed once every three
months at all three frequencies as part of the UMRAO BL Lac Observing Program (Aller
et al. 1999). The light curve since 1995 shows pronounced maxima during several well
defined time periods, but a non-completely homogeneous time sampling prevents a direct
derivation of the invoked time scales.

X-ray spectral analysis: PKS B 0048–097 has been observed only two times by an X-
ray spectroscopic mission. Within the range of errors, no significant spectral variability
could be detected on a time scale of two years between two BeppoSax observations (1996-
12-02 & 1997-12-19). In both epochs, the source exhibits a moderately steep photon index
of 1.8 − 1.9. The higher signal-to-noise epoch (December 1997; see also Padovani et al.
2001) yields detections in the LECS and MECS detectors but no significant PDS signal.

1University of Michigan Radio Astronomy Observatory; see
http://www.astro.lsa.umich.edu/obs/radiotel/umrao.html
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Figure 6.1: Left:BeppoSax spectra of
0048–097. The dark and light grey dia-
monds show the data measured with the
LECS and MECS detector, respectively.
The solid line shows the best-fit models
folded with the instrumental response. Top
Right: 8 GHz radio light curve of 0048–
097 over the time range covered by the two
X-ray spectroscopic observations of this
source. The radio data were provided by
Hugh & Margo Aller.

There is no strong evidence for any extra absorption in excess over the Galactic value,
in agreement with the general expectations from the standard model of AGN in type 1
sources (but compare the discussion of the detection rate of cold absorbing material in
type 1 AGN in Sect. 5.2).

Interestingly, both epochs coincide with high states of the radio core, which exhibited
flux-density maxima ∼ 12 − 15 months in the time range between 1996 and 2000 (see
Fig. 6.1; compare also Venturi et al. 2001). Between January 1997 and May 1997, the
8 GHz flux density of 0048–097 decreased from ∼ 2.3 Jy to ∼ 1.2 Jy, and rised again to
∼ 2 Jy by October 1997. No X-ray data are available for the deep minimum between the
two exposures or for one of the following minima.

Wavelet Analysis: Motivated by the subtle finding of similar X-ray spectra at two dif-
ferent epochs with similar radio states, the available UMRAO data have been investigated
for periodicities that would allow for deep follow-up observations of the X-ray spectrum
of PKS B0048−097 in characteristic states as it happened by chance for the two BeppoSax
epochs in 1996 and 1997.

A continuous wavelet analysis quantifies the behavior of a signal on different tempo-
ral scales, as a function of time, by convolving the signal with a localized wave-packet,
as the packet is translated along the series, for a number of ‘dilations’ of the wave-packet
(see Hughes et al. 1998 for a more comprehensive description). This has the great ad-
vantage of preserving temporal locality: a gap in the time series will be evident along the
corresponding line in transform space, and events that are distinct in the signal will have
distinct counterparts in transform space. A Morlet wavelet is particularly well suited for
the analysis of time series, as it is complex, so the real part of the transform exhibits an
oscillatory behavior corresponding to periodicity in the time series, while the modulus
provides a measure of the power in different components of the signal.

Such an analysis has been applied to the time series for PKS B0048−097 and, as seen
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Figure 6.2: A continuous Morlet wavelet transform of the time series data of the flux density for PKS B0048−097 taken at the UMRAO at
8.0 GHz within the scope of the study presented here (illustration produced by P.A. Hughes). The panels show the flux density time series (top),
the real part of the transform (middle) and the modulus (power) of the transform (bottom). The real part displays clearly the signature of a
quasi-periodic component, evident at a dilation (vertical axis) with logarithmic period ∼ 2.5; a slight shortening of the period is evident in the
last third of the time series, but power at this dilation extends across the entire series.
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in Fig. 6.2, a distinct pattern is seen in both the real part of the source wavelet trans-
form, and its modulus. The signal corresponds to a quasi-periodic component containing
a modest fraction of the overall power. This periodicity would be masked in a Fourier
power spectrum, because of small drifts in time scale across the data window, i.e., the
characteristic time scale of the periodicity changes with time. The cross-wavelet trans-
form technique is described, e.g., by Kelly et al. (2003). The continuous transform of the
signal, and of a set of template periodic signals, are convolved. This analysis has been
used to quantify the result (apparent on visual inspection of the top panel at Fig. 6.2),
establishing a time scale of 450–470 days with a confidence of > 99.9% that this compo-
nent does not arise by chance from random patterns associated with a lag-1 autoregressive
process.

The varying time scale of the disclosed periodicity has been further investigated using
a Lomb-Scargle periodogram analysis for different time segments during the monitoring
(Lomb 1976, Scargle 1982). In a L-S periodogram, the classical discrete Fourier peri-
odogram is redefined in such a manner to as to make it invariant to a shift of the origin
of time. It is particularly designed to investigate unevenly spaced data like the UMRAO
PKS B0048−097 monitoring data. The L-S periodogram analysis has been performed by
E. Ros using the PERIOD software package2.

The L-S analysis between November 1979 and September 1985 shows a strong peri-
odicity of ∼ 400–460 days and a secondary signal at ∼ 580 days (see Fig. 6.3). Between
October 1985 and February 1995, only one narrow peak at ∼ 585 days is present. After
October 1995, the strongest signal is found at a period of ∼ 405 days, that is considerably
less pronounced than the periodicities at the earlier time ranges. This result confirms and
quantifies the result from the visual inspection of Fig. 6.2 from the Morlet wavelet analy-
sis: a strong periodic signal is present over the full ∼ 25 years of UMRAO 8 GHz radio
light curve monitoring of PKS B0048−097. However, there is a small modulation in the
period and its power with time.

Additional radio monitoring data of PKS B0048−097 is available from the UMRAO
monitoring program at the frequencies 5 GHz and 15 GHz but because of the inferior
sampling of those light curves the higher-quality 8 GHz data is better suited for a timing
analysis as presented here. A comparison of the 8 GHz data with the 5 GHz and 15 GHz
data will be presented elsewhere in more detail.

Structural variability on parsec scales: On parsec scales, Shen et al. (1997) and
Gabuzda et al. (1999) both report a core-jet morphology of PKS B0048−097, however
the southward position angles they find differ by 45 degrees. While Shen et al. (1997) re-
port a P.A. of ∼ −160◦ (south-eastward) in epoch 1992.9 from 5 GHz VLBI observations,
Gabuzda et al. (1999) find a jet at P.A. ∼ +160◦ (north-eastward) in epoch 1992.2 also
from 5 GHz data. In both cases the (u, v)-coverage was not optimum. In the VLBA 2 cm
Survey observations before 2002, PKS B0048−097 showed no clear resolved structure.
Figure 6.4 shows the milliarcsecond structure of PKS B0048−097 in epochs 1995.57 and
2002.38. In 1995.57, a weak westward directed jet is found, partially resolved only by the
longest east-west baselines. The (u, v)-data obtained in 2002.38 show clear evidence for

2The PERIOD software package is provided by the Starlink Project which was run by CCLRC on behalf
of PPARC. See http://star-www.rl.ac.uk
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Figure 6.3: Lomb-Scargle periodogram for three different parts of the time series of
UMRAO PKS B0048−097 8 GHz monitoring data. The positions of the strongest signals
found are labeled with their uncertainty given in brackets.

a resolved north-south structure along P.A. ∼ −30◦ with the jet pointing in the opposite
direction than reported by Gabuzda et al. (1999).

Considering these discrepancies between different works, PKS B0048−097 might ex-
hibit an extreme jet-ejection-angle variation. This would be of particular interest in con-
junction with the detected periodicity of the radio light curve. In the scenario of a precess-
ing jet, PKS B0048−097 might represent a highly attractive target to study the broadband
jet emission of a BL Lac object at different angles to the line of sight.

On the basis of the available data, it is not possible to derive the time scales of the
structural variability. VLBA 2 cm Survey observations of PKS B0048−097 have been
conducted during two additional epochs between 1995 and 2002 but the data quality in
both cases does not allow us to compare the milliarcsecond structure directly to the two
images presented here, due to shorter integration times and sub-optimal (u, v)-coverage.
After 2002, the source has been observed two times as part of the VLBA 2 cm Survey
continuation project, MOJAVE. An analysis of these observations, which provide full
polarimetric information, is currently being performed. First images are published in
Lister and Homan (2005).

6.1.1 Comparison to other blazars with known quasi-periodic behav-
ior

Individual blazars exhibiting quasi-periodic behavior allow the relationship between the
parsec-scale radio jet and the broadband spectral energy distribution to be deciphered.
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Figure 6.4: VLBI structure of PKS B0048−097 at 15 GHz. Top Panels: Naturally
weighted images of 0048–097 in July 1995 (left) and in May 2002 (right) at λ2 cm ob-
tained from VLBA 2 cm Survey observations. Image parameters are given in Table 6.1.
A jet towards the north is visible in the 2002 image while a slight extention to the west
is seen in the earlier 1995 image. Best fitting Gaussian-model-component approxima-
tions to the (u, v)-data are indicated as ellipses. Middle Panels: The projected visibility
along P.A. 160◦ for the 1995 epoch (left) and along P.A. 160◦ for the 2002 epoch (right).
Middle and bottom panels: The projected visibility along P.A. 160◦ and −70◦ for both
epochs. Clear deviations from a flat point-source visibility indicate an elongation of the
source along different position angles.

116



6.1 The Quasi-Periodic Modulation of the Radio Light Curve of PKS B 0048–097

Table 6.1: VLBI results for PKS B0048−097.
Image parameters Model fit parametersb

Epoch Beam size & P.A. Speak rmsa Comp. r P.A. S
[(mas×mas),◦] [Jy/beam] [mJy/beam] [mas] [◦] [Jy/beam]

1995-07-28 (1.3 × 0.5); −5.2 1.21 0.3 Core 0 — 1.186
W1 0.2 −97.4 0.052

2002-05-18 (1.3 × 0.5); −2.6 1.09 0.2 Core 0 — 1.074
N1 0.6 −22.2 0.110
N2 2.1 8.7 0.012

a The lowest contour is in both cases 1 mJy/beam, contours increase by factors of
√

2. b Formal
uncertainties in the model fits are too small and therefore are not printed in the table.

Unfortunately, such objects are rare: Hughes et al. (1998) find a persistent modulation
of the total flux and polarization of the BL Lac object OJ 287. The dominating period
of ∼1.12 yr in the 1980s was later displaced by a strong ∼1.66 yr periodicity during the
1990s. The relationship between these two variations was interpreted by the authors in
terms of a “shock-in-jet” model. The complex periodic optical variability of OJ 287, has
been interpreted in terms of a “precessing-jet” model by Abraham (2000). Stirling et al.
(2003) suggest an oscillating “nozzle” structure of the inner jet of BL Lac, based on three
years of optical photometric, radio millimeter flux-density monitoring and VLBI observa-
tions between 1998 and 2001. The optical and radio long-term variability of the BL Lac
object AO 0235+16 has been investigated by Raiteri et al. (2001) revealing a possible 5–6
year periodicity (see Sect. 6.2.4 for a more comprehensive description of this program)
based on data of the WEBT collaboration and the UMRAO database. Ostorero et al.
(2004) interpreted this behavior in terms of orientation variations of a helical jet. In all
these cases, attempts have been made to understand the periodic behavior as a result of jet
precession possibly caused by the orbital motion of two black holes in a binary system.

6.1.2 Summary and Implications

Most multi-frequency blazar observations so far have been hampered by unpredictability
of characteristic high-amplitude events within the jet flow. While post-radio-flare cam-
paigns can be organized comparatively easy from a logistical point of view, even with the
contribution of space-based missions like Integral (compare, e.g., the recent observing
campaign on 0716+714, that was triggered in response to a major optical outburst: Pian
et al. 2005), the continuous monitoring of individual objects over a long time range in-
vokes a vast amount of telescope time and carries the danger of tracing the source during
a quiescent period without the occurrence of characteristic events.

The BL Lac object PKS B0048−097 exhibits strong structural variability and pro-
nounced radio, optical and X-ray flux variability. Here, it has been demonstrated that
the radio light curve of PKS B0048−097 has a strong modulation with a characteristic
period of ∼ 400–460 days and a secondary signal at ∼ 580 days. Among all sources
studied so far from the UMRAO program, only OJ 287 exhibits a comparably strong per-
sistent signal. The strength of the modulation and the comparatively short time scale
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make PKS B0048−097 a prime object for coordinated broadband observing campaigns.
In particular, the correlation of the varying VLBI-jet ejection angle of the source with ra-
dio (and higher energy) light-curve evolution provides a tool to test precessing-jet models
against alternative models (e.g., shock-in-jet models) of periodic light-curve modulation
in blazars. One may expect to find either a more or less direct one-to-one relation between
the parsec-scale radio jet and the light curve at all wavelengths (indicating a precessing jet)
or de-coupled structural and light-curve variability with characteristic time lags between
various observing frequencies (indicating traveling shocks within the jet flow). Unlike
most other sources, the short 460 day time scale of PKS B0048−097 allows these alterna-
tives to be tested observationally in a relatively short time.

List of collaborators: H. D. Aller, M. F. Aller, P. A. Hughes, E. Ros
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6.2 AO 0235+16
In this section, results are presented from the analysis of four epochs of VLBA 2 cm Sur-
vey observations, of three epochs of Effelsberg IDV observations and of the timing anal-
ysis of four XMM-Newton X-ray observations of the BL Lac object AO 0235+16. The Ef-
felsberg observations and the last three XMM-Newton observations have been performed
as part of a large observing campaign of this object organized by the Whole Earth Blazar
Telescope (WEBT) collaboration (Campaign PI: C. M. Raiteri). In Sect. 6.2.1, the scien-
tific framework of radio/optical/X-ray studies of BL Lac objects in general and the crucial
role of the special source AO 0235+16 are introduced. Section 6.2.2 contains the VLBI
results, presenting a kinematical model for the extremely compact parsec-scale jet struc-
ture of AO 0235+16. In Sect. 6.2.3, the analysis of an archival XMM-Newton is presented,
reporting for the first time X-ray IDV activity of this well known radio and optical IDV
source. The X-ray light curve is investigated in several wavebands without finding any
evidence for time lags or large amplitude differences, an unexpected result within stan-
dard short-term variability models. A variation of the absorber can be excluded on the
basis of the available data. In Sect. 6.2.4, the WEBT campaign on AO 0235+16 and the
associated Effelsberg and XMM-Newton observations are described and results from the
first observing season of this campaign are summarized, which have been published by
Raiteri et al. (2005). The Effelsberg results for this first campaign season are discussed in
more detail in Sect. 6.2.5. A brief discussion of the XMM-Newton light curves obtained
during the three campaign observations of AO 0235+16 is presented, as well. Unlike in
the high source state during which the archival XMM-Newton light curve had been taken,
the source showed no evidence for pronounced short-term X-ray variability during any of
these three epochs, when the source was in low-flux states.

6.2.1 Introduction

BL Lac objects belong to the blazar class of Active Galactic Nuclei (AGNs). They show
variability at all wavelengths, from the radio to the γ-ray band, on a variety of time scales:
in general, slow oscillations of the flux base level on time scales of years have been ob-
served, on which fast flares lasting down to a few hours are superposed. At radio wave-
lengths, about 30 % of all flat spectrum radio quasars and BL Lacs are known to exhibit
rapid variability (Witzel et al. 1986, Heeschen et al. 1987) on time scales of hours to days
(IntraDay Variability, IDV). The cause of the variations seen in these sources is currently
controversial with claims being made for either: 1) a source-intrinsic (e.g. shock-in-jet
physics) or 2) extrinsic origin (scattering in the interstellar medium or gravitational micro-
lensing) (e.g., Wagner and Witzel 1995 and references therein). Due to the involved small
source sizes, interstellar scintillation (ISS) may play an important role in the cm-radio
regime, while intrinsic variations require extreme high Doppler boosting (D∼100) or
special source geometries in order to prevent the inverse Compton catastrophe. While
the variations in sources like J1819+3845 (Dennett-Thorpe and de Bruyn 2000) can be
modeled by the interstellar scattering assumption, which predicts a steep frequency de-
pendence ν−2.2 of the variability amplitude, this explanation fails in other sources, e.g.
0716+714, where correlated radio-optical IDV seems to be present. The different mecha-
nisms causing rapid radio variations can only be disentangled by simultaneous monitoring
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at different bands (radio–optical–X-ray). Since ISS cannot explain correlated IDV over
a wide range of the electromagnetic spectrum, the detection of broad band correlations
would directly role out ISS as sole explanation for radio IDV and would favor a source
intrinsic contribution to the IDV pattern.

In the special case of the BL Lac object AO 0235+16 (z = 0.92), the interpretation of
the observed brightness temperature requires a Doppler factor of the order of 100 (Kraus
et al. 1999), which is a value significantly higher than the values of ∼ 10 typical for
other BL Lac objects. Very Long Baseline Interferometry (VLBI) observations reveal a
compact structure only slightly resolved at milliarcsecond scales (see Fig. 6.5) and super-
luminal motion (see Fig. 6.6). This milliarcsecond characteristics are in agreement with
the expectations of the blazar standard model, that assumes the orientation of the nuclear
jet-disk system to be very close to the line of sight.

Previous Studies of the X-Ray Spectrum of AO 0235+16: Worrall and Wilkes (1990)
and Madejski (1994) reported on observations of AO 0235+16 with the Einstein Ob-
servatory Imaging Proportional Counter (IPC) in 1979-1981. They attributed the sub-
stantial soft X-ray cutoff, which exceeds the absorption effects expected from our own
Galaxy by several times, to photoelectric absorption in an intervening galaxy, located at
z = 0.524. EXOSAT data of AO 0235+16 taken in 1984 have been discussed by Ghosh
and Soundararajaperumal (1995) but the limited instrumental accuracy did not allow a
pure Galactic-absorption scenario to be ruled out.

Madejski et al. (1996) verified the high absorption towards AO 0235+16 with X-ray
data from ROSAT and ASCA obtained in 1993 and 1994. Substantial spectral variability
was found on a time scale of months while the ASCA observations alone, that were spread
over two weeks, revealed no significant variability on this time scale. This was interpreted
by the authors as a dominating soft, steep synchrotron spectral component during bright
source states and a harder inverse Compton component that becomes more important
during low-flux states.

Comastri et al. (1997) found large-amplitude soft X-ray variability of AO 0235+16
from two ROSAT observations performed in summer 1993 without strong changes of the
photon index and Webb et al. (2000) reported a very low X-ray state during a RXTE
observation that was performed during the rising phase of a major radio-optical outburst
of the source.

Junkkarinen et al. (2004) analyzed ASCA data of AO 0235+16 taken in 1998, about
four years after the first ASCA epoch reporting a brighter and harder spectrum than in
February 1994. A BeppoSax observation in which the PDS detector did not detect the
source took place in early 1999 and has been analyzed by Padovani et al. (2004).

Previous Studies of the Milliarcsecond-Scale Radio Structure of AO 0235+16: The
radio structure of AO 0235+16 can be characterized by a nearly unresolved compact
component at almost all available frequencies. Chu et al. (1996) present and discuss a
series of VLBI images of AO 0235+16 at 5 GHz. Frey et al. (2000) investigate the sub-
milliarcsecond structural properties of the source at 1.6 GHz and 5 GHz as seen with space
VLBI. They find a brightness temperature of TB > 5.8 × 1013 K at 5 GHz and hints for a
slightly resolved jet to the north. However, Chen et al. (1999) report an eastward directed
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jet. A resolved structure can be inferred from the λ3 mm VLBI observations performed
in 1993, during an outburst of the source (Lobanov et al. (2000)), but the data quality was
not good enough to derive a source image. A follow-up λ3 mm global VLBI observation
with improved (u, v) coverage and sensitivity that has been approved to be observed after
the onset of the next major flare of the source (GR 025, PI: E. Ros) might shed light on
the elusive submilliarcsecond structure of this object.

6.2.2 VLBA 2 cm Survey Monitoring of AO 0235+16
Four VLBA 2 cm Survey observations of AO 0235+16 were performed between 1995
and 20013. Due to the extremely compact structure of AO 0235+16, no jet speed was
determined for the initial kinematical analysis of the VLBA 2 cm Survey presented by
Kellermann et al. (2004). Ros (2004) presented a first update of the 2 cm Survey source
kinematics, reporting speeds of additional sources for which no kinematics had been given
by Kellermann et al. (2004). The partially resolved structure of AO 0235+16 was pointed
out by Ros (2004), but no kinematical model was derived. Below, a reanalysis of these
four epochs of VLBA 2 cm Survey observations of AO 0235+16 is presented. A kinemat-
ical model is subsequently introduced that accounts for the compact source structure by
considering two overlapping Gaussian components. This model corresponds to the sce-
nario of a jet pointing almost directly to the observer with a compact unresolved base and
traveling jet plasma components that are expanding as they travel down the jet while their
projection still covers the compact jet core.

CLEAN VLBI images of AO 0235+16 have been produced by applying standard self-
calibration procedures (see, e.g., Kadler et al. 2004c) with DIFMAP for all four epochs.
The final calibrated visibility data were fitted with uniform weighting in the (u, v)-domain
with two-dimensional elliptical Gaussian functions. A single Gaussian component does
not provide a good approximation of the data: the residual maps show clear evidence
for missing flux (see Fig. 6.5). The structure and amplitude of the missing component
is very similar in the two epochs in 1995 (that were separated by only 4.5 months) with
the strongest residuals being distributed in an intermittent ring-like pattern around the
central Gaussian component. The distribution of the flux residuals during the 1997 epoch
is similar but with much lower amplitudes while in March 2001 a jet-like extension of the
source towards the north-east is visible.

The addition of a second Gaussian modelfit component improved the fit to the data
considerably in all four cases: the reduced χ2 decreased from from 1.8 to 1.2, from 1.4 to
1.0, from 2.0 to 1.8, and from 1.3 to 1.0, respectively, and the two-Gaussian-component
models became statistically competitive to the best-fitting CLEAN models. The final mod-
elfit parameters are summarized in Table 6.2. For the first three epochs, the extended
component overlaps the smaller core component in projection onto the plane of the sky.
This may be indicative of a jet pointing almost directly towards the observer, with the
smaller compact component representing the jet core and the extended component rep-
resenting a bright region downward the jet. Such a jet component is expected to travel
along a well-defined trajectory away from the core position as it increases in size and de-

3Three additional observations in March 2003, September 2004 and May 2005 have been performed as
part of the VLBA 2 cm Survey extension project MOJAVE. Another MOJAVE observation is planned for
mid/late 2005. The data from these epochs will be presented elsewhere.
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Table 6.2: AO 0235+16 VLBI model fit parameters.

Ida Flux density Radiusb P.A.c Major Axis Axial Ratio φd T e
b

[mJy] [mas] [◦] [mas] [◦] K

Epoch 1995.57, χred = 1.2, 7100 d.o.f.

C 614 0 — 0.21 0.54 −23 2.7 × 1011

J1 173 0.12 −22 0.87 0.74 −13 3.3 × 109

Epoch 1995.96, χred = 1.0, 6300 d.o.f.

C 241 0 — 0.16 0f −33 > 9.9 × 1010

J1 153 0.11 −15 0.91 0.72 −17 2.7 × 109

Epoch 1997.66, χred = 1.8, 3100 d.o.f.

C 1438 0 — 0.11 0f −81 > 1.3 × 1012

J1 27 0.21 26 1.40 0.80 15 1.8 × 108

Epoch 2001.20, χred = 1.0, 6900 d.o.f.

C 1439 0 — 0.08 0f 70 > 2.4 × 1012

J2 118 0.23 −33 0.35 0.38 73 2.7 × 1010

a Component ID: C (Core), J1 (first jet component), J1/2 (ambiguous identification as first or second jet component); b Distance
from core component; c Position angle of the line connecting core and component (measured from North through East); d Position
angle of the major axis of the elliptical Gaussian (measured from North through East); e Brightness temperature, calculated following
XXX Kovalev et al. (2005); f The two-dimensional Gaussian component degenerated to a linear feature during the fitting procedure,
indicative of an elongated structure that is unresolved in the direction perpendicular to φ. For the calculation of Tb, the value of the
major axis was used to derive a lower limit.

creases in flux due to adiabatic expansion. The data given in Table 6.2 are in agreement
with this scenario: the extended component of the first three epochs (J1) travels with
(0.048 ± 0.004) mas/yr along a curved path, its flux density and brightness temperature
decrease monotonically and its size increases (compare Fig. 6.6). This sky proper motion
corresponds to an apparent speed of β = (2.38 ± 0.19). The secondary Gaussian com-
ponent found in the 2001 epoch (J2) exhibits a much higher brightness temperature and
is most likely representative of a newly emerged jet feature after J1 disapeared during the
long observing gap between the 1997 and the 2001 epoch. It is interesting to note that the
back extrapolation of the J1 trajectory in the radius-vs-time domain predicts for the ejec-
tion epoch 1993.25, right after the onset of one of the major flares of AO 0235+16 (see
below). An association of VLBI component ejections with radio flares in AO 0235+16
are of special interest since they rule out microlensing as a possible origin for the given
outburst. An analysis of the new MOJAVE observations of AO 0235+16 will show if the
new jet component J2 can be attributed to the 1997 outburst that remains the most promis-
ing candidate for a microlensing event in this system (compare Stickel et al. 1988, Webb
et al. 2000).

6.2.3 Short-Term X-Ray IDV Activity of AO 0235+16 in February
2002

Of special interest is the variability of AO 0235+16 on short time scales. At radio wave-
lengths the source is known to exhibit strong intraday variability (IDV; e.g. Kraus et al.
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Figure 6.5: Visibility residuals for the four epochs of VLBA 2 cm Survey observations
of AO 0235+16 after fitting with a single Gaussian component. Negative residual flux
is shown in light-grey, dashed contours (−0.004, −0.0028, and −0.002 mJy/beam),
positive residual flux is shown in black solid contours (0, 0.002, 0.0028, 0.004, and
0.0057 mJy/beam). The light-grey, hatched ellipse in the bottom left corner of each panel
represents the restored beam. Note the need for an intermittent ring-like extended emis-
sion structure in the first three epochs that becomes weaker with time. In 2001, the ring-
like structure has vanished and a weak jet-like structure to the north-east has formed.

1999), requiring an extremely small source size. IDV has been detected over a wide
range of the electromagnetic spectrum. Besides correlated radio IDV at λ20, λ6 cm, and
λ3.6 cm with a possible optical correlation (Kraus et al. 1999), IDV has been seen in the
IR (Takalo et al. 1992) and the optical regime (Romero et al. 2000, Raiteri et al. 2001).
Below it is shown that AO 0235+16 exhibits IDV at X-ray frequencies, as well.

In February 2002, a ∼ 20 ksec XMM-Newton observation of AO 0235+16 took place.
The archival data have been obtained from the XMM-Newton archive and light curves
for all three EPIC detectors have been produced as described in Sect. 3.4.4 from circular
regions of 100′′ (accounting for the high source flux at this epoch). Count rates have been

123



6 Detailed Studies of Special Sources

Figure 6.6: The milliarcsecond structure of the BL Lac object AO 0235+16 observed
with Very-Long-Baseline Interferometry (VLBI). At a frequency of 15 GHz, 80% to
98% of the radio emission is unresolved even with a resolution below 1 mas. The
quasi-concentric, variable elliptical Gaussian model components, visible in the first three
epochs, can be interpreted as the trace of moving jet plasma oriented almost directly to
the line of sight. The lowest contour for the first to fourth epoch is 2 mJy, 2.8 mJy, 4 mJy,
and 2 mJy, respectively.

determined by averaging over 100 s bins, resulting to a SNR of each data point of ∼ 17
for the PN and ∼ 10 for the MOS detectors, respectively. The event list has been filtered
to contain only time intervals during which the count rate in the adjacent source-free
background region did not exceed 0.1 cts/s and 0.2 cts/s for the MOS and PN detectors, so
that no background subtraction was necessary. Figure 6.7 shows the resulting X-ray light
curve of AO 0235+16 in February 2002. Rapid X-ray variability with time scales smaller
than one hour are visible with amplitudes up to ∼ 50 % of the source count rate.
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Figure 6.7: X-ray light curve (0.3 keV to 12 keV) extracted from the ∼ 20 ksec XMM-
Newton observation of AO 0235+16 in February 2002 averaged over 100 s bins.

124



6.2 AO 0235+16

129705000 129710000 129715000 129720000
XMM Time [s]

0.8

1

1.2

1.4

1.6
C

ou
nt

 R
at

e 
[c

ts
/s

]
(0.3-0.8) keV
(0.8-1.4) keV
(1.4-12.0) keV

Figure 6.8: XMM-Newton PN light curve of February 2002 split into three energy bands
with roughly the same count rate. No time lags between the different energy bands are
detectable.

The spectral behavior of characteristic variability patterns can reveal the nature of
the underlying physical mechanism. E.g., in Sect. 6.5, a ∼ 150 s time lag of the soft
X-ray emission with respect to the hard X-ray emission is found during a pronounced
short-term X-ray flare of the BL Lac 0716+714. There, a jet model is developed that nat-
urally explains such soft lags as a result of travel times of disturbances within a compact
jet. Therefore, the XMM-Newton 2002 light curve of AO 0235+16 has been investigated
within three different energy bands that contribute roughly the same number of photons to
the integrated light curve in Fig. 6.7: (0.3− 0.8) keV (solid line), (0.8− 1.4) keV (dashed
line), and (1.4 − 12.0) keV (dotted line). The three individual light curves have been av-
eraged in time via a running-average calculation over five 100 s bins each. The resulting
three independent light curves (see Fig. 6.8) do not show any lags according to a cross-
correlation analysis. The two most obvious flares (close to XMM time 129714000 and
129721000) are less pronounced in the soft band with flux increases of 35 % and 37 %, re-
spectively, (relative to the pre-flare level) compared to the up to ∼ 70 % flares in the harder
energy bands. However, over the full integration time, the standard deviation of the three
light curves are very similar: the variations in the normalized and running-averaged light
curves are 10 %, 12 %, and 11 %. In the original light curves (i.e., before the running-
average procedure) the differences are even less pronounced with variations of 16 % in all
three cases. In sum, the short-term X-ray source variability of AO 0235+16 detected in the
February 2002 XMM-Newton light curve is remarkably strong and homogeneous across
the full XMM-Newton bandpass between 0.3 keV and 12 keV. This behavior, in particular
the lack of time lags between the various energy bands, is unexpected in synchrotron or
inverse Compton jet models that generally attribute the emission at different frequencies
ν to different distances rν along the jet, with rν ∝ ν−1. A perturbation traveling along
the jet is expected to need a time τ to travel from r0.3 keV to r12 keV. Assuming relativisti-
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cally moving jet plasma with a velocity β, the resulting time lag between the emission at
0.3 keV with respect to the emission at 12 keV is tlag = τβ. In the case of AO 0235+16
in February 2002, XMM-Newton collected enough photons to safely detect any time lag
larger than 200 s (two time bins in Fig. 6.7). With β ≤ 1, we derive the X-ray emitting
section along the jet to be smaller than δ2 µpc, where δ is the Doppler factor.

To further investigate the relation between the source flux variability and spectral char-
acteristics, two separate source spectra have been determined for the low-states and the
high-states of the source flux during the ∼ 20 ksec observation. To achieve this, the mean
0.3 keV to 12 keV source count rate of 3.15 cts/s was used to split the event file into two
approximately equally large fractions corresponding to the time intervals of low and high
source flux, respectively. Two separate source spectra were produced from these two sub
event files and both were fitted with a one-power-law model absorbed by a Galactic col-
umn density of 8.94× 1020 cm−2 according to the LAB survey and an additional absorber
located at z = 0.524, the redshift of the intervening system towards AO 0235+16. For
this fit, the energy range was restricted to 0.6 keV to 6 keV to reduce the effect of spectral
curvature and to achieve statistically good fits with only one power law component. As ex-
pected, the two spectra differ in flux (F(0.6−6) keV,low state = 7.1+0.1

−0.1 × 10−12 erg s−1 cm−2;
F(0.6−6) keV,high state = 8.5+0.1

−0.1 × 10−12 erg s−1 cm−2; both values corrected for Galactic
absorption).

The best fitting values for the excess absorption and the photon index are similar but
not identical, indicating spectral differences between the two source states. There are
two possible explanations for such a spectral variation: I) the absorber at z = 0.524
has varied and is responsible for the source variability, and II) the power law has var-
ied, attributing the variable light curve to source intrinsic processes. The first scenario
would imply extremely small (and therefore extremely compact) absorbing clouds while
the second one corresponds to a source-intrinsic origin of the detected short-term X-ray.
Fig. 6.9 shows the residuals for the best simultaneous fitting model to the low-state and
the high-state PN spectrum. The poor fit and the systematic residuals rule out a sce-
nario I. The detected short term variability of AO 0235+16 during the February 2002
XMM-Newton epoch is therefore most likely to be explained in terms of true source vari-
ability. The best fitting model for this scenario predicts that the source continuously var-
ied between F(0.3−12) keV,low state ∼ 8.3 × 10−12 erg s−1 cm−2 and F(0.3−12) keV,high state ∼
9.8×10−12 erg s−1 cm−2 n the full XMM-Newton band. During this variation the spectrum
became softer as the source flux increased and harder as the source flux decreased with
best fitting mean values for the photon index of Γlow state = 2.29 ± 0.02 and Γhigh state =
2.35 ± 0.02.

6.2.4 The WEBT+Effelsberg+XMM-Newton Observing Campaign on
AO 0235+16

The analysis of the long-term radio and optical light curves of AO 0235+16 has led to the
conclusion that the main radio outbursts have optical counterparts, and that they repeat
every 5.7 ± 0.5 yr (Raiteri et al. 2001, see Fig. 6.10). The next outburst was foreseen to
peak around February–March 2004, so that a multi-wavelength radio-optical campaign
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Figure 6.9: Residuals for the best simultaneous fitting model to the low-state (light grey)
and the high-state (dark grey) of the XMM-Newton PN spectrum of February 2002, as-
suming that only the absorber at z = 0.524 has varied (top panel) and that only the power
law has varied (bottom panel). For clarity, the data have been regrouped for this figure to
have 250 counts per bin. Only data between 0.6 keV and 6 keV have been considered to
maintain a fair approximation with a single power law.

has been organized by the Whole Earth Blazar Telescope (WEBT4) collaboration, involv-
ing more than 30 optical and 2 radio observatories. In addition to the WEBT participating
observatories, we have successfully applied for observing time with the X-ray telescope
XMM-Newton and the Effelsberg 100-m radio telescope. Three XMM-Newton pointings
took place on January 18, 2004, August 2, 2004, and on January 28, 2005. During each of
these pointings, simultaneous radio-light curve monitoring observations have been con-
ducted at Effelsberg (see below).

The study of blazar flux variability to understand the elusive physical processes in-
voked requires simultaneous observation across the whole accessible electromagnetic
spectrum. This provided the main motivation for the WEBT AO 0235+16 campaign.
As an intermediate object between the two main sub-classes of high-frequency peaked
(HBL) and low-frequency peaked (LBL) BL Lac objects AO 0235+16 is a particularly in-
teresting target for such a campaign. LBLs and HBLs differ in the absolute position of

4http://www.to.astro.it/blazars/webt
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Figure 6.10: Long-term optical (R band, top) and UMRAO radio (8 GHz, bottom) light
curves of AO 0235+16. Vertical dashed lines mark the recurrent outbursts. Image
adopted from Raiteri et al. (2001).

the primary low-energy spectral maximum (generally assumed to be due to synchrotron
jet emission) and the peak of the secondary high-energy component (originating from in-
verse Compton emission, e.g., Ghisellini and Madau 1996, or from hadronic processes
induced by relativistic protons in the jet, e.g., Mannheim and Biermann 1989). LBLs are
characterized by a low-energy peak in the near infrared or optical range and a high-energy
peak at 100 MeV to 1 GeV, while in HBLs the two spectral maxima can be shifted far into
the X-ray and > 100 GeV energy ranges, respectively (e.g., Fossati et al. 1998). Madejski
et al. (1996) recognized a dominance of the steep tail of the synchrotron component in
bright states of AO 0235+16 and a prevalence of the harder secondary component in lower
states. In Fig. 6.11, the variable broadband spectral energy distribution of AO 0235+16
during past X-ray observations between 1993 and 2004 is shown. In the (optically bright)
February 1998, August 2000, and in the January and August 2004 epochs, the dominance
of the secondary, high-energy peaked component is very pronounced.

Until the time of writing of this thesis (early July 2005) the awaited outburst of
AO 0235+16 has not happened! However, a wealth of information has been derived
from the simultaneous collection of broadband spectral data between the radio and X-ray
regimes. Results from the first observing season (2003-2004; including the first epoch of
XMM-Newton and Effelsberg observations) have been published by Raiteri et al. (2005).
At present, several local optical and radio telescopes of WEBT members are still mon-
itoring the source and will continue until the awaited flare is detected. Such detection
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Figure 6.11: The variable broadband spectral energy distribution of AO 0235+16. The
six panels show quasi-simultaneous radio, optical, and X-ray data separated by several
years. The two XMM-Newton spectra taken in January and August 2004 (lower right
panel) demonstrate the spectral variability of the source on time scales of months. Image
provided by C.M. Raiteri.

would then trigger a further radio and optical dense monitoring WEBT campaign, with
the expected participation of at least 20 optical telescopes.

6.2.5 Simultaneous Radio/X-ray IDV observations with the Effels-
berg 100-m telescope and XMM-Newton:

One of the motivations for the simultaneous observation of AO 0235+16 on three occa-
sions during the WEBT campaign in 2004/2005 was the possibility to search for simul-
taneous short term variability in the radio and the X-ray regime. AO 0235+16 is a well
known radio IDV source and showed pronounced X-ray short-term variability during a
previous XMM-Newton observation in 2002 (see Sect. 6.2.3). The simultaneity of radio
and X-ray observations should make the campaign sensitive to correlated fast variations
in both frequency bands. A direct radio/X-ray IDV correlation would have important con-
sequences for the understanding of short-term source variability, pointing to an intrinsic
origin of the IDV activity in AO 0235+16.

Radio IDV observations of AO 0235+16 with the Effelsberg 100-m telescope: On
arcsecond scales, AO 0235+16 is a compact radio source and appears pointlike to the Ef-
felsberg 100-m telescope. Its relative brightness of ∼ 1.7 Jy at λ6 cm and ∼ 1.4 Jy at
λ2.8 cm in January 2004 allowed the flux-density measurements to be performed with
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Figure 6.12: AO 0235+16 radio and X-ray light curves during the first XMM-
Newton+Effelsberg epoch on January 18, 2004.

“cross scans” (Heeschen et al. 1987; Quirrenbach et al. 1992 for a description of the pro-
cedure) over the source position. The cross scans consisted of four individual subscans in
azimuthal and elevational back-and-forth direction, respectively, which in addition were
used to control the telescope pointing accuracy throughout the observations. During the
measurements, lefthand- and righthand-circular polarization signals were recorded and
later, offline combined. The flux density of AO 0235+16 was measured 7-8 times per
hour at λ6 cm and once per hour at λ2.8 cm. Between the scans on the target source,
the two steep-spectrum secondary calibrators, 3C 60 and 4C 08.10, were observed, alter-
nately. As primary flux calibrators, the sources 3C 48, 3C 161, and 3C 286 were used (see
Ott et al. 1994 and references therein).

Gaussian profiles were fitted to every subscan, yielding the convolution of point-like
source-brightness distribution with the telescope beam. Small residual pointing errors
were corrected and the amplitudes of the subscans were averaged for each scan. The
secondary calibrators were used to correct for time- and elevation-dependent antenna gain
effects. The absolute calibration of the measured flux-density was achieved by scaling
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Figure 6.13: AO 0235+16 radio and X-ray light curves during the second XMM-
Newton+Effelsberg epoch on August 2, 2004.

the registered signal from the primary calibrators to match their tabulated brightnesses.
The errors of the flux-density points were estimated from the residual scatter of the non-
variable secondary calibrators, which dominated over the formal statistical errors5.

In Figure 6.12 to Figure 6.14 the resulting radio light curves of AO 0235+16 during
the three XMM-Newton+Effelsberg observations are shown. Results from the first epoch
of Effelsberg observations have been published in Raiteri et al. (2005) and are summa-
rized below. During the second epoch, the source showed no significant short-term radio
variability at λ6 cm during the ∼ 4.5 hours of Effelsberg monitoring. At λ2.8 cm, the
first and the second scan showed a flux density ∼ 2 % and ∼ 1 % above the level of the
remaining scans. This may indicate that the source flux density was decreasing from a
higher level when the Effelsberg monitoring started. However, it is not possible to derive
meaningful results on the basis of these two data points alone. During the third epoch,
on January 18, 2005, only marginal variability of AO 0235+16 at λ6 cm was found, while

5The data reduction for the first epoch of Effelsberg observations was done by the author in collaboration
with V. Impellizzeri. The second and third epoch has been reduced by V. Impellizzeri.
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Figure 6.14: AO 0235+16 radio and X-ray light curves during the third XMM-
Newton+Effelsberg epoch on January 28, 2005.

the λ2.8 cm flux density increased monotonically by ∼ 2.5 % over ∼ 4.5 hours. The light
curves of AO 0235+16 for these two epochs are shown here for completeness only. A
more detailed analysis will be presented elsewhere (Raiteri et al., in prep.).

AO 0235+16 exhibited short-term radio variability at both observed radio frequencies
during the ∼ 10 hours of Effelsberg observations on January 18, 2004, on a level of
2–3 %6. This corresponds to modulation indices m = 0.5 % at λ6 cm and m = 1.2 %
at λ2.8 cm, where m[%] = 100F/〈F 〉 is defined via the standard deviation of the flux
density, F , and its average value in time, 〈F 〉. A higher modulation index at shorter
wavelengths, as found here, is not expected if interstellar scintillation were the physical
mechanism responsible for the IDV activity (e.g., Rickett 1986). This motivates the de-
termination of formal brightness temperatures and Doppler factors from the assumption
that the flux variations have a source-intrinsic origin. During the observation the flux

6The flux-density uncertainties, estimated from the residual scatter of secondary calibrators, are ∼
0.25% at λ6 cm and ∼ 0.54% at λ2.8 cm. In Fig. 6.15, the radio light curves of the secondary calibra-
tor 3C 67 during the first epoch are shown for comparison.
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density of AO 0235+16 decreased by ∼ 30 mJy in ∼ 7 hours at λ6 cm, and by ∼ 50 mJy
in ∼ 6 hours at λ2.8 cm. Both these variations set the same lower limit to the source
brightness temperature, Tb ≤ 1017 K, and to the Doppler factor, δ ≤ 46, if the excess
over the inverse-Compton limit of 1012 K is solely attributed to Doppler boosting. The
most conservative estimate of the variability time scale results from calculating the loga-
rithmic time scale d(ln s)/dt for the observed (partially observed) light curve (e.g., Jones
et al. 1974). The correction factor < S > /∆S yields an upper limit of 14.3 days for the
variability time scale, corresponding to lower limits of Tb ≥ 5 × 1014 K and δ ≥ 8.

Figure 6.15: Radio light curves at λ6 cm (top) and λ2.8 cm (bottom) for the secondary
calibrator 3C 67 during the first Effelsberg observation of AO 0235+16 on January 18,
2004.

Timing analysis of the three XMM-Newton observations The bottom panels of Fig-
ure 6.12 to Figure 6.14 show the X-ray light curves obtained during the three WEBT–
Effelsberg–XMM-Newton epochs on 2004 January 18, 2004 August 2, and 2005 January
28. At all three epochs, the source was found in a much lower state than in February
2002 (a comparison of the spectral values in Table 4.1 shows that particularly the soft
flux between 0.5 keV and 2 keV was a factor of 6 to 12 larger in 2002 than in the three
2004/2005 epochs). This lower flux level reduces the maximal time resolution of the PN
detector since longer integration bins are necessary to achieve the same SNR as in brighter
source states. However, in addition to this, the source showed a much more stable flux
level during all three epochs: the variations after applying a running average over five
200 s bins left only weak variability with amplitudes of 4.7 %, 4.6 %, and 8.8 % for the
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Figure 6.16: The Effelsberg 100-m radio telescope and the X-ray satellite XMM-Newton
on 2005 January 28, 5:23 pm (MEZ) during their third simultaneous observation of the
BL Lac object AO 0235+16.

three light curves, respectively. In particular, no clearly identifiable events in all three
EPIC cameras are visible with the possible exception of the three short events on 2005
January 28 in the last part of the light curve.

The fact that among four performed XMM-Newton observations of AO 0235+16 the
optically brightest epoch with the highest X-ray flux and the by far steepest X-ray photon
index is the only one that exhibits clear strong X-ray IDV activity suggests that the high-
energy tail of the primary jet synchrotron component was responsible for the short-term
X-ray variability. This is the same behavior as exhibited by 0716+714 (see Sect. 6.5)
where the strongest X-ray short term variability is found in the epoch with the brightest
and steepest X-ray spectrum, as well.

No correlated short-term radio/X-ray variability could be found in any of the three
epochs of simultaneous XMM-Newton+Effelsberg observations. Due to the general ab-
sence of strong variability patterns in the individual wavelength regimes, however, this
is not a strong result. Within both bands, epochs of much higher variability amplitudes
with pronounced peaks are known to occur (Radio: e.g., Kraus et al. 1999; X-ray: see
Sect. 6.2.3). Ironically, the 2004-2005 observing epochs of AO 0235+16, that had been
chosen because of the expectation of a major source flare, can be characterized as “ex-
traordinary quiet” phases in the anxious being of this object.
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6.3 NGC 1052
In this section the active galaxy NGC 1052 is studied at radio, optical, and X-ray fre-
quencies. This study is performed on various scales from sub-parsecs to kiloparsecs and
brings together observations with the Very Long Baseline Array, the MERLIN radio in-
terferometer, the Hubble Space Telescope (HST) and the X-ray observatories BeppoSax,
Chandra, and XMM-Newton. Part of this work is presented in the form of reprints of
already published papers. General introductions to the source NGC 1052 can be found
in the first sections of Kadler et al. (2004c) (reprinted in Sect. 6.3.1) and Kadler et al.
(2004a) (reprinted in Sect. 6.3.2). In particular, Sect. 6.3.1 (Kadler et al. 2004c) reviews
briefly the radio properties of NGC 1052 and puts the presented VLBI scrutiny of the
obscuring torus and the most compact inner part of the parsec-scale twin-jet system of
this object into the context of previous radio VLBI studies. Previous X-ray studies of
NGC 1052 are reported on in Sect. 6.3.2 (Kadler et al. 2004a) along with the presentation
and discussion of new insights into the X-ray properties of NGC 1052 from the analy-
sis of a short archival Chandra observation. Particular emphasis is put on the kiloparsec
scale jet-related emission of NGC 1052 at radio, optical and X-ray frequencies, associat-
ing the soft excess exhibited by this source (compare Sect. 5.1) with an extended region
of thermal X-ray plasma emission associated with the kiloparsec-scale radio jet.

In Sect. 6.3.3 the X-ray spectrum of NGC 1052 is investigated in more detail through
an analysis of a deeper XMM-Newton pointing and a reanalysis of previously published
BeppoSax data. The detection of a relativistic iron line is reported, which is the first of
its kind in an object with a bright compact radio core. By taking advantage of this fact,
the inter-relation between the accretion process and jet formation in a radio-loud AGN
is investigated in Sect. 6.3.4. Significant variability of the relativistic iron line is found
between the BeppoSax and the XMM-Newton observation which took place before and
after the ejection of a new, bright jet component into the jet of NGC 1052. The observa-
tional signature suggests that it was observed how a part of the inner accretion disk was
fed into the black hole and a fraction of the material was ejected as a new jet component.
Sect. 6.3.4 describes the organization of a follow-up multi-mission radio/X-ray monitor-
ing campaign of NGC 1052, invoking monitoring observations with the Effelsberg 100-m
telescope, the 26-m radio telescope of the University of Michigan, and the Rossi X-ray
Timing Explorer (RXTE) X-ray observatory and a further, deeper XMM-Newton observa-
tion.

6.3.1 VLBI Scrutiny of the Obscuring Torus
The VLBI study of NGC 1052 presented in this section is a continuation and comple-
tion of the work done within the scope of my Diploma-thesis project at the Rheinische
Friedrich Wilhelms Universität Bonn (Kadler 2002). This work was published in the
journal Astronomy & Astrophysics, Vol. 426, p.481–493 (2004) and is reprinted here.

List of collaborators: H. Falcke, J. Kerp, A. P. Lobanov, E. Ros, & J. A. Zen-
sus
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Abstract. NGC 1052 offers the possibility to study the obscuring torus around a supermassive black hole, predicted by the

standard model of active galactic nuclei, over a wide range of wavelengths from the radio to the X-ray regime. We present a

detailed VLBI study of the parsec-scale structure of the “twin-jet” system in NGC 1052 in both total and polarized intensity and

at multiple frequencies. We report the detection of linearly polarized emission from the base of the eastern jet at 5 GHz. While

the radio spectrum in this region might be still consistent with synchrotron self absorption, the highly inverted spectrum of

the western jet base represents a clear sign of pronounced free-free absorption in a circumnuclear torus. We observe an abrupt

change of the brightness temperature gradient at a distance of ∼0.2 pc to 0.3 pc east of the central engine. This might provide

an observational signature of the edge of the central torus, where the transition from an external pressure-dominated jet regime

to a more or less freely expanding jet takes place. We determine the absorbing column density towards the western jet core to

be ∼2.2× 1022 cm−2 in good agreement with the values derived from various X-ray observations. This suggests that the nuclear

X-ray emission and the jet emission imaged by VLBI originate on the same scales.

Key words. galaxies: individual: NGC 1052 – galaxies: individual: PKS B0238−084 – galaxies: active –

galaxies: jets

1. Introduction

Radio observations of the low-luminosity active galac-

tic nucleus (AGN) NGC 1052 with Very Long Baseline

Interferometry (VLBI) at multiple frequencies have revealed

the presence of a dense circumnuclear absorber, which ob-

scures the very center of this elliptical galaxy (Kellermann et al.

1999; Kameno et al. 2001; Vermeulen et al. 2003). Indeed, the

standard model of AGNs predicts the existence of an obscuring

torus, whose inner surface is expected to be photo-ionized by

illumination from the accretion disk. Colder, neutral material

forms the outer boundary of the obscuring torus. NGC 1052

provides the possibility to study the physical properties of this

obscuring torus complementary in various wavelength regimes

and with a variety of observational methods. Particularly, the

combination of VLBI and X-ray spectroscopic studies is ca-

pable of addressing the same basic questions with complemen-

tary methods. Various X-ray observations of NGC 1052 imply a

model-dependent column density of 1022 cm−2 to 1023 cm−2 to-

wards the unresolved nuclear X-ray core (Guainazzi et al. 1999;

Weaver et al. 1999; Kadler et al. 2004) but the angular resolu-

tion of X-ray telescopes is not sufficient to measure the accu-

rate position and extent of the absorber. Relativistically broad

iron line emission at 6.4 keV is seen in a high-quality X-ray

� Present Address: ASTRON, PO Box 2, 7990 AA Dwingeloo,

The Netherlands.

spectrum obtained with the XMM-Newton telescope (Kadler

et al. in prep.). Thus, being the first radio-loud AGN with

a strong compact radio core that exhibits strong relativisti-

cally broadened iron line emission from the inner accretion

disk, NGC 1052 provides a unique possibility to study the

inter-relation between AGN mass accretion and jet-formation.

For future combined VLBI structural and X-ray spectroscopic

monitoring observations, it is essential to study in detail the in-

fluence of the obscuring torus on the parsec-scale jet structure

at radio wavelengths.

NGC 1052 is a moderately strong, variable source in the ra-

dio regime, with a luminosity (integrated between 1 GHz and

100 GHz) of ∼4.4 × 1040 erg s−1 (Wrobel 1984) and an unusu-

ally bright and compact radio core. Together with the proxim-

ity of the source of only 22.6 Mpc1 this makes NGC 1052 a

premier object for VLBI studies, aiming at the ultimate goal

of revealing the physical properties of obscuring tori in AGNs.

The parsec-scale structure of NGC 1052 shows a twin jet with

an emission gap between the brighter (approaching) eastern

jet and the western (receding) jet and free-free absorption to-

wards the western jet (Kellermann et al. 1999). Kameno et al.

(2001) suggested the presence of a geometrically thick plasma

1 We assume a Hubble constant of H0 = 65 km s−1 Mpc−1 and use

the measured redshift of z = 0.0049 by Knapp et al. (1978). This

results to a linear scale of 0.11 pc mas−1.
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torus and a geometry of the jet-torus system in which 0.1 pc

of the eastern jet and 0.7 pc of the western jet are obscured.

The multi-frequency VLBI structure of NGC 1052 has been

further studied by Kameno et al. (2003) and Vermeulen et al.

(2003). The kinematics of both jets at 2 cm have been investi-

gated by Vermeulen et al. (2003) who report outward motions

on both sides of the gap with similar velocities around 0.6 to

0.7 mas yr−1 corresponding to ∼0.25 c.

Besides the ionized (free-free absorbing) gas component

there are multiple pieces of evidence for atomic and molecu-

lar gas in the central region of NGC 1052. H2O maser emission

occurs towards the base of the western jet (Claussen et al. 1998)

within the same region that is heavily affected by free-free ab-

sorption. Atomic hydrogen is known to exist in NGC 1052 on

various scales. Van Gorkom et al. (1986) imaged the distribu-

tion of the H gas with a resolution of 1′′ using the VLA. They

report a structure three times the size of the optical galaxy.

Recent VLBI observations resolved H absorption features to-

wards the nuclear jet (Vermeulen et al. 2003). Finally, an OH

absorption line was also detected by Omar et al. (2002) and

Vermeulen et al. (2003) but the distribution of the OH gas on

parsec-scales has not been investigated so far.

In this work we analyse the multi-frequency structure of

NGC 1052 on parsec-scales between 5 GHz and 43 GHz in both

total and linearly polarized intensity. In Sect. 2 we describe

briefly the observations with the Very Long Baseline Array

(VLBA)2 and the data reduction. Sections 3 and 4 describe the

modelling of the source structure with Gaussian components

and the process of aligning the images at the four frequencies.

The VLBA images of NGC 1052 themselves in total and po-

larized intensity are presented in Sect. 5. We analyse the fre-

quency dependence of the observed core position in both jets

in Sects. 6 and 7 discusses the spectral analysis. In Sect. 8 we

present the brightness temperature distribution along both jets

of NGC 1052 and summarize our results in Sect. 9.

2. Observations and data reduction

NGC 1052 was observed on December 28th, 1998 with the

VLBA at four frequencies (5 GHz, 8.4 GHz, 22 GHz, and

43 GHz) in dual polarization mode. The data were recorded

with a bit rate of 128 Mbps at 2-bit sampling providing a band-

width of 16 MHz per polarization hand (divided in two blocks

of 16 0.5 MHz channels each). The total integration time on

NGC 1052 was about one hour at 5 GHz, 8.4 GHz, and 22 GHz

each, and about six hours at 43 GHz, to compensate the lower

array sensitivity and the lower source flux density. 3C 345 and

4C 28.07 were used as calibrators during the observation. The

correlation of the data was done at the Array Operations Center

of the VLBA in Socorro, NM, USA, with an averaging time of

two seconds. All antennas of the array yielded good data, ex-

cept the Owens Valley antenna, which did not record data at

8.4 GHz and 22 GHz. The data at 22 GHz and 43 GHz suffered

from some snow in the Brewster dish and rain at St. Croix.

2 Napier (1994); the VLBA is operated by the National Radio

Astronomy Observatory (NRAO), a facility of the National Science

Foundation operated under cooperative agreement by Associated

Universities, Inc.

The data calibration and imaging were performed apply-

ing standard methods using the programs AIPS and 

(Shepherd et al. 1997). The a priori data calibration and fringe

fitting were performed inAIPS using the nominal gain curves

measured for each antenna. Instrumental phase offsets and

gradients were corrected using the phase-cal signals injected

into the data stream during the data recording process. The

data were averaged over frequency and exported fromAIPS.

Then, the data were read into , edited, phase- and ampli-

tude self-calibrated, and imaged by making use of the 

algorithm. From a careful comparison of the uncalibrated and

self-calibrated data, the absolute flux calibration can be (con-

servatively) estimated to be accurate on a level of <∼10 percent.

The data were corrected for the instrumental polarization

of the VLBA using the method described by Leppänen et al.

(1995). The absolute values of the electric vector position an-

gles (EVPAs) at all four frequencies were calibrated using the

source 3C 345, for which a large data base exists in the litera-

ture from which the EVPA in the core and jet regions of this

source can be obtained (e.g., Ros et al. 2000).

3. Modeling the source structure

In VLBI imaging the absolute positional information is lost

in the phase-calibration process. In the case of simultaneous

multi-frequency observations this means that a priori it is not

clear how the images at the different frequencies have to be

aligned. The ideal method for overcoming this is to carry out

phase-referencing observations, using a compact nearby object

and using it to calculate the position of the target source rel-

ative to it (e.g., Ros 2004). Our VLBA observations were not

phase-referenced, so another way was used to register the four

maps. We model fitted the visibility data with two-dimensional

Gaussian functions. Those functions, called components, were

chosen to be circular to reduce the number of free model

parameters and to facilitate the comparison of the models at

the different frequencies. The model fitting was performed in

 using the least-squares method. The errors were de-

termined with the program , a program from the Caltech

VLBI data analysis package that calculates the statistical confi-

dence intervals of the fitted model parameters by varying each

parameter.

The fits were initially performed independently at the dif-

ferent frequencies to avoid biasing one by another. Once good

fits for all four frequencies were obtained, a cross comparison

of the resulting maps was made and the fits were modified to

get a set of model fits as consistent as possible. Criteria for

consistency were:

– regions that show emission at adjacent frequencies should

be represented by the same number of components;

– extended components in the outer parts of the jets should

become weaker at higher frequencies as they most likely

represent optically thin synchrotron emitting regions;

– the inner edges of both jets are expected to shift inwards

towards higher frequencies due to opacity effects, i.e., the

corresponding model components might have no low fre-

quency counterpart;
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– optically-thin features should not show positional changes

with frequency.

Table 1 gives the parameters of the final models for the four

frequencies. The most distant component in the eastern jet was

labeled as A 1, the adjacent inner one as A 2, and so on. The

western jet was divided into three parts (B, C and D). The

model fit component in the innermost part of the western jet

were labeled as B 2b, B 2a, B 1 from east to west. Further out,

the components C 3b, C 3a, C 2, C 1, and D follow.

4. Image alignment

The image alignment was performed in two steps. ) The fitted

components at the different frequencies were cross–identified

and the relative shifts between the models were determined, as-

suming frequency-independent positions of optically thin fea-

tures. ) An origin was determined from which absolute dis-

tances could be measured. This method of alignment is not

a priori definite. It is based on the assumption that optically-

thin components have frequency-independent positions and

that the cross identification of the model components is correct.

However, all possible alternative identifications could be ruled

out for consistency reasons (by making use of the component

flux densities at adjacent frequencies).

We used the two most distant components (A 1 and D) to

align the 5 GHz and the 8.4 GHz models by assuming that the

mid-point between both components was spatially coincident.

Because these two outer components are optically thin and

not detectable above 8.4 GHz, the position of component A 7,

which is relatively strong at all three frequencies, was used to

align the three high-frequency models relative to the origin de-

termined from the alignment of the two low-frequency models.

As a natural choice, the most probable position of the true cen-

ter of jet activity, namely the center between the components

A 15 and B 2b, was used as the origin (compare Sect. 6). The

component positions in Table 1 are given relative to this refer-

ence point.

5. The brightness distribution in total

and polarized intensity

5.1. Total intensity imaging

Figure 1 shows the aligned uniformly weighted total intensity

images of NGC 1052 at the four frequencies and Fig. 2 shows

the images that result from applying Gaussian model-fit com-

ponents to the measured visibilities. Table 2 gives the image

parameters of Fig. 1.

The basic source structure is formed of two oppositely di-

rected jets divided by an emission gap. The source can be di-

vided into four regions: region A makes up the whole (more

or less continuous) eastward-directed jet emission; region B is

not visible at 5 GHz, but becomes the brightest and most com-

pact feature at high frequencies; regions C and D are bright

only at low frequencies and become faint and diffuse at high

frequencies. The main source characteristics are summarized

in Table 3. A sub-division can be performed based on the

Table 1. Model fit parameters.

Flux

Id density Radiusa PA FWHM

[mJy] [mas] [◦] [mas]

5 GHz, χred = 1.12

A1 80± 2 14.56± 0.03 66.5± 0.1 2.14± 0.03

A2 54± 2 12.01± 0.04 63.6± 0.1 1.87± 0.08

A3 60± 2 9.61± 0.05 65.3± 0.3 1.63± 0.04

A4 150± 7 7.46± 0.05 71.7± 0.2 0.99± 0.02

A5 338± 37 6.0± 0.2 72.8± 0.1 0.93± 0.25

A6 447± 48 5.1± 0.1 72.8± 0.2 0.83± 0.19

A7/8 450± 28 4.0± 0.1 71.0± 0.2 0.69± 0.08

A9 397± 30 3.1± 0.2 71.1± 0.3 0.20± 0.07

A10 140± 37 2.3± 0.2 70.9± 0.4 0.46± 0.05

C3 137± 3 3.84± 0.03 −114.2± 0.1 1.03± 0.06

C2 59± 3 4.75± 0.06 −115.74± 0.3 0.83± 0.09

C1 24± 1 7.19± 0.03 −119.6± 0.4 1.85± 0.10

D 67± 1 11.81± 0.01 −114.7± 0.1 2.24± 0.05

8.4 GHz, χred = 1.76

A1 38± 1 14.70± 0.03 66.5± 0.1 2.00± 0.03

A2 37± 1 12.04± 0.04 64.0± 0.1 2.34± 0.08

A3 36± 1 9.30± 0.05 65.9± 0.3 1.62± 0.04

A4 83± 4 7.34± 0.05 71.9± 0.2 0.98± 0.02

A5 72± 8 6.4± 0.2 72.7± 0.1 0.59± 0.25

A6 360± 26 5.5± 0.1 72.8± 0.2 0.81± 0.12

A7 396± 22 4.4± 0.1 72.3± 0.2 0.74± 0.06

A8 146± 8 3.8± 0.1 69.7± 0.2 0.28± 0.06

A9 360± 21 3.2± 0.2 71.3± 0.3 0.34± 0.05

A10 316± 47 2.7± 0.2 69.2± 0.4 0.31± 0.03

A11 137± 25 1.9± 0.2 74.3± 0.4 0.34± 0.07

B2a/b 56± 4 0.60± 0.03 −119.8± 0.1 0.36± 0.02

B1 29± 2 1.26± 0.03 −119.9± 0.1 0.31± 0.02

C3 20± 1 3.75± 0.03 −114.2± 0.1 1.06± 0.08

C2 77± 4 4.86± 0.06 −114.9± 0.3 0.90± 0.09

C1 21± 1 7.03± 0.03 −119.1± 0.4 1.68± 0.10

D 48± 1 11.95± 0.01 −114.7± 0.1 2.21± 0.05

22 GHz, χred = 0.71

A6 138± 5 5.48± 0.03 72.4± 0.2 0.98± 0.04

A7 140± 7 4.39± 0.01 72.2± 0.2 0.65± 0.03

A8 99± 5 3.72± 0.01 68.1± 0.2 0.47± 0.03

A9 139± 6 3.09± 0.01 72.2± 0.2 0.32± 0.02

A10 144± 5 2.70± 0.01 68.5± 0.2 0.27± 0.01

A11 44± 8 1.98± 0.04 73.0± 0.8 0.29± 0.07

A12 86± 15 1.53± 0.04 72.1± 0.4 0.26± 0.06

A13 54± 14 1.20± 0.04 71.1± 0.9 0.22± 0.06

B2b 341± 14 0.52± 0.02 −123± 1 0.21± 0.01

B2a 151± 14 0.72± 0.05 −115± 2 0.29± 0.02

B1 31± 2 1.38± 0.02 −132± 1 0.3± 1.7

C3a 50± 4 3.34± 0.02 −116.4± 0.4 0.58± 0.03

C3b 86± 6 4.18± 0.07 −116± 1 1.95± 0.16

43 GHz, χred = 0.83

A6 40± 2 5.36± 0.03 72.8± 0.2 0.92± 0.05

A7 44± 2 4.39± 0.01 72.2± 0.2 0.51± 0.03

A8 39± 2 3.76± 0.01 68.7± 0.1 0.46± 0.03

A9 37± 1 3.177± 0.003 71.8± 0.1 0.22± 0.01

A10 70± 1 2.772± 0.004 68.4± 0.1 0.33± 0.01

A11 19± 1 1.95± 0.01 71.6± 0.5 0.32± 0.03

A12 57± 2 1.499± 0.004 70.2± 0.2 0.22± 0.01

A13 43± 2 1.221± 0.006 70.8± 0.2 0.12± 0.01

A14 54± 1 1.017± 0.003 71.9± 0.2 0.08± 0.05

A15 19± 1 0.47± 0.01 61± 2 0.21± 0.03

B2b 225± 2 0.467± 0.002 −119.2± 0.3 0.224± 0.002

B2a 31± 2 0.779± 0.007 −120.9± 0.6 0.22± 0.01

C3b 27± 2 3.33± 0.05 −116.5± 0.8 0.95± 0.08

a The radius is measured from the center between A 15 and B 2b

(see Sect. 4.6).
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A

C

D

B

Fig. 1. The aligned VLBA images of

NGC 1052 at 5 GHz, 8.4 GHz, 22 GHz,

and 43 GHz. Contours and beam sizes

are given in Table 2.

Fig. 2. The aligned model-fit maps. The cir-

cles represent the full width at half max-

imum (FWHM) of the circular Gaussians.

The vertical and oblique lines join the as-

sociated components between different fre-

quencies. The components A 1 and D be-

tween 5 GHz and 8.4 GHz and A 7 between

8.4 GHz, 22 GHz and 43 GHz (joined by a

thicker trace) were used for the alignment.

The lowest contours are 1.9 mJy/beam for the

5 GHz model, 2.6 mJy/beam for the 8.4 GHz

model, 5.0 mJy/beam for the 22 GHz model and

3.5 mJy/beam for the 43 GHz model.
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Table 2. Total intensity image parameters.

ν Beam S peak S tot
a rms Lowest contour

[GHz] [mas × mas,◦] [Jy/beam] [Jy] [mJy/beam] [mJy/beam]

5 3.30 × 1.31,−3.74 0.660b 2.41 0.26 1.5

8.4 1.98 × 0.81,−3.87 0.538b 2.39 0.25 1.5

22 0.86 × 0.32,−7.63 0.339c 1.51 1.20 2.5

43 0.45 × 0.16,−7.93 0.126c 0.67 0.67 2.5

a Total flux density recovered in the image.
b Corresponds to the A component.
c Corresponds to the B component.

Table 3. Source characteristics on mas-scales.

Eastern western

Mean Jet Jet Gap

ν PA length length width Notes

[GHz] [mas] [mas] [mas]

5 65◦ 30 30 ∼1.3 A dominates; B totally ab-

sorbed

8.4 65◦ 14 14 <0.5 A dominates; B occupies

the 5 GHz gap region

22 67◦ 13 6 ∼0.5 B dominates

43 70◦ 5 3.5 ∼0.2 B dominates; western jet

weak

Gaussian model fits, found to represent the source structure

(see Fig. 2).

Whilst the eastern jet is only slightly curved at distances

from the gap larger than 4 mas the counterjet exhibits strong

curvature most pronounced at 22 GHz. The jets appear nearly

symmetric in the 5 GHz and 8.4 GHz images, becoming asym-

metric at higher frequencies. While the emission gap is most

prominent at 5 GHz the images at 8.4 GHz, 22 GHz, and

43 GHz reveal jet components occupying this gap region, leav-

ing a smaller but still prominent emission gap. The frequency

dependence of the VLBI “core” positions, the points were the

eastern and the western jet become optically thin can clearly be

seen in Fig. 1. This so-called “core shift” will be analysed in

detail in Sect. 6.

5.2. Linearly polarized intensity imaging

Figure 3 shows the linearly polarized intensity and its EVPA

overlaid on the total intensity image at 5 GHz. A region of

linearly polarized emission is visible at the base of the east-

ern jet. The peak is about 3 mJy per beam and the EVPA is

about 70◦, roughly parallel to the jet. To decide whether the

region of linearly polarized emission is resolved, slices along

the jet axis of both the total intensity image and the polariza-

tion image were produced, using the task  in AIPS (in-

layed panel in Fig. 3). In this plot, the polarized emission peaks

about 1 mas offset from the total-intensity maximum. A com-

parison to Fig. 2 ascribes this part of the jet to component A 10,

which is optically thick at 5 GHz. The asymmetry of the polar-

ized emission slice suggests the presence of at least two com-

ponents. The polarized emission is thus slightly resolved and

originates in the optically thick part of the eastern jet at 5 GHz.

No linearly polarized emission at a flux density level above

1 mJy could be detected at the other three frequencies. Usually,

the degree of polarization rises with frequency since beam de-

polarization reduces the degree of polarization at lower fre-

quencies more strongly than at higher frequencies. Thus, one

expects the eastern jet to exhibit polarized emission from the

region around component A 10 and A 11 at 8.4 GHz also.

Assuming that the polarization has the same (flat) spectrum as

the total intensity in this region, it should reach ∼3 mJy per

beam at 8.4 GHz (comparable to the polarized flux at 5 GHz).

However, this is not observed. At higher frequencies these com-

ponents become optically thin (compare Sect. 7) and thus fall in

total intensity. Were their emission polarized to the same degree

as at 5 GHz it would be <1 mJy per beam and would thus lie be-

low the detection threshold. The non-detection of linear polar-

ization at the high frequencies in our observations is consistent

with the results of Middelberg et al. (2004) who report unpo-

larized emission from NGC 1052 at 15 GHz down to a limit

of 0.4%.

6. Identifying the center of activity

The symmetry between the jet and the counterjet constrains the

position of the central engine in NGC 1052. The cores of both

jets are located at the distances to the central engine, rc, where

the optical depth τ has fallen to ∼1. In a conical jet geometry

this distance is given by: rc ∼ ν
− 1

kr , (see, e.g., Lobanov 1998)

where kr = ((2α − 3)b − 2n − 2)/(5 − 2α), with α being the

spectral index and b and n the power indices of the magnetic

field and the density of the emitting particles: B ∼ rb, N ∼ rn

(Lobanov 1998). Taking logarithms leads to:

log(rc) = −
1

kr

log(ν) + const. (1)

Measuring rc at two frequencies allows one to determine kr in

the corresponding region of the jet. For a freely expanding jet

in equipartition (Blandford & Königl 1979), kr = 1. The value

of kr is larger in regions with steep pressure gradients and may

reach 2.5, for moderate values of m and n (Lobanov 1998).

If external absorption determines the apparent core position,

comparable density gradients of the external medium can al-

ter kr to values above 2.5.

The values of kr deduced depend crucially on the absolute

values of rc on the two sides and therefore on the assumed po-

sition of the central engine. Four scenarios have been tested

with different reference points (see Fig. 4). Table 4 gives the

derived values of kr for each scenario. In each case the position

of component A 14 has been assumed as the core of the east-

ern jet, rather than A 15. The latter is comparably weak and,

thus, most likely does not represent the true jet core. A 15 might

rather represent a bright but heavily self-absorbed new jet com-

ponent. Formally, however, the kr values for the scenarios 1,

2, and 4 between 22 GHz and 43 GHz change to 1.4 ± 0.06,

0.6 ± 0.03, and 1.0 ± 0.04 if A 15 instead of A 14 is used. For
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Fig. 3. 5 GHz image of the polarized emission

in NGC 1052 (EVPA superimposed on the to-

tal intensity). The inlayed panel shows the total

intensity and polarized emission profiles along

the slice marked with the dashed line.

scenario 3, A 15 cannot be associated to the eastern jet core

(compare Fig. 4).

The area between the model components A 15 and B 2b is

the most likely location of the central engine and the center be-

tween both components is a natural choice for its exact position

(scenario 1). Shifting the reference point eastwards (scenarios 2

and 3) alters the values of kr into unphysically large regimes

(requiring density gradients ∝r−10 and higher). Assuming the

true center of activity to be located more westwards (closer

to B 2b, scenario 4), the values of kr derived are still accept-

able.

The positions of the bases of both jets at the different fre-

quencies for the first case (scenario 1) are shown in Fig. 5.

The eastern jet has rather high values of kr below 22 GHz, al-

though still in agreement with steep pressure gradients in the

jet environment. Above 22 GHz kr is 3.9± 0.8, which is a good

indicator for free-free absorption affecting the jet opacity. The

western jet has values of kr as high as 6.8± 2.7 between 22 GHz

and 43 GHz, suggesting a large contribution from free–free ab-

sorption.

The results from the core shift analysis support the picture

of a free–free absorbing torus covering mainly the inner part

of the western jet and also a smaller fraction of the eastern jet.

The true center of activity in NGC 1052 can be determined to

lie between the model components A 15 and B 2b, with an un-

certainty of only ∼0.03 pc.

7. Spectral analysis

Spectral information can be derived from multi-frequency

VLBI data in two ways. The first approach is to use the

knowledge of the proper alignment of the total intensity images

to derive images of the spectral index between two adjacent fre-

quencies. The second approach is to derive spectra of the model

fit components. The approaches are somewhat complementary.

The latter gives a handy number of component spectra, which

can be analysed in detail, whereas the spectral index imaging

gives the full course of the spectral index along the jet axis.

Particularly, this yields spectral information at parts of the jet

that are not adequately represented by Gaussian model compo-

A15
A14

B2b

1
4

2
3

Fig. 4. Image with the model fitting results of the 43 GHz data. The

innermost jet components are labeled. The putative locations of the

central engine are indicated for four different scenarios (see discussion

in the text).

nents. The results of both approaches will be presented in this

section.

7.1. Spectral index imaging

Spectral index images have been produced using the AIPS

task 3. For this, the total intensity has been reimaged with

appropriate tapering of the (u, v)-data to match the resolutions

at adjacent frequencies. Information below 1 mJy/beam was

discarded in both input images. Table 5 gives the restoring

beams and the other relevant parameters of the derived images.

The spectral index images are shown in Fig. 6.

The main feature in each image of the spectral index is an

optically thick inner edge of the innermost part of both jets.

Outwards along the jets, the spectral index tends to decrease.

The spectral index α exceeds the value of 2.5, the theoretical

upper limit for synchrotron self-absorption, on both sides of the

3 At each pair of pixels of the two (coinciding) images, the spectral

index α (S ∝ να) is calculated from the flux densities per beam S 1 and

S 2 at the two frequencies ν1 and ν2: α = (log S 1 − log S 2)/(log ν1 −

log ν2).
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k r = 2.7

k r = 2.1

k r = 4.1

k r = 6.8
k r = 6.2

A10

A11

A14

A13

B2b

B2b

B2a/b

Fig. 5. Core positions in the two jets at the different frequencies for

scenario 1 (see Fig. 4). Table 4 provides the values of kr for the other

two scenarios. The inset panel shows the core locations in the source

at the four frequencies.

Table 4. Values of kr for the four different putative centers of activity.

(5–8.4) GHz (8.4–22) GHz (22–43) GHz

Scenario kr,east kr,west kr,east kr,west kr,east kr,west

1 2.7± 1.9 – 2.1± 0.5 6.8± 3.0 4.1± 0.8 6.2± 2.2

2 2.4± 1.7 – 1.8± 0.4 9.8± 4.3 3.1± 0.6 9.3± 3.4

3 2.1± 1.5 – 1.4± 0.3 12.9± 5.2 2.2± 0.4 12.5± 4.6

4 3.0± 2.1 – 2.5± 0.6 3.7± 1.6 4.9± 1.0 3.0± 1.0

Table 5. Spectral index image parameters.

ν1 ν2 Common beam Cutoff

[GHz] [GHz] [mas×mas, ◦] [mJy/beam]

5 8.4 2.64× 1.06, −3.81 2

8.4 22 1.42× 0.57, −5.75 1

22 43 0.66× 0.24, −7.78 1

gap in the (5–8.4) GHz spectral index image and on the eastern

side of the gap also between 8.4 GHz and 22 GHz. High val-

ues of α are also reached on the western side of the gap in the

(8.4–22) GHz spectral index image and on both sides between

22 GHz and 43 GHz, which however do not exceed the critical

value of 2.5. Towards the outer jet regions the spectral index

typically falls to values <∼−1 in the whole frequency range be-

tween 5 and 43 GHz. This suggests that the emission from these

outer jet regions far from the gap is optically thin above 5 GHz.
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Fig. 6. Spectral index images of NGC 1052. The contours and beam

parameters are given in Table 5. Note the different scales in the three

images and that the images are centered on component B 2.

7.2. Spectral analysis of the model fit components

The flux densities of the model fit components (see Fig. 2)

can be used to derive spectra of ) the whole parsec-scale struc-

ture, ) the two jets separately and ) the model fit components

themselves. In Fig. 7, the total spectrum of the parsec-scale

structure of NGC 1052 between 5 GHz and 43 GHz is shown,

as well as the spectra of both jets separately. All values were

obtained by adding up flux densities4 of model components

(A 1 to A 15 for the eastern jet and B 2b to D for the western

one).

At the high frequencies both jets show similar spectra with

an optically thin decrease of the flux density above 22 GHz.

The spectral index in this regime is around −1 in both jets,

with the eastern jet being significantly stronger than the west-

ern one in agreement with the interpretation that the eastern jet

approaches the observer whereas the western jet is the counter-

jet. However, below 22 GHz the spectra of the two jets differs

substantially. The eastern jet spectrum remains optically thin

above 8.4 GHz and flattens around 5 GHz. The western jet, on

the other hand, exhibits a sharp decrease in flux below 22 GHz.

4 We estimated the statistical standard uncertainty of all quantities

derived from the model component flux densities. The calculated

errors are shown in the plots, when they are not negligible.
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Fig. 7. Spectrum of the parsec-scale structure of NGC 1052 between

5 GHz and 43 GHz (total and for both jets separately). Errorbars are

shown only if they exceed the symbol size.

Although the spectral index limit of 2.5 is not exceeded, syn-

chrotron self-absorption seems very unlikely to be responsi-

ble for the turnover of the spectrum because of two reasons.

First, the similarity of the spectra of eastern and western jet

at high frequencies suggests similar intrinsic physical proper-

ties on both sides so that the self absorption frequency should

not differ by a factor of three. Second, the kinematical analy-

sis of Vermeulen et al. (2003) shows the jet axis to be close

to the plane of the sky and the motions to be only weakly rel-

ativistic. There is little evidence for strong Doppler boosting.

Moreover, such an effect should shift the turnover frequency of

the counterjet to lower frequencies, rather than to higher ones.

In Sect. 8.3 we will use the moderate velocity differences, on

the one hand, and the more pronounced brightness-temperature

difference of jet and counterjet, on the other hand, to constrain

the orientation of the jet-counterjet system.

If the spectrum of the western jet is decomposed into the

spectra of the different jet regions B, C and D (see Figs. 1 and

8) it turns out that the region B, the innermost region on the

western side, is responsible for the inversion of the western

jet spectrum below 22 GHz. Its spectrum between 5 GHz and

8.4 GHz is highly inverted with a spectral index >4 since it is

not detectable at all at 5 GHz. Such a spectral index cannot be

due to synchrotron self absorption but indicates a region of ex-

ternal absorption towards the core of the western, receding jet.

The highly inverted spectrum of this component in NGC 1052

and the necessity of an external absorber was first mentioned

by Kellermann et al. (1999) and later confirmed by Kameno

et al. (2001) and Vermeulen et al. (2003).

It is not clear whether the eastern jet is also affected by ex-

ternal absorption. Kameno et al. (2001) proposed a geometry in

which the obscuring torus covers 0.7 mas of the western jet and

0.1 mas of the eastern jet. Emission from A 11 is not detected

at 5 GHz. Estimating (conservatively) a flux density of 10 mJy

at 5 GHz yields a spectral index of ∼5. This would suggest that

Fig. 8. Spectra of the four jet regions A, B, C and D (see Fig. 1 for the

definition of the jet regions). The arrows indicate that component C is

partly resolved at 43 GHz and component B is not detected at 5 GHz.

Thus, the shown values represent only a lower and upper limit, re-

spectively. Errorbars are shown only if they exceed the symbol size.

the innermost part of the eastern jet is also strongly affected by

external absorption. However, if the flux densities of the two

components A 10 and A 11 are summed at 5 GHz and 8.4 GHz,

one obtains a spectral index of 2.3, which is close to that ex-

pected for pure synchrotron self-absorption. Consequently, due

to the small separations between the inner components in the

eastern jet, we cannot finally judge from this approach whether

free-free absorption plays an important role. Kameno et al.

(2003) determined a spectral index of 3.28 ± 0.27 for the base

of the eastern jet between 1.6 GHz and 4.8 GHz and attribute

this to free-free absorption in the obscuring torus.

The jet-to-counterjet ratio of NGC 1052 can be determined

from the model fitted flux densities of both jets. Figure 9 shows

the ratio of the flux densities of the model components on either

side of the gap as a function of frequency. At high frequencies

the jet-to-counterjet ratio is ∼1.5 and starts rising towards lower

frequencies below 22 GHz. At 8.4 GHz the jet is brighter than

the counterjet by a factor of ∼5 and at 5 GHz the jet outshines

the counterjet even by a factor of ∼7. The jet-to-counterjet ratio

is known to keep rising at lower frequencies up to 50 at 2.3 GHz

(Kameno et al. 2001). This suggests that a much bigger part of

the western jet is covered by the absorber than apparent from

our high-frequency data. Alternatively, curvature effects may

play an important role. In this case, the counterjet bends away

from the observer at a distance of a few milliarcseconds from

the core and its radiation is Doppler de-boosted.

8. Brightness-temperature gradients

In this section the brightness-temperature gradients along both

jets in NGC 1052 are discussed. Starting from the assumption
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Fig. 9. The jet-to-counterjet ratio determined from the flux densities

of the model fit components as a function of frequency. Errorbars are

shown only if they exceed the symbol size.

that the magnetic field B, the electron density N, and the jet

diameter D can be described by power-laws:

B ∝ rb; N ∝ rn; D ∝ rd (2)

it can be derived that the brightness temperature, Tb, is ex-

pected to fall with increasing distance from the jet base like:

Tb ∝ rs, (3)

with s < 0. For this, one assumes optically thin synchrotron

emission with an emissivity jν ∝ neB(ν/νB)α (Krolik 1999,

Sect. 9.2.1) and, implicitly, a constant Lorentz factor of the

emitting electrons. Under these assumptions the brightness

temperature distribution is determined by the jet-geometry

(d = 1 for a conical jet, d < 0 for a collimated jet, and d > 0

for a decelerating jet), the course of the magnetic field and the

particle density via

s = d + n + b(1 − α), (4)

where α is the spectral index. Typically, straight and continu-

ous jets exhibit values of s ∼ −2.5 on parsec-scales (Kadler

et al., in prep). The search for deviations from this power-law

dependence provides a tool to find regions in a jet which are

affected by external absorption or by abrupt changes of the jet

parameters.

For a non-thermal source, the brightness temperature is a

frequency-dependent quantity (see e.g., Condon et al. 1982):

Tb = 1.22 × 1012 K

(

S ν

Jy

)

(

ν

GHz

)−2
(

Θ

mas

)−2

, (5)

with S ν the flux density of the source, ν the observing fre-

quency, and Θ the apparent diameter at half maximum. In

principle, the observing frequency has to be corrected for the

source redshift, but due to the small distance of NGC 1052

Table 6. Tb gradient along the eastern jet.

ν T̂ν s

[GHz] [K]

5 2.1+2.4
−1.1
× 1013 −4.1 ± 0.4

8.4 5.3+4.2
−2.3
× 1012 −4.1 ± 0.3

22 1.9+1.1
−0.7
× 1011 −3.8 ± 0.3

43 3.7+6.6
−2.3
× 1010 −4.1 ± 0.8

Note: We performed a power-law fit to Tb beyond a distance from

the central engine r = 2.5 mas as Tb(r) = T̂ν × rs, where T̂ν is the

extrapolated brightness temperature at 1 mas and s is the power index.

(z = 0.0049) this correction is negligible. According to Eq. (5),

brightness temperatures have been computed for the model fit

components at all four frequencies. The uncertainties in Tb

were computed using Gaussian error propagation from the er-

rors in flux density S and FWHM of the model components Θ.

We assumed conservative values of 10% for ∆S and 20%

for ∆Θ.

8.1. The Tb distribution along the eastern jet

Figure 10 shows the brightness temperatures in the eastern jet

as a function of distance from the central engine. The latter was

assumed to lie at the center between the components A 15 and

B 2b (see Sect. 6 for a detailed discussion of the central engine

position in NGC 1052). Tb rises towards the center following

roughly a r−4-law (compare Table 6). Between 2 mas and 3 mas

from the central engine, however, there is an abrupt decrease

of Tb (dashed line in Fig. 10). This “cut-off” is present at all

four frequencies although the inner components (only visible

at 22 GHz and 43 GHz) exhibit again a rise in Tb. The value

of the innermost component A 15 falls significantly below the

extrapolation of the curve defined by A 12, A 13, and A 14.

8.1.1. What causes the cut-off of the Tb-distribution?

We discuss three possible origins of the frequency–independent

cut-off of Tb in the eastern jet:

Free–free absorption: At a distance of ∼2.5 mas from the

central engine the overhanging edge of the obscuring torus

might start to obscure a substantial fraction of the jet and

thus reduce the brightness temperature of its components via

free-free absorption. If this interpretation was correct the pro-

nounced frequency dependence of the optical depth due to free-

free absorption (τ f ∝ ν
−2.1) should be measurable: the free-free

absorbed (i.e., observed) flux density S ν,abs depends on the in-

trinsic flux density S ν, the optical depth of the absorber τ f and

the observing frequency ν as

S ν,abs = S ν · e
−τ f . (6)

The calculated values of τ f are given in Table 7 from which it

is obvious that no pronounced effect of decreasing opacity with

increasing frequency is present. This makes the interpretation

as free-free absorption unlikely.
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Table 7. Optical depth values – eastern jet.

Id 5 GHz 8.4 GHz 22 GHz 43 GHz

A 10 3.2 ± 1.1 – – –

A 11 – 3.0 ± 0.9 2.5 ± 1.0 3.0 ± 1.9

A 12 – – 2.6 ± 0.9 2.3 ± 2.3

A 13 – – 3.6 ± 1.1 2.2 ± 2.7

A 14 – – – 1.9 ± 3.3

A 15 – – – 8.2 ± 6.9

Note: Values for a distance from the central engine smaller than r =

2.5 mas.

Synchrotron self-absorption: The synchrotron emission from

a freely expanding, relativistic jet is self-absorbed at distances

smaller than

rν =















(

ν

Kjet

)ε+1
1

δε
j
φobs















1/(n+ε b+1)

, (7)

due to the change of the optical depth along the jet (Lobanov

1998):

τs ∝ rn+εb+1δεj . (8)

Here, ε = 3/2 − α, ν is the observing frequency, φobs is the

observed opening angle of the jet (thus, implicitly assuming

d = 1; compare Eq. (2)), Kjet is a bootstrap constant describing

the jet conditions at a certain characteristic distance (Lobanov

1998), and δ j is the jet bulk Doppler factor. Acceleration and

deceleration of the flow may affect the dependence of Eq. (7),

and ultimately even cause the observed abrupt decrease of the

brightness temperature at shorter distances from the central en-

gine (Fig. 10).

The effect of deceleration can be accounted for by assum-

ing δj ∝ r f , with f ≤ 0, and φobs ∝ rc, with c ≥ 0. With these

assumptions, the length of the self-absorbed portion of the jet

becomes rν ∝ ν
ζ , with

ζ =
ε + 1

ε(b + f ) + n + c + 1
· (9)

The peak-positions of the brightness temperature distribution

in the eastern jet (Fig. 10) imply ζ ≥ −1/10 (note that ζ < 0)

for the shallowest possible slope of rν. For a typical set of as-

sumption about the jet flow (b = −2, n = −1, α = −1) this

requires f ≤ −8 − 2/5c, which is implausible as it implies ex-

tremely strong deceleration (δj ∝ r−8 and higher) of the flow.

This scenario can therefore be ruled out.

Steep pressure gradients: Frequency-independent local

maxima of the brightness-temperature distribution along the jet

can also be produced by strong density and pressure gradients

at the outer edge of the nuclear torus and, to a lesser degree, by

the gradients of the magnetic field strength (Lobanov 1998).

Such gradients may result in rapid changes of synchrotron self-

absorption and external free-free absorption of the jet emis-

sion, both of them increasing the opacity at shorter distances

from the nucleus. These two factors together can in principle

explain values of ζ ≥ −1/10, if density gradients at the outer

edge of the torus are stronger than n ≈ −10 (N ∝ rn). For

the expected size of the nuclear torus rtor ∼ 0.2 pc to 0.3 pc

(corresponding to the distance of 2 mas to 3 mas at which the

brightness-temperature decrease sets on), and typical densities

in the absorbing torus (nH ∼ 106 cm−3 to 1012 cm−3, Cassidy

& Raine 1993) and in the nuclear medium of the host galaxy

(nH ∼ 102 cm−3 to 108 cm−3, Ferguson et al. 1997), the den-

sity increase should occur on scales of ∼2.5rtor. This seems to

be the most plausible explanation for the observed brightness

temperature changes in the eastern jet.

Standing shocks: The approach to describe the jet parame-

ters B, N, and D with simple power laws (Eq. (2)) assumes,

implicitly, a quasi-stationary, continuous jet flow without per-

turbations. This model cannot describe the influence of shocks

in the jet flow on the brightness temperature distribution.

Qualitatively, the occurence of a cut-off in the Tb-distribution at

the location of a region of enhanced linearly polarized emission

(compare Sect. 5.2) is in agreement with the expected observa-

tional signature of a standing shock. Part of the bulk flow en-

ergy of the jet can be converted into magnetic energy of the jet

plasma in such a standing-shock region. This might cause Kjet

to increase abruptly. Beyond the shock, the jet flow might be

quasi-stationary and thus well described by our model.

8.1.2. Derivation of the spectral index

The frequency dependence of the brightness temperatures in

the eastern jet of NGC 1052 (see Table 6) enables us to derive

directly the value of the spectral index α: Eq. (5) shows that

the brightness temperature at a given distance from the cen-

tral engine depends on the spectral index as Tb ∝ ν
−2+α,

if optically thin synchrotron emission is assumed. A linear re-

gression of the brightness temperature at a distance of 1 mas

(T̂ (ν); see Table 6) as a function of frequency ν yielded T̂ (ν) ∝

ν−3.0±0.1. Thus, the spectral index is α = −1.0 ± 0.1. This is in

good agreement with the results of the spectral index imaging

(see Sect. 7.1).

8.1.3. The gradients of particle density and magnetic

field

The fitted sizes of the Gaussian components at the four fre-

quencies do not show significant deviations from a conical jet-

structure so that d = 1 can be assumed. Applying this to Eq. (4)

leads to

n + 2b ∼ −5. (10)

In the most simple scenario of a conical expanding jet with

a well defined particle energy distribution function (i.e. with-

out cooling; n = −2) and equipartition between magnetic

energy and particle energy (b = n/2), a relation n + 2b =

−4 is expected. Our result thus implies that at least one of

these two assumptions does not hold strictly. If one assumes

that equipartion holds, energy losses (e.g. due to adiabatic
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A15 A14A13 A12 A11 A10 A9 A8 A7 A6 A5

A4 A3 A2 A1

Fig. 10. Brightness temperature distribution along the eastern jet of

NGC 1052. Above the cut-off distance of ∼2.5 mas the data can be

fitted by a power-law (see Table 6 for the fit parameters) with a power-

law index of ∼−4. The offset between the four data sets of brightness

temperatures reflects the frequency dependence of Tb (see Eq. (5)).

expansion) might steepen the particle energy distribution ef-

fectively to n ∼ −2.5. An alternative explanation would be that

the magnetic flux of a dominant longitudinal component of the

magnetic field density along the jet axis (πD2Bz) might be con-

served so that b = −2. In the extreme case of no transverse

magnetic field component this would lead to n + 2b ∼ −6.

In principle, the detection of polarized emission in the east-

ern jet (see Sect. 5.2) allows the direction of the dominant

component of the magnetic field to be determined. The lin-

early polarized emission originates in the region around com-

ponent A 10, thus at the edge of the most compact component

of the obscuring torus. Faraday rotation in this region is ex-

pected to be large so that we cannot directly derive a dominant

transverse magnetic field from the alignment of the EVPAs

with the jet axis. Polarimetric observations at multiple closely

separated frequencies around 5 GHz would be necessary to de-

rive the amount of Faraday rotation, which in combination with

the measured opacity due to free-free absorption τ f addition-

ally would allow to disentangle the particle density and the

magnetic field (the Faraday rotation at a given frequency is pro-

portional to the particle density ne, while τ f ∝ n2
e).

8.2. The Tb distribution along the western jet

The brightness-temperature distribution along the western jet

of NGC 1052 is shown in Fig. 11. Here, the situation is more

complex than on the eastern side. The western jet is less con-

tinuous than the eastern jet, which might be due to stronger

curvature, particularly, between the regions C and D (see the

counterjet structure at 22 GHz in Fig. 1). Since the equations

derived above assume a straight jet geometry without abrupt

bends, we do not try to approximate the brightness-temperature

distribution by a single power-law. However, the course of the

brightness temperature along the western jet tells something

B2b B2a B1 C3 C2 C1 D

Fig. 11. Brightness temperature distribution along the western jet of

NGC 1052. No simple power-law can approximate the data, probably

due to strong curvature effects.

about the orientation of the jets and the structure of the obscur-

ing torus towards the receding jet.

Tb decreases rapidly outwards between 3 and 12 mas. At a

distance of about 7 mas, however, in the area of component C 1,

the brightness temperature has a local minimum at 5 GHz and

8.4 GHz, which might be due to Doppler de-boosting due to

a bend away from the line of sight. Inwards of 3 mas, in re-

gion B, where the strongest effects of free-free absorption were

detected (see Sect. 7) the Tb distribution is flatter and the peak

brightness temperatures do not exceed values of a few times

1010 K.

Component B 2 is strongly absorbed and, thus, its bright-

ness temperature is substantially reduced at 8.4 GHz, dropping

even below the peak value at 22 GHz (as expected due to its in-

verted spectrum discussed above). This can be used to estimate

the absorbing column density towards component B 2, the area

of the strongest effects of free-free absorption in NGC 1052.

Assuming an intrinsic symmetry between jet and counterjet we

can use the measured frequency-dependence of T̂ (ν) from the

eastern jet of NGC 1052 to estimate the intrinsic brightness ra-

tio of the counterjet at 8.4 GHz and 22 GHz. Considering the

slightly different fitted slopes (compare Table 6) we derive from

the best sampled region between 3 mas and 8 mas along the

eastern jet that the brightness temperature at 8.4 GHz should

exceed the value of Tb at 22 GHz by a factor of 15 to 20.

Component B 2 has approximately the same brightness temper-

ature at 8.4 GHz and at 22 GHz (mean value of B 2a and B 2b)

which means that its flux density at 8.4 GHz is reduced by a

factor of ∼e−2.7–e−3.0, i.e., τ8.4−22
f

(B 2) ∼ 2.7 to 3.0. This is in

agreement with the results of Kameno et al. (2001). These au-

thors derive an optical depth of 300 at 1 GHz in the region cor-

responding to our component B 2, yielding τ f ∼ 3.4 at 8.4 GHz.

The optical depth due to free-free absorption is given by (e.g.,

Lobanov 1998)

τ f = 30 × 1016 L T−1.35 ν−2.1 n
2
. (11)

For τ f ∼ 3 at ν = 8.4 GHz at a temperature of T = 104 K,

and a length of the absorber of L = 0.3 pc (comparable to
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the extent of the absorbing region in the plane of the sky)

we derive a density of n = 2.4 × 105 cm−3 and an absorb-

ing column density of 2.2× 1022 cm−2 towards component B 2.

Depending on the unknown ionization fraction of the torus ma-

terial5 this value is consistent with various X-ray observations

of NGC 1052, which imply a (model-dependent) column den-

sity of NH = 1022 cm−2 to NH = 1024 cm−2 towards the unre-

solved nuclear X-ray core (Weaver et al. 1999; Guainazzi et al.

1999; Kadler et al. 2004). Because of the smaller absolute dif-

ference between the corresponding values of Tb at 5 GHz and

8.4 GHz and the relatively larger uncertainties we do not derive

opacities for the outer components of the western jet. However,

from the inspection of Fig. 11 it is clear that the influence of

free-free absorption is weak beyond 4 mas west of the nucleus.

8.3. Orientation of the jet-counterjet system

The ratio of brightness temperatures in the jet and in the

counterjet at the same distances from the central engine can

be used to constrain the angle to the line of sight of the

jet/counterjet axis:

Tb,j

Tb,cj

=

(

δj

δcj

)2−α

, (12)

δj

δcj

=
1 + β cos θ

1 − β cos θ
, (13)

where δj and δcj are the Doppler factor of the jet and the coun-

terjet, respectively. The mean ratio of the measured values of Tb

on the western side and the fitted value at the corresponding

distance on the eastern side (calculated for components be-

tween 3 mas and 5 mas distance from the center where free-

free absorption effects are expected to be small) at all four fre-

quencies is 9 ± 2. Assuming a spectral index of −1, this gives

β cos θ = 0.35+0.03
−0.04

. Since β = 1 is an upper limit for the jet

speed this results in a maximum allowed angle of ∼72◦. The

minimum allowed angle derived by Vermeulen et al. (2003) is

∼57◦ for which β = 0.64. Thus, the jets are constrained to lie

at an angle to the line of sight between 57◦ and 72◦.

9. Discussion and summary

1. VLBI imaging of NGC 1052 exhibits a parsec-scale “twin-

jet” structure, matching the standard model of AGNs if the

two jets are oriented close to the plane of the sky.

2. We present accurately aligned, high-quality VLBI images

of NGC 1052 at 5 GHz, 8.4 GHz, 22 GHz, and 43 GHz, the

associated spectral index images between the adjacent fre-

quencies and spectra of the various jet regions and model

fit components.

3. The core of the western jet has a highly inverted spectrum

with a spectral index well above 2.5, the theoretical up-

per limit for synchrotron self absorption, which was first

mentioned by Kellermann et al. (1999) and later confirmed

by Kameno et al. (2001) and Vermeulen et al. (2003).

5 Free-free absorption is an indicator of the column density Ne of

free electrons in an ionised medium, rather than the column density of

neutral hydrogen NH. In a fully ionised medium, Ne = NH holds.

Qualitatively, we confirm the results of those authors, par-

ticularly, the increasing opacity in the inner tens of milliarc-

seconds of the eastern jet.

4. We analysed the frequency dependence of the observed

VLBI core position in both jets and found another clear sig-

nature of free-free absorption at the core of the western jet.

The shift rate with frequency is too low to be explained in

terms of synchrotron self absorption alone, while the core

shift rate on the eastern side can still be explained under the

assumption of steep pressure gradients increasing the syn-

chrotron opacity. From the determination of these core shift

rates we obtain an independent measurement of the position

of the central engine of NGC 1052 with an accuracy as high

as ∼0.03 pc, superior to a kinematical derivation.

5. We find a sharp cut-off of the brightness temperature dis-

tribution along the eastern jet. Neither synchrotron self

absorption nor free-free absorption can explain this be-

haviour. The most plausible explanation is that we see an

effect of steep pressure gradients at a transition regime be-

tween the external pressure-dominated jet regime and a

more or less freely expanding jet regime. Thus, the sharp

cut-off of the brightness temperature distribution marks an

observational sign of the overhanging edge of the obscuring

torus.

6. We used the ratio of the observed brightness temperatures

in the jet and the counterjet to constrain the angle to the

line of sight of the “twin-jet” system. Together with the in-

formation from the kinematical study of Vermeulen et al.

(2003), the angle to the line of sight can be determined to

lie between ∼57◦ and ∼72◦.

7. The spectral index of the synchrotron jet emission was

found to be −1. This result comes independently from the

frequency dependence of the brightness-temperature distri-

bution in the eastern jet and from the imaged spectral index

at large distances from the core.

8. Either equipartition between the magnetic energy and the

particle energy or the assumption of a single, well defined

particle energy distribution without cooling is violated in

the parsec-scale eastern jet of NGC 1052. Alternatively,

a conserved longitudinal component might dominate the

magnetic field on these scales.

9. We find a region of linearly polarized emission at the base

of the eastern jet. The EVPA of the polarized emission can-

not be evaluated directly since Faraday rotation at the center

of this galaxy is expected to be large. We find no linear po-

larization of the source at higher frequencies. The simplest

explanation for this behavior is that the different layers of

the jet have a different degree of polarization and that the

emission at higher frequencies originates in an inner, un-

polarized layer of the jet. The higher column density at the

more centrally located jet base at higher frequencies could

cause higher Faraday depolarization than it does at 5 GHz.

This idea is supported by the fact that the jet base at 5 GHz

coincides with the edge of the obscuring torus. This sce-

nario can be tested with observations at longer wavelengths

and especially around 5 GHz, where the depolarization is

expected to start dominating.
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10. Most likely, a combination of free-free absorption, syn-

chrotron self absorption, and the presence of steep pres-

sure gradients determine the parsec-scale radio properties

of NGC 1052. An analytical model fit to the observed

spectrum of only one single absorption mechanism model

seems not to be satisfactory to represent the true physical

situation.

11. The absorbing column density derived from the degraded

brightness temperature of the western jet core is ∼2 ×

1022 cm−2, in good agreement with the value obtained from

X-ray spectroscopy (Kadler et al. 2004). This suggests that

the nuclear X-ray emission (which is unresolved for all X-

ray observatories currently in orbit) originates on the same

scales which are imaged by VLBI and underlines the im-

portance of combined future radio and X-ray observations

of NGC 1052.

Acknowledgements. We are grateful to T. Beckert, A. Kraus, T.

P. Krichbaum, and A. Roy for many helpful discussions and sugges-

tions. We thank the referee, Seiji Kameno, for his careful reading

of the manuscript and his suggestions, which improved the paper.

M.K. was supported for this research through a stipend from the

International Max Planck Research School (IMPRS) for Radio and

Infrared Astronomy at the University of Bonn.

References

Blandford, R. D., & Königl, A. 1979, ApJ, 232, 34

Cassidy, I., & Raine, D. J. 1993, MNRAS, 260, 385

Claussen, M. J., Diamond, P. J., Braatz, J. A., Wilson, A. S., & Henkel,

C. 1998, ApJ, 500, L129

Condon, J. J., Condon, M. A., Gisler, G., & Puschell, J. J. 1982, ApJ,

252, 102

Ferguson, J. W., Korista, K. T., & Ferland, G. J. 1997, ApJS, 110, 287

Guainazzi, M., & Antonelli, L. A. 1999, MNRAS, 304, L15

Kadler, M., Kerp, J., Ros, E., et al. 2004, A&A, 420, 467

Kameno, S., Sawada-Satoh, S., Inoue, M., Shen, Z., & Wajima, K.

2001, PASJ, 53, 169

Kameno, S., Inoue, M., Wajima, K., Sawada-Satoh, S., & Shen, Z.

2003, Publ. of the Astron. Soc. of Australia, 20, 134

Kellermann, K. I., Vermeulen, R. C., Cohen, M. H., & Zensus, J. A.

1999, BAAS, 31, 856

Knapp, G. R., Faber, S. M., & Gallagher, J. S. 1978, AJ, 83, 139

Krolik, J. H. 1999, Active galactic nuclei: from the central black hole

to the galactic environment (Princeton, NJ: Princeton University

Press)

Leppänen, K. J., Zensus, J. A., & Diamond, P. J. 1995, AJ, 110,

2479

Lobanov, A. P. 1998, A&A, 330, 79

Middelberg, E., Roy, A. L., Bach, U., et al. 2004, in Future Directions

in High Resolution Astronomy, ed. J. D. Romney, & M. J. Reid,

ASP Conf. Ser., in press [arXiv:astro-ph/0309385]

Napier, P. J. 1994, Very High Angular Resolution Imaging, ed. J. G.

Robertson, & W. J. Tango, IAU Symp., 158, 117

Omar, A., Anantharamaiah, K. R., Rupen, M., & Rigby, J. 2002, A&A,

381, L29

Ros, E. 2004, in Future Directions in High Resolution Astronomy,

ed. J. D. Romney, & M. J. Reid, ASP Conf. Ser., in press

[arXiv:astro-ph/0308265]

Ros, E., Zensus, J. A., & Lobanov, A. P. 2000, A&A, 354, 55

Shepherd, M. C. 1997, ASP Conf. Ser., 125, Astronomical Data

Analysis Software and Systems VI, 6, 77

van Gorkom, J. H., Knapp, G. R., Raimond, E., Faber, S. M., &

Gallagher, J. S. 1986, AJ, 91, 791

Vermeulen, R. C., Ros, E., Kellermann, K. I., et al. 2003, A&A, 401,

113

Weaver, K. A., Wilson, A. S., Henkel, C., & Braatz, J. A. 1999, ApJ,

520, 130

Wrobel, J. M. 1984, ApJ, 284, 531

148



6.3 NGC 1052

6.3.2 Jet emission in NGC 1052 at radio, optical, and X-ray frequen-
cies

This second part of the NGC 1052 study presented in this section has been published
in the journal Astronomy & Astrophysics, Vol. 420, p.467–474 (2004). First results of
this work have been given in my Diploma thesis (Kadler 2002) but the bulk part of this
study has been done between 2002 and 2004 within the scope of this PhD thesis. The
structure map of NGC 1052 (Fig. 4 of the paper) has been produced by R. W. Pogge from
the Department of Astronomy, Ohio State University, Columbus, OH, USA. A reprint of
the A&A publication is given below.

List of collaborators: H. Falcke, J. Kerp, R. W. Pogge, E. Ros, & J. A. Zensus
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Abstract. We present a combined radio, optical, and X-ray study of the nearby LINER galaxy NGC 1052. Data from a

short (2.3 ks) CHANDRA observation of NGC 1052 reveal the presence of various jet-related X-ray emitting regions, a bright

compact core and unresolved knots in the jet structure as well as an extended emitting region inside the galaxy well aligned

with the radio synchrotron jet-emission. The spectrum of the extended X-ray emission can best be fitted with a thermal model

with kT = (0.4−0.5) keV, while the compact core exhibits a very flat spectrum, best approximated by an absorbed power-

law with NH = (0.6−0.8) × 1022 cm−2. We compare the radio structure to an optical “structure map” from a Hubble Space

Telescope (HST) observation and find a good positional correlation between the radio jet and the optical emission cone. Bright,

compact knots in the jet structure are visible in all three frequency bands whose spectrum is inconsistent with synchrotron

emission.

Key words. galaxies: individual: NGC 1052 – galaxies: individual: B 0238-084 – galaxies: active – galaxies: jets

1. Introduction

NGC 1052 is a nearby1 elliptical galaxy which harbors a low-

luminosity active galactic nucleus (LLAGN) in its very center

(L1−100GHz = 4.4 × 1040 erg s−1; Wrobel 1984). It hosts a two-

sided radio jet emanating from the nucleus and reaching out to

kiloparsec-scales which is, however, still fully enclosed within

the stellar body of the optical galaxy. In the optical, the spec-

trum of NGC 1052 is characterized by strong forbidden lines

from low-ionization states which has made NGC 1052 the pro-

totypical LINER (low-ionization nuclear emission line region;

Heckman 1980) galaxy. As for LINERs in general, it has long

been argued whether these low-ionization lines in NGC 1052

are excited by a central photo-ionizing source (e.g., Gabel

et al. 2000) or if shock heating is the dominant mechanism

(e.g., Sugai & Malkan 2000). While there is overwhelming ev-

idence for the presence of an active galactic nucleus (AGN) in

NGC 1052, the role of shocks in this galaxy is still unclear. The

improved angular resolution in X-rays offered by CHANDRA

makes it possible for the first time to image the distribution of

Send offprint requests to: M. Kadler,

e-mail: mkadler@mpifr-bonn.mpg.de
� Present Adress: Radio Observatory, ASTRON, PO Box 2, 7990

AA Dwingeloo, The Netherlands.
1 D = 22.6 Mpc (assuming z = 0.0049, Knapp et al. 1978, and

H0 = 65 km s−1 Mpc−1). At this distance 1 arcsec corresponds

to ∼110 pc.

X-ray emission on the same scales as accomplished by con-

nected radio interferometers, e.g., MERLIN (Multi-Element

Radio-Linked Interferometer Network). Disentangling the con-

tributions of compact (i.e., <1 arcsec) nuclear and extended

(i.e., >1 arcsec) X-ray emitting regions to the total amount of

X-ray emission of NGC 1052 can serve as an important tool

to study the interaction between the radio jet plasma and the

ambient interstellar medium.

NGC 1052 has been observed by all major X-ray mis-

sions of the pre–CHANDRA era, like Einstein (Mc Dowell

1994), ASCA and ROSAT (Weaver et al. 1999), and Beppo Sax

(Guainazzi & Antonelli 1999). For these X-ray missions,

NGC 1052 appeared as a point-like X-ray source. The X-ray

spectrum of NGC 1052 is extremely flat, a finding that led to

the proposal of an advection dominated accretion flow (ADAF)

as the origin of the observed X-ray emission (Guainazzi

et al. 2000). To model the AGN X-ray spectrum above E �

2 keV absorbing column densities in excess of 1023 cm−2

have been discussed, supporting the idea of a high density

obscuring torus, comparable to column densities found in

other AGN (e.g., Malizia et al. 1997; Risaliti et al. 2002).

Independent evidence for the existence of an obscuring torus at

the center of NGC 1052 is obtained from Very Long Baseline

Interferometry (VLBI) observations in the radio regime: on

parsec-scales NGC 1052 exhibits a twin jet structure with a

prominent emission gap between both jets (see e.g., Kadler

et al. 2003b). The inner part of the western jet shows a
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strongly inverted radio spectrum, which was first discovered

by Kellermann et al. (1999) (see also Kameno et al. 2001).

The cm-wavelength spectral index in this central region is

larger than 2.5, exceeding the theoretical limit for synchrotron

self-absorption.

Combined studies of the core region of NGC 1052 in the

radio and X-ray regime are of essential importance for con-

straining the physical properties of the parsec-scale radio jet

and the obscuring torus as well as to determine the nature of

the nuclear X-ray emission. In this paper we present a com-

bined radio, optical, and X-ray study of the jet-related emission

in NGC 1052 on arcsecond scales. In particular, we focus on

the soft X-ray excess in the source-spectrum below E = 2 keV.

This soft component was identified first by Weaver et al. (1999)

based on ROSAT PSPC data. CHANDRAs superior angular res-

olution makes it possible to present evidence that this soft ex-

cess emission is associated with the well known radio jet.

In Sect. 2 we present the CHANDRA, MERLIN, and

HST data as well as their reduction. In Sect. 3 we discuss the

arcsecond-scale morphology of NGC 1052 in the radio, opti-

cal, and X-ray regime and the correlations between the dif-

ferent wave bands. In Sect. 4 we derive models for the nu-

clear and extended X-ray emission and Sect. 5 summarizes our

conclusions.

2. Observations and data reduction

2.1. CHANDRA data

CHANDRA observed NGC 1052 on August 29/30, 20002.

During the 2342 s observation, the Advanced CCD Imaging

Spectrometer (ACIS) Chip S3 was in the focus of the High

Resolution Mirror Assembly (HRMA). The ACIS-S3 detec-

tor offers high angular resolution as well as information on

the X-ray source spectrum because of its intrinsic energy res-

olution and has a higher sensitivity in the soft X-ray energy

regime below E < 1 keV then the front-side illuminated detec-

tors of CHANDRA.

The nucleus of NGC 1052 is the brightest X-ray source

within the field of interest. The count rate of 0.12 cts s−1 is suf-

ficiently high to affect the measured AGN X-ray spectrum by

the pile-up effect. The pile-up effect changes the shape of the

measured X-ray spectrum as well as the measured count rate,

because during a single read-out period of the chip multiple

X-ray photons may be detected within a single pixel. Due to

insufficient time resolution their combined signal is registered

as a single photon event. The presented CHANDRA observa-

tion was performed using the standard timed exposure mode.

Depending on the detailed shape of the AGN X-ray spectrum

up to 27% of the available data can be affected by the pile-up

effect. In principle, this introduces a bias which results in spec-

tral hardening and mimics lower count rates.

The spatial distribution of photon events on the ACIS-S3

chip during the observation of NGC 1052 is shown in Fig. 1 for

2 The CHANDRA data were taken from the public archive

(http://cxc.harvard.edu/cda/chaser.html) and analyzed us-

ing standard methods within the software package  3.0 using

the calibration data base  2.2.5 version.

2h41m00s2h41m03s2h41m06s2h41m09s

−8:16

−8:15

−8:14

RA

DEC

0.2−1.0 keV

Fig. 1. Raw CHANDRA image of NGC 1052 showing the spatial dis-

tribution of photon events in the energy range (0.2−1.0) keV.

the energy range (0.2−1) keV. Even from the small number of

counts during this snapshot observation the distribution of soft

X-rays clearly differs from a point spread function. Using the

 program which is part of the  software we also

produced an adaptively smoothed map of the field of interest

(see Fig. 2) for which we reduced the angular resolution of the

data from 0.5 arcsec to 4 arcsec and set a minimum significance

threshold to 3σ.

2.2. MERLIN data

A MERLIN observation of NGC 1052 at 1.4 GHz was per-

formed on November 22, 1995. The data from this experi-

ment have been obtained from the public archive3 and ana-

lyzed applying standard methods using the program .

Two different maps of the brightness distribution of NGC 1052

at 1.4 GHz were produced. First, a strong (u, v)-taper was used

to map the extended emission resulting in a restoring beam

of (1.5×1.1)arcsec at a position angle (PA) of −31◦. Second, a

pure naturally weighted image was produced yielding a restor-

ing beam of (0.5 × 0.3) arcsec at a PA of 27◦.

2.3. HST data

For this paper, we re-examined the archival HST data

of NGC 1052 previously published by Pogge et al. (2000).

The archival data are three narrow-band F658N filter im-

ages acquired with the WFPC2 in the PC1 detector (pix-

els scale ∼ 0.046 arcsec) with integration times of 200, 800,

and 900 s, respectively. Cosmic rays were cleaned from the in-

dividual images using a version of the L.A.Cosmic Laplacian

edge-detection algorithm described by van Dokkum (2001).

The cleaned images were added together after registration

3 http://www.merlin.ac.uk
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Fig. 2. Three color CHANDRA image of the

jet-associated X-ray emission in NGC 1052

with the 1.4 GHz MERLIN radio image

overlaid in contours. The CHANDRA im-

age has been smoothed to a resolution

of 4′′ to increase sensitivity. Red repre-

sents photons between 0.1 keV and 1 keV,

green between 1 keV and 2 keV and blue

(2−3) keV. The clipping level is 3σ. The

MERLIN image was restored with a cir-

cular beam of 1.7 arcsec FWHM. Contours

are shown for (0.5, 1.5, 2.5, 3.5, 4.5, 5.5,

6.5) × 1 mJy/beam. The jet-associated emis-

sion is dominated by soft X-rays below

1 keV, whereas the AGN appears white, rep-

resenting a rather flat X-ray spectrum.

using a field star in the image to remove the inter-image off-

sets. To enhance the faint emission features noted by Pogge

et al. (2000), we created a “structure map” of the combined,

cleaned images following the technique described by Pogge

& Martini (2002). We used a model point spread function

for the F658N filter and PC1 camera generated using the

TT package (Krist & Hook 1999). Structure mapping

is an improved method of image contrast enhancement (com-

pared to traditional unsharp masking). In brief, the technique

suppresses the large-scale starlight distribution, enhancing faint

emission and absorption (e.g., dust extinction) features in the

image.

3. The multi-waveband jet structure

3.1. Jet-associated X-ray emission in NGC 1052

The CHANDRA image of NGC 1052 in the energy range

(0.3−3.0) keV is shown in Fig. 2. Strong X-ray emission from

the AGN is seen in this image, as well as diffuse extended emis-

sion well aligned with the radio jet, whose MERLIN image is

superimposed in contours. In Sects. 4.1 and 4.2 we discuss the

X-ray spectra in detail and present evidence that the soft excess

component found previously in the ROSAT spectra of the nu-

cleus (Weaver et al. 1999) is associated with this soft, extended

jet-associated emission.

To the first order, the radio and the X-ray jet are aligned

on arcsecond scales and their extent appears to be the same.

However, the intensity of synchrotron emission in the radio

lobes appears to be anti-correlated with the soft X-ray intensity

distribution in so far as the radio hotspots on both sides cor-

respond to regions on the ACIS-S3 chip which did not detect

any photon events. East and west of the nucleus two relatively

bright X-ray emitting regions coincide with emission knots in

the radio regime. Bright optical emission knots are also present

in these areas (Pogge et al. 2000).

3.2. Radio emission on arcsecond scales

The large-scale radio structure of NGC 1052 visible in the

tapered MERLIN image reveals some differences to the

1980 VLA image of Wrobel (1984) (see Fig. 3). The VLA,

which was operated in its A configuration during the 1980 ob-

servations, was more sensitive to extended structures, which

partially have been resolved out by MERLIN. The core has

varied, with a flux density of ∼0.74 Jy in December 1980

and ∼1.01 Jy in November 1995. The western hot spot has

increased in flux density. A knot in the western jet (labeled

as B in the MERLIN image) was not visible as a local max-

imum in the 1980 VLA image. By aligning the core positions

at both epochs, we found that the eastern knot (labeled as A),

has moved about 0.5 arcsec inwards. However, an examination

of the pure naturally weighted MERLIN image (see Fig. 4) re-

veals that knot A is composed of two isolated sub-components

(A 1 and A 2) separated by the same distance of ∼0.5 arcsec.
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H1

A B

H2

Wrobel 1984

VLA @ 1.4 GHz

MERLIN @ 1.4GHz

Fig. 3. Comparison between the VLA image of NGC 1052 observed

in 1980 (Wrobel 1984) and the MERLIN image from 1995, both

at 1.4 GHz. Both maps have been convolved with the same (circu-

lar) restoring beam of 1.7 arcsec FWHM. Contours at (−1, 1, 2, 3, 4,

5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 800) × 0.5 mJy are given in both

maps (the VLA map also shows negative contours at (−4, −3, −2) ×

0.5 mJy). The hot spots (labeled as H1 and H2) do not show any po-

sitional changes. The emission peak of the eastern knot (A) is about

0.5 arcsec closer to the core in 1995.

This suggests that the inner sub-component might have in-

creased in flux density between 1980 and 1995, causing an ap-

parent shift of the blended knot structure in Fig. 2. This offers

a more plausible explanation than an inward motion with a ve-

locity of ∼10 c.

3.3. Optical structure

The structure map of NGC 1052 is shown in Fig. 4 with the ra-

dio contours of the untapered, full-resolution MERLIN image

superimposed. The jet–counterjet structure is aligned with the

optical emission cone. The dark band perpendicular to the ra-

dio jet might be an artifact of the image processing. Two optical

emission knots are located at the edges of the two radio sub-

components of knot A. The optical emission knot in the west

coincides roughly with a weak (∼1σ) radio feature while the

stronger radio knot 1.5 arcsec further out has no corresponding

bright optical counterpart. The origin of the optical emission

remains unclear since there is no continuum image to subtract

from the Hα filter image of NGC 1052. The conical morphol-

ogy in this LINER 1.9 galaxy is remarkably similar to the struc-

ture of the narrow-emission-line region typically observed in

Seyfert 2 galaxies (e.g., Falcke et al. 1998). This suggests that

the optical emission cone is due to line emission rather than

continuum emission. The optical flux density of the two eastern

knots of (68±1)µJy exceeds the power-law extrapolation from

the radio to the X-ray regime by almost three orders of magni-

tude. This is a strong argument against the synchrotron emis-

sion process, but compatible with relatively strong line emis-

sion exceeding the contimuum emission of the knots in this

narrow band.

4. X-ray imaging spectroscopy

Using CHANDRA’s high angular resolution, it is possible to

obtain separate spectra of the nucleus and the diffuse jet-

associated X-ray emission. We selected an annulus centered

at the nucleus position which excludes the nucleus itself but

includes the whole area of the diffuse emission. To avoid

any contamination by the nuclear X-ray emission, a diameter

of 3 arcsec for the inner annulus ring was used. The nuclear

X-ray spectrum was extracted up to a diameter of 2 arcsec.

The extracted X-ray data of both regions were corrected for

the unrelated X-ray background emission, using a region lo-

cated close by without significant point sources. We also ap-

plied a correction for the quantum efficience degeneracy of the

ACIS detector.

Figure 5 reveals the much softer spectrum of the diffuse

X-ray emission compared to the nuclear spectrum. The bulk

emission originates below E < 2 keV, while the X-ray spec-

trum of the nucleus has an additional hard X-ray component.

Remarkable is the soft X-ray emission below E < 2 keV to-

wards the nucleus. ASCA, as well as the ROSAT PSPC, could

not separate the nucleus and the jet spatially, but a soft excess

X-ray emission had already been detected in the X-ray spec-

trum from the PSPC data.

4.1. The X-ray spectrum of the extended emission

To constrain the emission process of the diffuse extended emis-

sion, we fitted different models using  (version 11.2): the

 model corresponding to a Raymond/Smith plasma

(Raymond & Smith 1977), the  model describing a

Mewe/Kaastra plasma (e.g., Kaastra 1992) and a simple power-

law. The results of the spectral fits are presented in Table 1.

Because the jet is located deep inside the stellar body of

the galaxy NGC 1052, we have to determine the amount of

photoelectric absorption distributed along the line of sight.

Using the thermal source models, we find an attenuating col-

umn density value about one order of magnitude higher than

the galactic foreground column density belonging to the Milky

Way (Hartmann & Burton 1997). We attribute this additional

X-ray attenuation to weakly ionized gas located inside the

galaxy itself. The unabsorbed flux of the Raymond/Smith

(Mewe/Kaastra) plasma in the range between 0.3 and 8 keV

corresponds to an intrinsic luminosity of L = 2.4(2.1) ×

1040 erg s−1 at the distance of the source of 22.6 Mpc.

Both plasma models fall below the measured count rate

above 2.5 keV (see Fig. 5) suggesting some contribution of an

additional hard X-ray component to the spectrum of the ex-

tended emission. Due to the low photon statistics and the large

uncertainties we have not tried to account for this additional

spectral component by considering more complicated models.
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Fig. 4. HST structure map of NGC 1052.

Dark regions represent dust obscuration

while bright regions are locations of en-

hanced emission. Overlaid is the pure nat-

urally weighted MERLIN map showing the

core of NGC 1052 with sub-arcsecond reso-

lution. Contours at (−1, 1, 2, 4, 8, 16, 32,

64, 128, 256, 512, 1024) × 0.5 mJy/beam

are shown. The inlaid panel shows an en-

larged view of the marked box around the

area of the optical emission cone.

Because of the low number of counts from the jet, we can-

not unequivocally dismiss the power-law model, which gave

an acceptable fit to the X-ray data. However, we consider the

power-law fit result of the X-ray jet as unreliable because of the

unusually steep photon index4 (see Table 1).

4.2. The X-ray spectrum of the nucleus

Below E = 2 keV a soft excess is detected in the nuclear

spectrum. Assuming that a fraction of the diffuse jet-associated

emission originates within the immediate neighborhood of the

nucleus, we used a hybrid model for the X-ray spectral approx-

imation of the observed intensity distribution.

Iobs =
(

Idiffuse + Inucleus × e−σ×NH(torus)

)

× e−σ×NH(gal.) (1)

where Idiffuse is the X-ray spectrum of the diffuse jet-associated

emission and Inucleus is the spectrum of the nucleus. Here, the

photoelectric absorption produced by the torus is represented

by e−σ×NH(torus) , while the X-ray absorption produced by the in-

terstellar medium of the elliptical galaxy is e−σ×NH(gal.) .

We assumed a power-law type X-ray spectrum of the cen-

tral X-ray source and modeled the soft component as a thermal

plasma spectrum of the Raymond/Smith and Mewe/Kaastra

type, (model I and II) respectively. We did not try to fit for

4 The photon index Γ is defined as the power-law index of the spec-

trum given in units of [photons s−1 keV−1]. It is related to the energy

index α, used in radio astronomy, via: Γ = 1 − α.

the metallicities and fixed these during the spectral fitting pro-

cedure given the poor statistics from the short integration time.

Model Ia(IIa) assumes solar abundances of the Raymond/Smith

(Mewe/Kaastra) plasma and allows the other parameters to be

varied. In model Ib(IIb) the temperatures of the plasma and

the absorbing column density of the interstellar medium of the

galaxy were fixed to the best fitting values to the extended

X-ray emission (see Table 1). In model Ic(IIc) the metal abun-

dances were additionally changed to 25% of the solar composi-

tion. Such low metal abundances typically occur only in dwarf

galaxies but are found in NGC 1052 from optical line measure-

ments of Sil′chenko (1995) who reports values [Fe/H] ∼ −0.6

for the nucleus and [Fe/H] ∼ −1 for the bulge of NGC 1052,

corresponding to metallicities of about 25% and 10%, respec-

tively. One way to accumulate a substantial amount of metal-

poor material is a merger or close encounter with an extremely

metal-poor dwarf galaxy. Evidence for such an event indeed ex-

ists from multiple observational approaches (see Forbes et al.

2001 and references therein) in the case of NGC 1052.

The statistically best fitting values are given in Table 2. For

all six models we derive a luminosity of L = 1.4× 1041 erg s−1.

Correcting for the effect of the two absorber model components

increases the intrinsic (unabsorbed) value to L = (1.7−2.0) ×

1041 erg s−1. The values of NH(gal.) and kT for the plasma com-

ponent in the models Ia and IIa are very similar to the values

determined for the extended plasma emission. For these models

we derive best fitting values for the absorbing column density

of NH(torus) = (0.6−0.7) × 1022 cm−2 as well as Γ = 0.2−0.3
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Nuclear Emission

Nucleus: MODEL Ib

Extended Emission

Fig. 5. Top panel: X-ray spectrum of the extended X-ray jet emis-

sion and the Raymond/Smith plasma model folded with the detec-

tor response matrix (solid line). Middle panel: X-ray spectrum of

the nuclear emission and the best fit of model Ib (solid line, com-

pare Table 4.2). Bottom panel: the unfolded model Ib spectrum repre-

senting an absorbed Raymond/Smith plasma whose model parameters

have been held fixed at the best fitting values to the extended X-ray

emission spectrum (see Table 1) plus a power-law with an additional

absorber.

for the photon index. Similar values for both parameters result

from fixing NH(gal.) and kT as described above in the models Ib

and IIb. Reducing the metal abundances of the plasma compo-

nent in model Ic(IIc) forces the power-law to contribute more

strongly to the soft part of the spectrum resulting in higher val-

ues of NH(torus) ∼ 0.8 × 1022 cm−2 and Γ ∼ 0.3. These values

are still rather low. Data from other X-ray observatories imply

much higher values for NH(torus) as well as for Γ (Weaver et al.

1999; Guainazzi & Antonelli 1999; Guainazzi et al. 2000). We

note that the apparent discrepancy between previous X-ray ob-

servations and the CHANDRA data concerning the photon in-

dex might be due to the pile-up degradation (∼30%) of the lat-

ter. The nuclear X-ray spectrum thus might appear artificially

flattened. The determined absorbing column density, however,

is not so sensitive to the pile-up effect, which mainly affects

the hard part of the spectrum while the amount of absorption is

determined in the soft X-ray regime. The statistical quality of

all six fits is very similar, with values of χ2
red

ranging from 0.76

to 0.84, and the low photon statistics (reflected in the values

of χ2
red
< 1) do not allow us to dismiss any of these models.

We note that a “patchy” absorber model in which a frac-

tion of the central source is seen directly and only a part of

the source is covered by the absorber might be a more re-

alistic model for the nuclear X-ray emission of NGC 1052,

given the results of Vermeulen et al. (2003), who found that

moving VLBI components in both jets show complex light

curves probably caused by substantial patchiness of the ab-

sorbing screen. Additionally, they find a complex H  absorp-

tion line spectrum with compact clouds of absorbing mate-

rial at different relative velocities and different locations along

the parsec-scale jet structure. The absorbing column density

derived from “patchy” absorber models is expected to be con-

siderably higher (∼2 × 1022 cm−2) than the values derived

from uniform absorber models. However, given the low pho-

ton statistics, we omit the detailed discussion of such models

with a larger number of free parameters.

5. Discussion

The CHANDRA data provide for the first time direct evidence

for jet-associated X-ray emission in NGC 1052. The diffuse,

extended X-ray emission can be best approximated with a

thermal plasma model with kT ∼ 0.4−0.5 keV. This tem-

perature is consistent with the thermal component found ear-

lier by Weaver et al. (1999) using ASCA and ROSAT data.

Its absorbed flux is only ∼3% of the nuclear X-ray emis-

sion but the intrinsic (absorption corrected) extended emission

might contribute up to 14% to the total unabsorbed X-ray flux

of NGC 1052. Because of the considerable pile-up degrada-

tion of the CHANDRA data, no firm conclusions on the pho-

ton index of the nucleus spectrum can be deduced. The derived

column density of hydrogen towards the compact X-ray core

(depending on the applied model) of 0.5−0.8 × 1022 cm−2 is

in good agreement with the absorbing column density of ion-

ized material towards the VLBI-jet derived by Kadler et al.

(2002) and Kadler et al. (in prep.). This suggests that the nu-

clear X-ray emission of NGC 1052 might be produced on the

same scales as the parsec-scale structures imaged by VLBI at

high frequencies.

The detection of a diffuse region of X-ray emitting gas with

a thermal spectrum and the same extent as the kiloparsec-scale

radio jet suggests that jet-triggered shocks might play an impor-

tant role in NGC 1052. In such a model the kinetic power of the

radio jet is partially converted into X-ray emission. The optical

morphology in the Hα filter substantiates this picture as was
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Table 1. Best-fitting parameters for the spectral fits to the extended jet-associated emission.

Model(a) N
(b)

H
kT Γ(c) F

(d)

abs
F

(d)

unabs
χ2

red
(χ2/d.o.f.)

[1022 cm−2] [keV] [erg s−1 cm−2] [erg s−1 cm−2]

(R&S)abs 0.49+0.08
−0.06

0.48+0.08
−0.08

– 0.8 × 10−13 3.9 × 10−13 0.49 (10.8/22)

(M&K)abs 0.41+0.08
−0.06

0.41+0.09
−0.07

– 0.7 × 10−13 3.4 × 10−13 0.53 (11.6/22)

(PL)abs 0.06+0.07
−0.02

– 3.8+0.6
−0.7

1.5 × 10−13 2.0 × 10−13 0.52 (11.5/22)

a R&S: Raymond/Smith plasma, M&K: Mewe/Kaastra plasma, PL: power-law; b absorbing column density; 2 × 1020 cm−2 is set as a lower

limit; c photon index; d (un)absorbed X-ray flux between 0.2 keV and 8.0 keV.

Table 2. Best-fitting parameters for the spectral fits of the core emission.

Model(a) N
(b)

H(gal.)
kT Z(c) N

(d)

H(torus)
Γ(e) F

( f )

abs
F

(g)

unabs
χ2

red
(χ2/d.o.f.)

[1022 cm−2] [keV] [1022 cm−2] [erg s−1 cm−2] [erg s−1 cm−2]

Ia 0.66+0.07
−0.07

0.44+0.07
−0.06

1∗ 0.74+0.56
−0.39

0.30+0.10
−0.08

2.3 × 10−12 3.3 × 10−12 0.84 (15.9/19)

Ib 0.49∗ 0.48∗ 1∗ 0.54+0.46
−0.34

0.20+0.10
−0.08

2.3 × 10−12 2.9 × 10−12 0.76 (16.0/21)

Ic 0.49∗ 0.48∗ 0.25∗ 0.84+0.55
−0.39

0.28+0.09
−0.09

2.3 × 10−12 3.0 × 10−12 0.74 (15.8/21)

IIa 0.51+0.09
−0.04

0.28+0.03
−0.04

1∗ 0.45+0.59
−0.21

0.22+0.13
−0.05

2.5 × 10−12 3.4 × 10−12 0.89 (16.8/19)

IIb 0.41∗ 0.41∗ 1∗ 0.62+0.46
−0.37

0.23+0.06
−0.09

2.3 × 10−12 2.8 × 10−12 0.77 (16.1/21)

IIc 0.41∗ 0.41∗ 0.25∗ 0.82+0.42
−0.42

0.27+0.07
−0.11

2.2 × 10−12 2.8 × 10−12 0.78 (16.4/21)

∗ Fixed value; a I: (R&S + PLabs)abs, II: (M&K + PLabs)abs, (R&Sabs: absorbed Raymond/Smith plasma, M&Kabs: absorbed Mewe/Kaastra

plasma, PL(abs): (absorbed) power–law; b column density of the diffuse absorber; c metallicity (referring to the solar value); d column density

of the compact absorber; e photon index; f absorbed X-ray flux between 0.2 keV and 8.0 keV; g unabsorbed X-ray flux between 0.2 keV

and 8.0 keV, i.e., N
(b)

H(gal.)
and N

(d)

H(torus)
are set to 0.

noted earlier by Allen et al. (1999). The alignment of the radio

jet and the optical emission cone visible in Fig. 4 implies that

the ionization cone might be drilled out by the radio jets, result-

ing in a predominantly shock-excited, conical narrow-line re-

gion (see e.g., Dopita 2002). Shocks might occur also on larger

scales giving rise to the soft thermal X-ray emission associ-

ated with the radio jet/lobe structure in NGC 1052. A rough

estimate (see Kadler et al. 2003a) shows that the soft thermal

X-ray spectrum associated with the radio jet of NGC 1052 can

be explained in terms of the kinetic jet power being partially

converted into X-ray emission originating in shocks driven into

the ambient medium. (A more detailed model of the relation

between jet-driven shock-activity and the spectral shape of the

extended X-ray emission in NGC 1052 will be discussed in a

forthcoming paper.) The comparison of the large-scale distri-

bution of radio emission in NGC 1052 between two epochs

separated by ∼15 years indeed shows activity on kiloparsec-

scales. This substantiates the idea that shocks in the interstel-

lar medium form at the working surfaces of active regions

(hotspots and knots). Moreover, recent numerical simulations

(e.g., Zanni et al. 2003) show that jets in radio galaxies can in-

flate over-pressured cocoons that drive shocks into the ambient

gas resulting in morphologies (in the case of weak shocks) very

similar to what is observed in NGC 1052: a cavity of hot X-ray

emitting gas in conjunction with a local deficit of X-ray emis-

sion around the hotspots. A deeper CHANDRA observation

with an improved photon statistic compared to the observation

discussed here would provide both a higher sensitivity to the

weak diffuse emission and a higher resolution. Additionally,

the full resolution of CHANDRA of ∼0.5 arcsec would allow

one to study in more detail the connection between the knots in

the diffuse X-ray emission and the optical emission knots.
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(Bologna: Società Italiana di Fisica), 219

Kameno, S., Sawada-Satoh, S., Inoue, M., Shen, Z., & Wajima, K.

2001, PASJ, 53, 169

Kaastra, J. S. 1992, An X-ray Spectral Code for Optically Thin

Plasmas (Internal SRON-Leiden Report, updated version 2.0)

Kellermann, K. I., Vermeulen, R. C., Cohen, M. H., & Zensus, J. A.

1999, BAAS, 31, 856

Knapp, G. R., Faber, S. M., & Gallagher, J. S. 1978, AJ, 83, 139

Krist, J., & Hook, R. 1999, The Tiny Tim User’s Guide, Ver. 5.0

(Baltimore: STScI)

Malizia, A., Bassani, L., Stephen, J. B., Malaguti, G., & Palumbo,

G. C. C. 1997, ApJS, 113, 311

Mc Dowell, J. C. 1994, in Einstein Obs. Unscreened IPC Data Archive

Pogge, R. W., Maoz, D., Ho, L. C., & Eracleous, M. 2000, AJ, 532,

323

Pogge, R. W., & Martini, P. 2002, ApJ, 569, 624

Raymond, J. C., & Smith, B. W. 1977, ApJS, 35, 419

Risaliti, G., Elvis, M., & Nicastro, F. 2002, ApJ, 571, 234

Sil′chenko, O. K. 1995, Astron. Lett., 21, 283

Sugai, H., & Malkan, M. A. 2000, ApJ, 529, 219

van Dokkum, P. G. 2001, PASP, 113, 1420

Vermeulen, R. C., Ros, E., Kellermann, K. I., et al. 2003, A&A, 401,

113

Weaver, K. A., Wilson, A. S., Henkel, C., & Braatz, J. A. 1999, ApJ,

520, 130

Wrobel, J. M. 1984, ApJ, 284, 531

Zanni, C., Bodo, G., Rossi, P., et al. 2003, A&A, 402, 949

157



6 Detailed Studies of Special Sources

6.3.3 The Relativistic Iron Line of NGC 1052

While broad iron lines from radio-quiet AGNs have been extensively studied over the last
decade (Reynolds and Nowak 2003), no significantly broadened lines have been detected
in the X-ray spectra of radio-loud AGNs (Sambruna et al. 1999a, Gambill et al. 2003).
This has been explained either via the dominance of a beamed jet component, a very
high ionization of the accretion disk matter, or the occurrence of optically thin, radia-
tively inefficient accretion flows. In agreement with this, no clear examples of relativistic
broad iron line emission have been found in the study of the 2 cm-X-Sample (compare
Sect. 5.4), with the possible exception of III Zw2 (see also Salvi et al. 2002). Due to the
complexity of its X-ray spectrum, the source NGC 1052 (0238−084) was not included
in the systematical analysis of the sample whose results are presented in Chap. 4 and
discussed in Chap. 5 of this thesis. This subsection is dedicated to a detailed study of
the X-ray spectrum of NGC 1052, analyzing in detail the available archival XMM-Newton
and BeppoSax spectra of this object. Both data sets provide a substantially higher SNR
than the Chandra spectrum of NGC 1052, discussed in Sect. 6.3.2 and the ASCA spectrum
previously investigated by Weaver et al. (1999) and Guainazzi and Antonelli (1999).

XMM-Newton and BeppoSax observations of NGC 1052: XMM-Newton observed the
LINER galaxy NGC 1052 on September 28, 2001 with a total exposure time of 13 ksec
(PI: K. A. Weaver). A standard data analysis with most conservative data flagging criteria
has been performed following the procedures described in Sect. 3.4.4. For the spectral
analysis we focused on the data from the XMM-Newton PN detector, which has a superior
sensitivity and calibration compared to the two MOS detectors. The detailed comparison
of the PN and MOS data, as well as the timing analysis and the results from the XMM-
Newton RGS spectrometers are beyond the scope of this thesis and will be presented
elsewhere.

A BeppoSax observation of NGC 1052 was performed on 2000 January 11 (PI: M.
Guainazzi). All three NFI instruments onboard BeppoSax operated in standard modes.
Full observational details are given by Guainazzi et al. (2000). The X-ray spectral data
from the LECS, the MECS and the PDS detectors were obtained from the BeppoSax data
archive and handled as outlined in Sect. 3.4.2.

X-ray spectral analysis: The 0.2 keV to 10 keV XMM-Newton X-ray spectrum of NGC 1052
is by far too complex to be approximated with a simple spectral model consisting of three
or less spectral components. Therefore, subsequently more complex spectral models are
developed in the following paragraphs to account for the complexity of the spectrum
and the additional constraint that the final spectral model for the September 2001 XMM-
Newton spectrum of NGC 1052 needs to be capable of reproducing the different spectral
shape exhibited during the January 2000 BeppoSax observed epoch, as well. The subse-
quent spectral models considered are listed in Table 6.3 along with the “code” to represent
those models within XSPEC.

Simple absorbed power-law models and simple hybrid models: MODEL I to MODEL
III represent attempts to fit the XMM-Newton spectrum of NGC 1052 with a combination
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Figure 6.17: Data/model ratio for the class of simple absorbed power-law models and
the three simple hybrid models for the XMM-Newton spectrum of NGC 1052 of Septem-
ber 2001 (compare Table 6.3 for model descriptions). Model parameters are given in
Table 6.4.

of a simple absorbed power law and one or two thermal plasma (compare Table 6.3). Ta-
ble 6.4 gives the formal best fitting values of the considered spectral components in these
models. The corresponding residuals are shown in Fig. 6.17. It is obvious that the residu-
als are too large to derive meaningful errors. However, these simplistic models are shown
and discussed here because they illustrate notably the peculiarities of NGC 1052’s X-ray
spectrum: the soft excess below 1 keV, which was first mentioned by Weaver et al. (1999)
and later shown by Kadler et al. (2004a) (reprinted in Sect. 6.3.2) to be associated with an
extended emission region, correlated in extent with the radio jet on arcsecond scales, has
a much more complex spectral shape than apparent from previous ASCA, BeppoSax, and
Chandra observations (Weaver et al. 1999, Guainazzi and Antonelli 1999, Kadler et al.
2004a). Moreover, NGC 1052 exhibits a broad complex of emission between 4 keV and
8 keV, calling for a more sophisticated spectral model of the hard X-ray emission.
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Table 6.3: Journal of models for the XMM-Newton X-ray spectrum of NGC 1052.

Model XSPEC code Description

I zwabs*pow Globally absorbed PL
II zwabs*(mekal+pow) ′′ Plasma plus PL
III zwabs*(mekal+mekal+pow) ′′ 2-temp. plasma plus PL
IV zwabs*(pow+zwabstorus(pow)) ′′ Partially absorbed PL
V zwabs*(mekal+zwabs(pow)) ′′ Plasma plus absorbed PL
VI zwabs*(mekal+mekal+zwabs(pow)) ′′ 2-temp. plasma plus absorbed PL

VII zwabs*(mekal+mekal+pexriv) ′′ 2-temp. plasma plus reflection from ionized material
VIII zwabs*(mekal+mekal+pexrav) ′′ 2-temp. plasma plus reflection from neutral material

IX zwabs*(mekal+mekal
+zwabs*pow+zwabs*pow) ′′ 2-temp. plasma plus PL covered by patchy absorber

X zwabs*(mekal+mekal
+zwabs*pow+zwabs*(pow+gauss)) ′′ ′′ plus Gaussian

XI zwabs*(mekal+mekal
+zwabs*pow+zwabs*(pow+diskline)) ′′ ′′ plus rel. line in Schwarzschild metric

XII zwabs*(mekal+mekal
+zwabs*pow+zwabs*(pow+laor)) ′′ ′′ plus rel. line in Kerr metric

Xa zwabs*(mekal+mekal
+zwabs*pow+zwabs*(pow+zwabs*(pow+gauss))) ′′ 2-temp. plasma plus PL covered by patchy 2-component absorber plus Gaussian

Xb zwabs*(mekal
+zwabs*pow+zwabs*(pow+gauss)) ′′ 1-temp. low-metallicity plasma plus PL covered by patchy absorber plus Gaussian
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Table 6.4: Simple absorbed power-law models and simple hybrid models for the XMM-
Newton spectrum of NGC 1052.

Model Global Plasma Torus Powerlaw Flux Statistics
Abs. Temp. I Temp. II Abs. Γ 0.2 keV – 2 keV 2 keV – 10 keV χ2 d.o.f. χ2

red

[1022cm−2] [keV] [keV] [1022cm−2] [erg s−1 cm−2] [erg s−1 cm−2]

I 0.02∗ - - - 0.6∗∗ 3.2 × 10−13 3.4 × 10−12 864.3 130 6.65
II 0.02∗ 0.6∗∗ - 0.2∗∗ 3.4 × 10−13 3.8 × 10−12 456.7 128 3.57
III 0.19∗∗ 0.08∗∗ 0.6∗∗ - 0.2∗∗ 3.6 × 10−13 3.9 × 10−12 339.3 126 2.69

IV 0.07∗∗ - - 16.9 1.7∗∗ 3.5 × 10−13 3.7 × 10−12 297.9 127 2.35
V 0.02∗∗ 12.1∗∗ - 19.2∗∗ 1.8∗∗ 3.6 × 10−13 3.8 × 10−12 311.1 126 2.47
VI 0.05∗∗ 0.15∗∗ 0.65∗∗ 0.46∗∗ 0.3∗∗ 3.5 × 10−13 3.9 × 10−12 326.2 124 2.63

∗ Parameter hit the lower boundary of 2 × 1020 cm−2; ∗∗ Unstable solution, no error determinable

MODEL IV and MODEL V correspond to the class of spectral models that were con-
sidered by Guainazzi et al. (2000) and Kadler et al. (2004a) (see Sect. 6.3.2) to model
the BeppoSax, and Chandra spectra of NGC 1052, both taken in 2000. They consist of
a heavily absorbed power-law and a soft excess that is modeled via a thermal plasma
(MODEL V) or via an unabsorbed fraction of the power-law emission (MODEL IV), the
latter describing a partially covered or patchy absorber or torus. To account for the larger
extend of the effective area into the soft regime (down to 0.2 keV) of XMM-Newton, an
additional global absorber was added to both models. This global absorber accounts for
local absorption within the Galaxy as well as for a possible absorption on larger scales
within the NGC 1052 host galaxy (as the Chandra data suggests to be present). In MODEL
VI, the soft residuals of the spectrum are modeled via a second thermal plasma compo-
nent. A more complex spectral model is needed, particularly in the hard X-ray regime, as
Figure 6.17 demonstrates.

Models invoking high-energy reflection: A special class of models that can be con-
sidered to be responsible for the peculiar X-ray spectral shape of NGC 1052 are models
which invoke a Compton reflection of the nuclear continuum (compare Sect. 5.4). These
high-energy reflection models imply that a medium, optically thick to the Compton effect,
is illuminated from a primary source. Typically, this situation is thought to be represen-
tative of an X-ray radiating coronae that illuminates the accretion disk around the central
black hole from above. Guainazzi et al. (2000) showed that these class of models fail to
reproduce the hard X-ray spectrum of NGC 1052 as measured by the PDS detector on-
board BeppoSax. It was tested if this statement remains true if the additional soft-spectral
information from the XMM-Newton observation is taken into account. A valid physi-
cal model must approximate both the high-quality data in the relatively soft bandpass of
XMM-Newton and the medium and high-energy data taken by BeppoSax about one year
earlier. Due to changes in the critical physical quantities in the source, the spectral model
parameters might have changed, however. In particular, MODEL VII considers a physical
scenario in which a two-temperature thermal plasma dominates the soft part of the spec-
trum while a variable high-energy reflection component (pexriv in XSPEC; Magdziarz
and Zdziarski 1995) contributes the bulk emission to the hard part of the spectrum. The
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Figure 6.18: Unfolded spectral MODEL VII. While the variable model approximates
correctly the broad emission complex between 4 keV and 8 keV at both epochs, the model
fails to represent the spectral slope above 10 keV during the BeppoSax epoch.

global absorption and the (extended) thermal plasma components are assumed to be stable
in time, i.e., the corresponding model parameters of the 2001 XMM-Newton data and the
2000 BeppoSax data have been tied to each other. Fig. 6.18 shows that this attempt fails
because the model cannot at the same time approximate the 2 keV to 10 keV BeppoSax
MECS data and the PDS data above 10 keV for the January 2000 epoch. Table 6.5 gives
the best fitting model parameters. The result of Guainazzi et al. (2000) is thus confirmed:
simple high-energy reflection is unlikely to shape the X-ray spectrum of NGC 1052.

Complex-absorber models: Accepting that the X-ray spectrum of NGC 1052 cannot
be described by simple models which invoke only a small number of free parameters,
the task is to find a realistic physical model which explains, first, the peculiarly flat X-
ray spectrum of NGC 1052, second, the soft excess below 1 keV, and third, the broad
spectral bump between 4 keV and 8 keV. Moreover, this physical model should be capable
of explaining both, the January 2000 BeppoSax and the September 2001 XMM-Newton
spectrum. As before, the parameters of the soft excess are modeled via a combination
of thermal plasma emission regions whose parameters are held stable in time because of
the large extend of this emission region. The main problem then is to describe the broad
spectral bump between 4 keV and 8 keV. Having already ruled out the reflection scenario,
the most likely origin of the bump is a combination of a heavily absorbed fraction of the
primary power-law and an iron line. This class of spectral models assumes implicitly
a patchy absorber scenario, in which the nuclear power-law source is partially covered
by different absorbing column density regions. This might reflect an organization of the
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Table 6.5: Models invoking high-energy reflection for the XMM-Newton spectrum of NGC 1052.

Model Telescope Global Plasma Rel. Strength of Powerlaw Cutoff Flux Statistics
Abs. Temp. I Temp. II Reflection Γ Energy 0.2 keV – 2 keV 2 keV – 10 keV χ2 d.o.f. χ2

red

[1022cm−2] [keV] [keV] [keV] [erg s−1 cm−2] [erg s−1 cm−2]

VII XMM-Newton 0.030+0.007
−0.006 0.18+0.02

−0.02 0.67+0.03
−0.04 150+5

−5 0.83+0.02
−0.02 4.6+0.1

−0.1 3.5 × 10−13 3.8 × 10−12 196.0 165 1.19
BeppoSax∗ ′′ ′′ ′′ 80+4

−4 1.34+0.02
−0.03 16.3+2.0

−1.7 4.8 × 10−13 3.8 × 10−12 ′′ ′′ ′′
VIII XMM-Newton 0.043+0.007

−0.006 0.18+0.02
−0.02 0.67+0.03

−0.04 250+9
−6 1.24+0.01

−0.02 6.6+0.3
−0.2 3.5 × 10−13 3.8 × 10−12 198.3 167 1.19

BeppoSax∗ ′′ ′′ ′′ 133+6
−6 1.43+0.02

−0.02 14.6+1.5
−1.4 4.8 × 10−13 3.6 × 10−12 ′′ ′′ ′′

∗ The parameters of the global absorption and the thermal plasma were tied between the XMM-Newton and the BeppoSax spectral fits, the statistical quality values correspond to the simultaneous fit result.
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circumnuclear matter in clouds which are small compared to the size of the source.
In MODEL IX (Table 6.6), the September 2001 XMM-Newton spectrum between 0.2 keV

and 10 keV and the January 2000 BeppoSax spectrum between 2 keV (MECS detectors)
and 200 keV (PDS detector) are represented by such a patchy absorber model. The bump
between 4 keV and 8 keV is shaped by a heavily absorbed component of the primary
power law, which is seen through an absorbing column of ∼ 2.5 × 1023 cm−2. The pho-
ton indices for both spectra are in a range typical for Seyfert 1 galaxies (1.5 and 1.7,
respectively). However, the model is statistically unacceptable, mainly because of strong
residuals between 5 keV and 7 keV. The high-energy data below 100 keV is also not fit-
ted satisfactorily. MODEL X, MODEL XI, and MODEL XII (Table 6.6) account for this by
adding an iron line component to the model: a Gaussian in MODEL X and a relativistic
iron line model for a Schwarzschild metric and for a Kerr metric in MODEL XI and MODEL
XII, respectively. In particular, the latter yielded an excellent fit to the data and implied an
iron fluorescent line emitted from an accretion disk around a rotating black hole, seen at
an inclination angle of ∼ 83◦. For the September 2001 XMM-Newton spectrum the inner
and outer radius of the disk (Rin and Rout) are derived as 4 and 57 Schwarzschild radii,
while the disk seems to extend from less than 2 to 90 Schwarzschild radii in the case of the
January 2000 BeppoSax spectrum. The photon indices in all three cases are unusually flat
with values around 1 but in all cases stable between the two epochs. These models even
allow all continuum model parameters to be held stable between the two epochs without
a significant degradation of the simultaneous fit statistics (the reduced χ2 increases only
slightly from 0.97 to 0.99 in the case of MODEL XII if the full discrepancy between both
data sets is attributed to a change of the relativistic iron line).

It shall be noted here that, statistically, two modifications of this latter class of spec-
tral models can adequately represent the spectral data for both X-ray epochs: MODEL
Xa assumes a third component of the obscuring medium and MODEL Xb invokes only
one thermal plasma component instead of two but with extremely underabundant metals
(Table 6.7). In both cases, however, the equivalent width of the considered Gaussian is
still very high so that the detection of a relativistic iron line in NGC 1052 is not called
into question. We do not try to refine these models by invoking relativistic line models
since in both cases the data quality does not allow to test more complex models. Future,
high signal-to-noise spectra obtained with XMM-Newton (see Sect. 6.3.4) will judge, ulti-
mately, which of these spectral models most likely represents the physical situation at the
center of NGC 1052 correctly.

Notes on the radio-loudness and the LLAGN character of NGC 1052: The detection
of a relativistically broadened iron X-ray emission line in NGC 1052, demonstrated in the
previous section, makes this source a unique example of a radio-loud AGN with a bright,
compact radio core whose accretion flow can be probed by X-ray spectroscopy of the
iron-line profile. Low-luminosity AGN (LLAGN) are generally expected to accrete on a
sub-Eddington level and to have radiatively inefficient accretion flows (e.g., Falcke 2001).
As such, they are not expected a-priori to exhibit relativistic iron line emission that is
believed to originate from the inner part of geometrically thin, optically thick accretion
disks. Moreover, the discrepancy between the X-ray photon indices of radio-quiet and
radio-loud AGN is often being considered to be evidence for a substantially different
structure of the accretion flow in both classes of objects (e.g., Reynolds and Nowak 2003).
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Figure 6.19: Top: XMM-Newton and BeppoSax spectra of NGC 1052 and best fitting
MODEL XII; Middle: Residuals if MODEL XII is applied to the data; Bottom: Unfolded
spectral MODEL XII.
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Table 6.6: Complex-absorber models for the XMM-Newton spectrum of NGC 1052.

Model Telescope Global Plasma Torus Torus Powerlaw Iron Line Statistics
Abs. Temp. I Temp. II Comp. 1 Comp. 2 Γ E σ ε Rin Rout θ EW χ2 d.o.f. χ2

red

[1022cm−2] [keV] [keV] [1022cm−2] [1022cm−2] [keV] [keV] [GM/c2] [GM/c2] [◦] [keV]

IX XMM-Newton 0.043+0.005
−0.007 0.15+0.01

−0.01 0.65+0.02
−0.03 1.08+0.07

−0.08 24.7+1.2
−1.0 1.73+0.02

−0.01 - - - - - - - 247.6 170 1.46
BeppoSax∗ ′′ ′′ ′′ ′′ ′′ 1.46+0.02

−0.02 - - - - - - - ′′ ′′ ′′
X XMM-Newton 0.037+0.006

−0.007 0.18+0.02
−0.03 0.66+0.04

−0.04 < 0.014∗∗ 6.1+0.6
−0.6 1.02+0.02

−0.02 6.1+0.1
−0.1 0.8+0.2

−0.1 - - - - 2.35 166.0 161 1.03
BeppoSax∗ ′′ ′′ ′′ ′′ ′′ 1.06+0.03

−0.03 6.6+0.2
−0.3 1.6+0.3

−0.2 - - - - 6.52 ′′ ′′ ′′
XI XMM-Newton 0.035+0.007

−0.006 0.18+0.02
−0.02 0.66+0.04

−0.04 < 0.014∗∗ 6.5+0.6
−0.6 0.96+0.02

−0.02 5.7+0.1
−0.1 - −2.6+0.1

−0.2 8.9+2.7
−2.5 114+71

−37 > 75∗∗ 2.76 162.0 157 1.03
BeppoSax∗ ′′ ′′ ′′ ′′ ′′ 1.09+0.03

−0.02 6.4+0.2
−0.2 - ′′ < 7.4∗∗ > 100∗∗∗ ′′ 2.76 ′′ ′′ ′′

XII XMM-Newton 0.035+0.007
−0.006 0.18+0.02

−0.02 0.66+0.04
−0.04 < 0.014∗∗ 6.3+0.6

−0.7 0.96+0.02
−0.02 5.6+0.1

−0.1 - −1.6+0.1
−0.2 4.0+1.5

−0.8 57+7
−10 83+2

−2 3.49 152.7 157 0.97
BeppoSax∗ ′′ ′′ ′′ ′′ ′′ 1.07+0.02

−0.03 5.9+0.2
−0.2 - ′′ < 2.1∗∗ 80+30

−24 ′′ 4.35 ′′ ′′ ′′

∗ The parameters of the global absorption and the thermal plasma were tied between the XMM-Newton and the BeppoSax spectral fits, the statistical quality values correspond to the simultaneous fit result; ∗∗

The parameter pegged against a hard limit; ∗∗∗ Parameter only weakly constrained
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Table 6.7: Variations of model X for the XMM-Newton spectrum of NGC 1052.

Model Telescope Global Plasma Metal Torus Torus Torus Powerlaw Iron Line Statistics
Abs. Temp. I Temp. II Abundance Comp. 1 Comp. 2 Comp. 3 Γ E σ EW χ2 d.o.f. χ2

red

[1022cm−2] [keV] [keV] [%] [1022cm−2] [1022cm−2] [1022cm−2] [keV] [keV] [keV]

Xa XMM-Newton 0.046+0.007
−0.006 0.16+0.03

−0.03 0.68+0.06
−0.05 100a 0.081+0.012

−0.011 3.9+0.2
−0.3 32.2+1.4

−1.3 2.21+0.02
−0.02 6.32+0.13

−0.13 0.35+0.19
−0.11 0.44 154.2 158 0.98

BeppoSax∗ ′′ ′′ ′′ ′′ ′′ ′′ ′′ 1.56+0.02
−0.03 6.44+0.27

−0.22 0.18+1.37
−0.18 0.30 ′′ ′′ ′′

Xb XMM-Newton 0.103+0.007
−0.004 0.68+0.03

−0.02 - 3.6+0.4
−0.5 - 2.80+0.13

−0.17 27.6+1.2
−1.4 2.03+0.02

−0.02 6.32+0.13
−0.14 0.41+0.18

−0.11 0.57 151.0 162 0.93
BeppoSax∗ ′′ ′′ - ′′ - ′′ ′′ 1.35+0.03

−0.02 6.47+0.41
−0.44 1.36+0.38

−0.27 3.8 ′′ ′′ ′′

a Metal abundances w.r.t. solar values; ∗ The parameters of the global absorption and the thermal plasma were tied between the XMM-Newton and the BeppoSax spectral fits, the statistical quality values

correspond to the simultaneous fit result
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For these two reasons it is important to consolidate the properties of NGC 1052 in terms
of radio loudness and its LLAGN character.

It is not straightforward to determine the radio-loudness parameter of NGC 1052.
While the prominence of the compact nuclear radio jet clearly points to a radio-loud ob-
ject, the dominance of optical starlight compared to the low luminosity of the AGN in the
radio and optical band makes NGC 1052 a borderline object. This, however, is a natural
consequence of the proximity of the source and its low nuclear luminosity. To compare
NGC 1052’s radio loudness to luminous quasars it is important to avoid the contribution
of the optical galaxy which is naturally negligible in distant quasars. Specifically, the
integrated flux density at 4400 Angstrom is ∼ 115 mJy while only ∼ 1 mJy of this flux
can be attributed to the central ionizing source (Gabel et al. 1999). Rejecting the star-light
contribution thus alters the radio-loudness parameter (the ratio between the flux at 4400
Angstrom and the flux at 5 GHz) from ∼ 20 for a maximal 5 GHz flux of 2.5 Jy during the
last few years to a value larger than 2000. Alternatively, radio loudness has been classified
based on the ratio of radio and X-ray brightness (Terashima and Wilson 2003). Figure F.3
(see Appendix F) displays the radio and X-ray fluxes of a sample of confirmed and can-
didate broad-iron-line AGN (both radio-quiet and radio-loud systems). The location of
NGC 1052 in this diagram is by far above the radio-loud/quiet dividing line (applying the
radio-loudness criterion of Terashima and Wilson 2003).

The bolometric luminosity of NGC 1052 of LBol = 7 × 1043 erg s−1 (Woo and Urry
2002) makes up only 0.35% of the Eddington luminosity of LEdd = 2 × 1046 erg s−1

calculated from a black-hole mass of 108.19 solar masses. Comparative fractions of the
Eddington luminosity of ∼ 10−5 × LEdd are emitted in the radio (1 GHz to 100 GHz;
Wrobel 1984) and the X-ray band (2 keV to 10 keV), making NGC 1052 a low-luminosity
source in both wavebands. A comparatively large amount of the power available from
accretion in this system is channeled into the jet, which carries about 1% of the Eddington
power or 2.7 times the bolometric luminosity as calculated from the formula for the jet jet
power given by Falcke and Biermann (1995). It should be noted that for under-luminous
systems like NGC 1052 flat photon indices are observed. Wang et al. (2004) give an
empirical formula Γ = 2.05+0.26 log ε, where ε is the ratio between observed bolometric
luminosity and Eddington luminosity. For NGC 1052, ε = 0.0035 gives an expected
photon index of 1.4.

Finally, it shall be noted that not all LLAGN accretion models predict optically thin
accretion flows. Merloni and Fabian (2002) have developed a model involving strong,
unbound, magnetic coronae generated by geometrically thin, optically thick accretion
disks at low accretion rates. In particular, this model predicts strong thermally driven
jets/outflows and hard X-ray spectra. The authors conclude that “if the jet, as is likely,
radiatively inefficient, then so is the source overall, even without advection of energy into
the black hole being relevant for the dynamics of the accretion flow.” The observational
findings on the X-ray spectrum of NGC 1052 together with its prominent jet system and
its LLAGN character, make NGC 1052 a highly interesting object to test the predictions
of the model of Merloni and Fabian (2002).

List of collaborators: J. Kerp, E. Ros, K. A. Weaver, & J. A. Zensus
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6.3.4 Jet-Disk Coupling in NGC 1052

The formation of powerful relativistic jets, emerging from the immediate vicinity of super-
massive black holes, takes place only within the radio-loud population of active galactic
nuclei (AGN). The formation of these extragalactic jets is not well understood at present
as well as the key question: ”What makes an AGN radio loud?”. Radio-loud AGNs of-
fer the unique possibility to image the small-scale structure of extragalactic radio jets via
Very Long Baseline Interferometry (VLBI) (Zensus 1997). The study of relativistically
broadened iron lines in the X-ray regime (Reynolds and Nowak 2003) allows the very
closest neighborhood of the black hole to be explored: its accretion disk, the resource
which is thought to provide the ”fuel” for the jet ejection (Meier et al. 2001).

The 2000 advent of a new jet feature in the jet of NGC 1052: From the long-term
VLBI monitoring program of NGC 1052, performed within the scope of the VLBA 2 cm
Survey, it is found that a new, strong and compact radio component was ejected into the
eastern (approaching) jet of the nuclear twin-jet system in 2000 (see Fig. 6.20). This new
component represents one of the most violent ejections observed in NGC 1052 since the
VLBI monitoring program began in 1995. A detailed analysis of the kinematical evolu-
tion of the sub-parsec-scale VLBI structure of NGC 1052 between 1999 and 2003 will
be presented by Ros et al. (in prep.). There, the possible ejection of a corresponding
and synchronous ejection event into the (western) counterjet of NGC 1052, which is less
pronounced than the event in the eastern jet, will be discussed, as well. In Fig. 6.20, the
images of the variable source structure at the last observing epoch before the ejection
(1999.85) and three following epochs (2001.21, 2001.84, 2002.38) are shown. The most
likely range of orientations of the jet-system derived from VLBI (Kadler et al. 2004c;
reprinted in Sect. 6.3.1) is 57◦ to 83◦, which is in remarkable agreement with the inclina-
tion of the accretion disk determined above from the X-ray spectrum (Sect. 6.3.3). The
large inclination angle is further supported by the detection of strong free-free absorption
at the base of the western (receding) jet occurring in an obscuring circumnuclear torus
(see Sect. 6.3.1 and compare Kellermann et al. 1999a & Kameno et al. 2001). The anal-
ysis of the kinematics of the newly emerged component shows that the ejection epoch is
∼ 2000.5 with an uncertainty of several months.

Before the advent of the new component in the jet of NGC 1052 in 2000.5 BeppoSax
observed the source at epoch 2000.03 and a rather small iron line equivalent width of
only 200 eV to 300 eV was reported (Guainazzi et al. 2000). The BeppoSax spectrum
taken in 2000.03 shows a clear count rate deficit between 5 keV and 6.5 keV, the regime
dominated by the “red wing” of the relativistic iron line, compared to the XMM-Newton
2001.62 spectrum. In Sect, 6.3.3, this spectral difference is shown to be due to a change
of the broad-iron line profile, while the continuum remained more or less stable between
the two observations. To substantiate this finding, it was tried to adjust the parameters
of the continuum and the line component of the spectral model separately. Since the
BeppoSax data quality is insufficient to fully constrain the different parameters of the line
and the continuum, the statistical improvement of the fit that can be achieved from fitting
the power-law index and flux with the improvement from fitting the line energy and flux
was compared. In both cases, the number of degrees of freedom changes by two, so that
both fits can be compared directly with the F-test. Adjusting the continuum can only
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Figure 6.20: The variable relativistic X-ray iron line profile of NGC 1052 in relation to
the radio jet dynamics on sub-parsec scales. Left: The varying radio jet structure on
parsec scales of NGC 1052 between 1999.85 and 2002.38 observed at a wavelength of
2 cm with the VLBA. Components in jet (left) and counter-jet (right) move outwards with
apparent speeds of ∼0.25c (yellow lines). The new, central jet component, first visible in
the 2001.21 image, was ejected in ∼2000.5 and moves along the eastern (approaching)
jet. Top right: Relativistic, broad iron line profile of NGC 1052 in January 2000 extracted
from the BeppoSax data. Bottom right: Relativistic, broad iron line profile of NGC 1052
in September 2001 from the XMM-Newton observation. The line profiles are represented
by the ratio of the measured XMM-Newton spectrum of the September 2001 epoch be-
tween 3 keV and 8 keV and the spectral model I of the underlying continuum. The “red
wing” of the line varied substantially between both epochs, indicative of strong structural
changes in the inner accretion disk.
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improve the fit by ∆χ2 = 8, while optimizing the line parameters yields a significantly
larger improvement of ∆χ2 = 17 for the spectral model XI. In the latter case, the line
energy is shifted from 5.6 keV to 5.8 keV, indicative of a weaker contribution of the inner
disk compared to the 2001 XMM-Newton epoch, and the equivalent width decreased from
∼ 2 keV to ∼ 1.5 keV. The presence of line-variability is also obvious from an inspection
of the two panels in Fig. 6.21.

While the continuum was stable or varied only marginally between the BeppoSax and
the XMM-Newton observation, significant variability of the relativistic iron line occurred.
This line variability can only be explained within the standard model of relativistic iron
lines in AGNs if characteristic physical parameters of the accretion flow, e.g., the inner
radius of the disk, have changed considerably between the two observations. Such a
dramatic event within the accretion flow is expected to be followed by the ejection of a
new jet component on parsec-scales if a coupling between jet-formation and black hole
accretion exists, as is suggested by most theoretical models (Meier et al. 2001) but has
not been observed prior to this work7.

It should be stressed that it is not possible from the available data to constrain the
exact epoch at which the structural change in the accretion disk took place. The time scale
on which the broad iron line profile changed might be much shorter than the time period
covered by our observations. Thus, the BeppoSax spectrum most likely does not represent
the iron line profile during or immediately after the structural change in the accretion
disk happened. It is thus difficult to develop a detailed physical model, that relates the
processes within the accretion disk to the jet component emergence. However, it can be
concluded from our observational data that the relativistic iron line profile changed on
a time scale smaller than ∼1.5 years, most likely due to a significant event within the
accretion disk, and that within the same time range a bright new jet component ejection
on sub-parsec scales took place.

What happened in NGC 1052 in 2000/2001? A toy model: The data presented here
imply the following scenario for the physical processes at the center of NGC 1052 be-
tween January 2000 and September 2001 (compare Fig. 6.22). Before 1999 a more or
less steady, optically thick, and disk-like accretion flow feeds the central black hole and
a broad iron line is emitted in the energy range between ∼3 keV and 8 keV. Part of the
accreting matter maintains a twin-jet, which transports synchrotron emitting plasma away
from the central engine. In late 1999 or early 2000 a dramatic event within the accretion
flow occurs, during which the inner radius of the accretion disk pulls back from the black
hole. This results in a depression of the relativistic “red wing” of the iron line and a de-
crease of the fluorescenting disk area as observed with BeppoSax. A substantial amount
of the inner disk material is accreted onto the black hole, while a fraction of the same
material is ejected into the jet. The ejection causes a shock within the existing jet flow,
which emits self-absorbed synchrotron radio emission. While traveling along the jet with
approximately 20% of the speed of light, adiabatic expansion causes the new radio-jet
component to become optically thin at the highest frequencies. A wavelength-dependent
radio outburst propagates through the spectrum, as the synchrotron self-absorbed peak

7The results of Marscher et al. (2002) of X-ray flux dips preceding VLBI component ejections in 3C 120
may be closely related to the results presented here for NGC 1052. However, a varying profile of a relativis-
tic iron line is theoretically much better understood than the occurrence of X-ray dips.

171



6 Detailed Studies of Special Sources

(for 2 add. d.o.f.)

χ2 = 17∆
(for 2 add. d.o.f.)

χ2 = 8∆

Figure 6.21: Iron line variability vs. continuum variability in NGC 1052. The 2 keV to
12 keV X-ray spectrum of NGC 1052 extracted from the BeppoSax observation in Jan-
uary 2000. Only the data from the BeppoSax MECS detectors are shown. In the left
panel, the solid line represents the best model which can be achieved by adjusting the
continuum parameters (corresponding to continuum variability between the two observa-
tions). The right panel shows the best model which results from adjusting the line energy
and flux instead. Statistically, the line-variability model provides a much better approxi-
mation to the data with an improvement of 17 for χ2 compared to an improvement of 8
in the continuum-variability model.

shifts to lower frequencies (Kovalev priv. comm.). In early 2001 the emission of the new
jet component becomes optically thin at 15 GHz and is first visible in the VLBI image
at epoch 2001.21. After the accretion-ejection event the inner disk slowly replenishes so
that the broad, relativistic line profile is visible during the September 2001 XMM-Newton
observation with a stronger “red wing” compared to the January 2000 BeppoSax observa-
tion.

List of collaborators: J. Kerp, E. Ros, K. A. Weaver, & J. A. Zensus

Organization of a Multi-Mission Radio/X-ray Observing Campaign of NGC 1052:
The only observational link between accretion disks and jet activity in AGNs established
so far is the occurrence of dips in the X-ray light curve of the radio galaxy 3C 120 cor-
related with ejections of superluminal knots in the radio jet (Marscher et al. 2002). Rel-
ativistic, broad iron lines, however, are much better understood than those dips in X-ray
light curves and provide the closest probe of black hole accretion that can be accessed
observationally. The observed line variability in correlation with jet-production activity
provide the first direct view of an accretion-ejection event in an active galaxy. Future
combined VLBI and X-ray observations of radio-loud AGNs may reveal the details of
the inter-play between accretion disk dynamics, the primary X-ray continuum, high en-
ergy reflection processes, and jet formation. A major task for future AGN research will
be to consolidate a corporate knowledge of accretion-ejection phenomena observed by
VLBI and X-ray astronomy. Such joint efforts have been neglected prior to the detection
of the first broad iron line in a radio-loud AGN, reported in this work. Ultimately, this
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Figure 6.22: Sketch of the accretion-ejection event and the variable iron line profile of NGC 1052. Left: Sketch of the physical processes during
the reported accretion-ejection event. 1) Initial system with a steady accretion disk and a “quiet” jet; 2) The inner edge of the disk pulls back
from the black hole. Enhanced accretion takes place and a fraction of the inner disk material is ejected into the jet. A new jet component is
formed; 3) The disk slowly replenishes while the new jet component travels outwards. Right: Simulated 30ksec XMM-Newton spectra for the
three stages from the left panel. 1) Inner accretion disk extends to 6 gravitational radii; 2) Inner edge at 20 gravitational radii, line flux reduces,
line energy shifts bluewards; 3) Inner edge at 12 gravitational radii, line flux and energy replenish.
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new observational approach of combined VLBI- and X-ray spectroscopic observations of
NGC 1052, has the power to reveal the fundamental difference between radio-loud and
radio-quiet AGNs, from dedicated monitoring campaigns and the comparison to timing
analysis studies of broad iron lines in radio-quiet AGNs.

To address these important questions, a large multi-mission observing campaign of
NGC 1052 has been set up for the time period spring 2005 to spring 2006. The goal of
this campaign is to explore the triggering processes leading to the formation of relativis-
tic jets in radio-loud AGNs. The project includes: I: 54 hours of VLBA observations
of NGC1052, with dynamically scheduled observations at λ1.3 cm and λ0.7 cm every six
weeks (PI: E. Ros), II: 15 ToO epochs of Rossi X-ray Timing Explorer (RXTE) obser-
vations for X-ray light curve monitoring every three weeks, III: Radio-spectral moni-
toring observations with the Effelsberg 100-m telescope, covering the full cm- to mm-
wavelength regime, quasi-simultaneous to the RXTE pointings (PI: M. Kadler), IV: two
deep Chandra/XMM-Newton pointings separated from each other by five months to de-
rive high-spectral-resolution profiles of the broad iron line at two different epochs (PIs:
J. A. Irwin & M. Kadler), V: long-term radio monitoring with the RATAN-600 telescope
and the 26 m telescope of the University of Michigan (PIs: H. D. & M. F. Aller).

We expect to find dips in the X-ray light curve in the RXTE monitoring program that
precede imminent plasma ejections into the VLBI jet, the “classical” behavior displayed
by 3C 120 (Marscher et al. 2002). Our program will allow us to determine accurately
the ejection epochs of the expected new jet components and any possible change in the
broadband radio to X-ray light curve correlation due, e.g., to the onset of enhanced SSC
emission from the flaring compact base of the jet.

List of collaborators: H. D. Aller, M. F. Aller, J. A. Irwin, J. Kerp, Y. Y. Ko-
valev, A. Kraus, A. P. Marscher, E. Ros, K. A. Weaver, & J. A. Zensus

6.3.5 Summary
In this section, the LINER galaxy NGC 1052 has been studied from sub-parsec to kilo-
parsec scales, combining various observational techniques and observing frequencies and
invoking data from an assortment of modern astronomical observational facilities. The
main results from this study are summarized below.

• A VLBI scrutiny the parsec-scale “twin-jet” of NGC 1052 and the nucleus-obscuring
torus of this system has been conducted. Confirming and quantifying the results of
Kellermann et al. (1999a) and Kameno et al. (2001), the high-density circumnuclear
environment of the NGC 1052 nucleus revealed free-free absorption along with
steep pressure gradients increasing the synchrotron opacity. Applying the meth-
ods developed in appendix C, the brightness temperature gradients along the jets
are studied. A sharp cut-off along the eastern (approaching) jet can be explained
as an effect of steep pressure gradients at a transition regime between the exter-
nal pressure-dominated jet regime and a more or less freely expanding jet regime.
The TB gradients reveal that either equipartition holds between the magnetic energy
and the particle energy or the assumption of a single, well defined particle energy
distribution without cooling is violated. Alternatively, a conserved longitudinal
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component might dominate the magnetic field. The angle to the line of sight of the
“twin-jet” system NGC 1052 was determined to lie between ∼ 57◦ and ∼ 83◦. A
region of linearly polarized emission is found along the eastern jet at 5 GHz but not
at higher frequencies, providing a possible sign of jet stratification. An absorbing
column density towards the base of the counter jet of ∼ 2 × 1022 cm−2 is derived.

• Data from a short (2.3 ksec) Chandra observation of NGC 1052 reveal the presence
of a diffuse thermal X-ray emitting gas inside the galaxy. A MERLIN study of
the kiloparsec-scale radio jet shows that the thermal plasma is well aligned with
the radio synchrotron jet-emission. This suggests an origin from an interaction of
the jet with its ambient medium, heating the gas to kT = (0.4 − 0.5) keV. The
soft excess of NGC 1052 (compare Sect. 5.1) is identified with this extended jet-
associated emission component.

• The kiloparsec-scale radio structure of NGC 1052 is found be aligned with an op-
tical emission cone. Bright, compact knots in the jet structure are visible at radio,
optical and X-ray energies with a spectrum incompatible with synchrotron emission

• A heavily absorbed and unusually flat nuclear X-ray spectrum is found with Chan-
dra in agreement with earlier ASCA and BeppoSax studies of this source but the
data quality did not allow the continuum emission model to be fully constrained.

• A deeper, higher SNR X-ray spectrum of NGC 1052 is obtained from an archival
13 ksec XMM-Newton observation. The X-ray spectrum is found to be complex
and not adequately approximated via simple continuum models like the models I to
III which represent well the majority of radio-loud, core dominated AGN as found
from the analysis of the 2 cm-X-Sample presented in this thesis. The XMM-Newton
spectrum sustains the presence of a high-density nuclear absorber obscuring the
primary nuclear X-ray source.

• Combining the XMM-Newton data with the data from an earlier X-ray spectral ob-
servation of NGC 1052 with BeppoSax, the continuum model is further constrained.
Pure high-energy reflection models are ruled out on this basis. The X-ray spectrum
of NGC 1052 is found to be best described via a heavily absorbed hard-power-law
model with the absorber covering the source only partially (patchy absorber).

• Broad residual emission in the range between 4 keV and 8 keV is found that can
only be explained by the addition of a further spectral emission component domi-
nating this energy range. Relativistic, broad iron line emission models are found to
yield the best approximation to the data. While the data does not allow the black-
hole spin to be constrained, the competing relativistic line models consistently pre-
dict a large inclination to the line of sight, larger than 75◦, in agreement with the
VLBI results presented in Sect. 6.3.1.

• The developed models that can explain both the XMM-Newton and the BeppoSax
spectrum of NGC 1052 yield significantly different parameter values. The discrep-
ancy can be explained if either the continuum and the broad iron line or only the
broad line has varied between the two epochs. In both cases, it must be concluded
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that a change in the inner accretion disk has caused the line variation. A pure con-
tinuum variation can be ruled out.

• The detection of a relativistic, broad iron line in NGC 1052 is the first of its kind
in a radio-loud AGN with a bright compact radio core. This discovery provides for
the first time the opportunity to study dynamical processes in the accretion disk and
their immediate impact on jet production.

• It is found that the broad-iron-line variability was accompanied by a violent ejection
of relativistic plasma in the radio jet of NGC 1052 that occurred in 2000. This
observational signature suggests that the source was caught in the act of feeding a
part of the accretion disk into the black hole while a fraction of the material was
injected into the jet.

• A large multi-mission and multi-waveband observing campaign of NGC 1052 has
been set up for the time period spring 2005 to spring 2006. At the time of writ-
ing of this thesis, this campaign has already started invoking VLBA observations
of NGC1052 at λ1.3 cm and λ0.7 cm every six weeks, 15 ToO epochs of RXTE
X-ray light curve monitoring observations every three weeks, Radio-spectral mon-
itoring observations with the Effelsberg 100-m telescope, covering the full cm-
to mm-wavelength regime, quasi-simultaneous to the RXTE pointings, two deep
Chandra/XMM-Newton pointings separated from each other by five months to de-
rive high-spectral-resolution profiles of the broad iron line at two different epochs,
and long-term radio monitoring with the RATAN-600 telescope and the 26 m tele-
scope of the University of Michigan. The results of this campaign promise to yield
substantially new, deep insights into the phenomena of black-hole mass accretion
and jet formation in radio-loud AGN and will provide a critical test for the jet-disk
coupling interpretation of the observational data available so far.
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Figure 6.23: 3C 111 at 1.4 GHz observed with the VLA. Image taken from Linfield and
Perley (1984).

6.4 The Trail of a Superluminal Jet Component in 3C 111

6.4.1 Introduction

The nearby (z=0.049)8 broad-line radio galaxy 3C 111 (0415+379) shows a classical
FR II morphology on kiloparsec-scales spanning more than 200′′ with a highly collimated
jet connecting the central core and the northeastern lobe in position angle 63◦ while no
counterjet is observed towards the southwestern lobe (see Fig. 6.23 from Linfield and Per-
ley 1984). This asymmetry, which is usually explained via relativistic boosting of the jet
and de-boosting of the counter-jet, is even more pronounced on parsec-scales: 3C 111 ex-
hibits the brightest compact radio core at cm/mm wavelengths of all FR II radio galaxies.
It was the first lobe-dominated extragalactic radio source in which superluminal motion
was detected (Goetz et al. 1987, Preuss et al. 1988). High-radio-frequency VLBI data of
3C 111 have been reported on by Alef et al. (1998) and Kharb et al. (2003) finding re-
markably rapid structural changes on a time scale of months, being obtained after a major
radio-flux-density outburst in 1996 (see below).

6.4.2 Observations and data analysis

3C 111 has been monitored as part of the VLBA 2 cm Survey program. The observational
details are given in Kellermann et al. (1998a) and Zensus et al. (2002). Following standard
methods of VLBI data reduction as described, e.g., in Kadler et al. (2004c), the data from
10 epochs of VLBI observations of 3C 111 between 1995 and 2002 (see Table 6.8) were
phase and amplitude self calibrated and the brightness distribution was determined via
hybrid mapping. Two dimensional Gaussian components were fitted in the (u, v)-domain

8Assuming a Hubble constant of H0 = 71 km s−1 Mpc−1, ΩM = 0.3, ΩΛ = 0.7, this results to a linear
scale of 1.0 pc mas−1.
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to the fully calibrated visibility data of each epoch using the program DIFMAP. The pa-
rameters of the various model fits at the various epochs are given in Table 6.9. The models
were aligned at the various epochs by assuming the westernmost component (namely, the
core) to be stationary so that the position of jet components can be measured relative
to the location of the core component. Because of the coupling of the flux densities of
nearby model components, the true flux-density errors are larger than the formal (statis-
tical) errors in most cases (unless the given model component is far enough separated
from its closest neighbor). Throughout this section, conservative errors of 10 %–20 % are
assumed for the flux densities of individual model-fit components. Positions and compo-
nent sizes are assumed to have uncertainties of one fifth of a beam size and one fifth of
the component diameter, respectively.

6.4.3 The 1996 Radio Outburst of 3C 111
A strong flux density outburst occurred in 1996, which was first visible at the highest
frequencies and some months later at the lower frequencies. In fact, this outburst was
first detected at 90 GHz with the IRAM interferometer at Plateau de Bure in January 1996
with flux densities > 10 Jy (Alef et al. 1998), at 37 GHz in March 1996, and at 22 GHz
in August 1996 (Teräsranta et al. 2004). Figure 6.24 shows the single-dish radio light
curves of 3C 111 at 4.8 GHz, 8 GHz, and 14.5 GHz obtained from the UMRAO radio-
flux-density monitoring program (Aller et al. 2003). These data show that from early
1996 on the radio-flux density of 3C 111 was rising at 14.5 GHz, reaching its maximum
in late 1996. At the two lower frequencies, the flux-density maximum was reached at
subsequent later times, in mid 1997 at 8 GHz and in late 1997 at 4.8 GHz. The flare
propagated through the spectrum as qualitatively expected by standard jet theory with
the high-frequency radio emission coming from the most compact regions of the jet and
the emission peak shifting to lower frequencies as a newly ejected jet component travels
down the jet becoming optically thin. The shift rate with frequency in the case of the 1996
outburst of 3C 111 is ∼ 10 GHz/yr.

6.4.4 VLBI Monitoring Results
Figure 6.25 shows the variable parsec-scale structure of 3C 111 at 10 different epochs9

of VLBA 2 cm Survey observations between 1995.27 and 2002.19. The variable source
structure can be described by a classical one-sided core-jet morphology in the first two
epochs with typical velocities of the outward moving jet components of∼ 0.8−1.9 mas yr−1

corresponding to 2.6− 6.2 c. In epoch 1997.19 a new bright jet component dominates the
source structure shining out even the core. In the following epochs this new component
travels along the jet while it is gradually stretched out.

Model Fitting: In Fig. 6.26 the radial distance of the various model fit components
is shown as a function of time. The component identification was conducted, based on a
comparison of the positions and flux densities, and a linear regression of the core distances

9The data of an eleventh epoch (1996.82) suffer from a calibration problem and are not used for this
study.
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Figure 6.25: Uniformly weighted im-
ages of the parsec-scale jet of 3C 111
between 1995.27 and 2002.19. The
restoring-beam sizes, the total recov-
ered flux density in each image and the
rms are given in Table 6.8. The low-
est contours are 10, 5, 10, 10, 10, 5,
10, 5, 2.5, and 2.5 mJy/beam, respec-
tively, and increase by factors of

√
3.

The dashed lines mark the evolution of
component E 1 and its trail.
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Table 6.8: Journal of VLBA 2 cm Survey observations of 3C 111 analyzed in this study.

Epoch Code Beam Stot rms
[mas × mas, ◦] [Jy] [mJy/beam]

1995.27 BK 016 0.86×0.45, +5.0 2.6 1.8

1995.96 BK 037A 1.05×0.57, +25.0 1.8 1.1

1997.19 BK 048 0.94×0.55, −3.2 6.0 1.3

1997.66 BK 052A 0.92×0.52, +1.3 4.1 1.6

1998.18 BK 052B 0.85×0.54, −10.1 2.0 2.1

1999.39 BK 068A 0.88×0.51, +2.4 2.6 0.6

1999.85 BK 068C 0.91×0.50, +4.0 2.4 1.3

2001.17 BK 068E 0.96×0.52, −4.8 2.1 0.4

2002.00 BR 077D 1.07×0.55, −3.5 2.2 0.4

2002.19 BR 077I 0.95×0.54, −6.0 2.2 0.3

as a function of time was performed to determine the kinematics. The derived component
velocities are tabulated in Table 6.10. The outer jet components (A, B, C) of the 1995.27
epoch can be traced over two to four epochs before their flux densities fall below the
detection threshold. In 1997.19, the source structure is dominated by the emission of the
core and the newly emerged jet component E 1, which travels outwards in the subsequent
epochs with a mean apparent velocity of 1.6 mas yr−1. In the following epochs, three
additional slower moving components (E 2, E 3, E 4) form behind E 1, of which only E 2
is consistent with being ejected from the core. E 3, and E 4 form at distances of 3–4 mas
from the core and thus most likely represent trailing components rather than ejections into
the jet at the jet base. In later epochs, two new components (F,G) are ejected from the core
into the jet.

Flux Density Evolution: Figure 6.27 shows the brightness evolution of the core and
the jet components with time. Apparently, the trailing components E 3 and E 4 appear in
a rising state, i.e., they first increase in flux before they become fainter in later epochs.
Component E 2 shows an extraordinary steep decrease in brightness during the first two
epochs in which it was observed and exhibits a local maximum in flux in the next epoch.
It cannot be excluded that this behavior represents two distinct jet components, the first
being already invisible due to the rapid decrease in flux in the 1998.18 epoch. The flux
density evolution is shown in Fig. 6.28 as a function of measured core distance. E 3 and
E 4 reach their flux density maximum at different core distances.

Component Trajectories: The apparent paths of the various jet components in the
plane of the sky are shown in Fig. 6.29. All components emerged from the jet base
travel along approximately linear paths with the position angle varying with time clock-
wise. Particularly, the paths of the “early” components A and B are south of the path
of E 1, while the “late” components F and G travel north of it. The interpretation of the
components E 2, E 3, and E 4 as trailing components is substantiated by the fact that their
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Table 6.9: 3C 111 VLBI model fit parameters.

Flux Axis Flux Axis
Id density Radius P.A.a FWHM ratio φ Id density Radiusa P.A. FWHM ratio φ

[mJy] [mas] [◦] [mas] [◦] [mJy] [mas] [◦] [mas] [◦]

1995.27 1999.39
0 1324 – – 0.3 0.53 46.4 0 1480 – – 0.4 0c 64.4
A 84 3.9 70.2 1.2 1b – E1 421 4.2 66.3 0.6 0.53 40.3
B 199 1.7 67.3 1.0 1b – E2 166 3.5 69.1 0.4 1b –
C 981 0.6 61.8 0.4 0.40 61.2 E3 182 3.0 70.0 0.7 1b –

X 53 1.3 65.7 0.6 1b –
X 256 0.6 62.9 0.3 0c 56.6

1995.96 1999.85
0 873 – – 0.3 0.58 25.4 0 1067 – – 0.8 0.42 −3.8
A 41 4.5 70.4 0.8 1b – E1 275 5.1 64.3 0.8 0.42 −8.6
B 48 3.3 70.7 0.3 1b – E2 130 4.6 65.9 0.8 0.46 −17.1
C 124 1.7 63.5 0.4 1b – E3 332 3.7 68.2 1.2 0.74 45.7
D 677 0.4 63.5 0.9 0.34 62.0 X 376 0.7 75.5 1.3 0.25 49.4

X 257 0.5 43.1 0.8 0.43 16.9
1997.19 2001.17

0 2577 – – 0.4 0c 68.1 0 1597 – – 0.4 0c 61.4
B 41 5.3 68.2 1.1 1b – E1 45 7.2 64.2 0.9 0.83 76.0
C 39 3.5 64.7 1.0 1b – E2 45 6.2 66.1 0.9 0.92 55.4
E1 3353 0.9 63.9 0.6 0.49 −82.4 E3 100 5.2 62.9 1.2 0.54 65.2

E4 91 4.0 66.4 1.1 0.35 48.3
F 244 1.1 59.4 0.9 0.22 54.9

1997.66 2002.00
0 1630 – – 0.5 0c 58.9 0 1514 – – 0.5 0.09 61.2
B 21 6.3 70.0 1.0 1b – E1 24 8.4 65.1 1.0 1b –
C 17 4.6 64.8 0.5 1b – E2 22 7.0 64.0 1.1 1b –
E1 1483 1.5 68.3 0.4 0.87 38.9 E3 20 5.9 65.9 0.8 1b –
E2 961 0.9 61.1 0.4 0.21 71.2 E4 121 4.7 64.7 1.4 0.35 47.8

F 061 2.6 58.8 0.9 0.33 50.6
G 425 1.0 64.7 0.5 0.39 66.9

1998.18 2002.19
0 1129 – – 0.8 0.47 6.3 0 1691 – – 0.6 0.10 62.9

E1 816 2.1 67.9 0.9 0.65 11.9 E1 14 8.7 65.8 0.7 1b –
E2 132 1.3 60.4 0.6 1b – E2 17 7.8 64.3 1.0 1b –

E3 12 6.2 67.5 0.5 1b –
E4 117 4.9 64.2 1.5 0.36 52.5
F 34 3.1 57.1 0.7 0c 11.6
G 314 1.3 64.1 0.5 0.57 65.2

a The PA is measured from north through east; b Axis ratio fixed at 1; c Component
degenerated to a linear feature during the fit.
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Table 6.10: 3C 111 VLBI jet kinematics.

Component # of epochs µ βapp Peak Flux
[mas yr−1] [mJy]

A 2 0.8 2.6 84
B 4 1.9 6.2 199
C 4 1.6 5.2 981
D 1 – – 676

E 1 8 1.6 5.2 3353
E 2 7 1.5 4.9 961
E 3 5 1.1 3.6 332
E 4 3 0.9 2.9 121
F 3 1.9 6.2 244
G 2 1.6 5.2 425

Figure 6.26: Core separation vs. time. The trailing components E3 and E4 are not
ejected from the core but form behind the leading component E1. Asterisks represent
components which could not be cross identified over the epochs.

183



6 Detailed Studies of Special Sources

Figure 6.27: Flux-density evolution of the core and the jet components with time. Aster-
isks represent components which could not be cross identified over the epochs.

trajectories resemble the E 1 trajectory.

A Jet Reflection Event in 1999? The radial velocity of component E 1 changes abruptly
from 1.2 mas yr−1 between 1997.19 and 1998.18 to 1.6 mas yr−1 between 1999.39 and
2002.19 (see Fig. 6.30). This behavior is similar to the collimation event in the jet of
3C 279 reported by Homan et al. (2003) and enables us to constrain the orientation of
the jet and the jet Lorentz factor γ. Assuming that the Lorentz factor before and after
the change in apparent speed is the same, a change in the angle to the line of sight can
simply explain this behavior. Physically, this may correspond to an elastical reflection of
the jet in a jet-cloud interaction. If the jet Lorentz factor γ = (1 − β2)−1/2 is constant,
the maximal apparent speed of a jet component is achieved for an angle θ that fulfills
∂βapp/∂θ = 0. From βapp = β sin θ/(1 − β cos θ) = 5.235 one derives βapp = βγ and
therefore γ = 5.33. This is the minimal jet Lorentz factor that is required to explain the
observed apparent speeds. The trajectory of E 1 can be parametrized via a piecewise linear
regression to x(t) and y(t) in the sky for the intervals 1997-1999 (radial distance smaller
than 3 mas) and 1999-2003 (r > 3 mas). This yields values of ẋ = (1.14 ± 0.11) mas/yr
and 1.46±0.02 mas/yr, respectively, for the gradients of x(t) and ẏ = (0.40±0.01) mas/yr
and 0.67 ± 0.05 mas/yr for the gradients of y(t). This implies vector motions of ṙ(t <
1999) = (1.20 ± 0.11) mas/yr and ṙ(t > 1999) = (1.46 ± 0.05) mas/yr before and after
the 1999 event, corresponding to apparent linear speeds of (3.9 ± 0.4)c and (5.2 ± 0.2)c,
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6.4 The Trail of a Superluminal Jet Component in 3C 111

Figure 6.28: Flux densities of jet components as a function of core distance. E3 and E4
rise in flux density after their first occurrence and reach their maximal brightness after a
travel distance along the jet of about one milliarcsecond.

Figure 6.29: Relative position of jet components at the various epochs in the sky. The
trailing components E2, E3, and E4 travel along the same (curved) path as the leading
component E1. The jet components A, B, F, and G travel along different paths. The
ejection angle gradually shifts towards the north.
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Figure 6.30: Core separation vs. time for component E 1 during 1997.19–1998.18 (open
triangles) and during 1999.39–2002.19 (filled triangles). The solid lines represent linear-
regression fits to the first three and the last five data points, respectively.

respectively. The viewing angle in this model changes from θ ∼ 24◦ in the time interval
1997–1999 to θ ∼ 11◦ after 199910. The Doppler factor varied from a moderate value of
1.85 before the event to a larger value of 5.23 after the event. Interestingly, Lähteenmäki
and Valtaoja (1999) derive a Doppler factor of 2.33 for 3C 111 from total flux density
variability studies at 22 GHz and 37 GHz.

One can now further assume that the trailing components travel along the same path
as E 1 and thus have the same angle to the line of sight. Table 6.11 gives the apparent
velocities of the trailing components E 2, E 3, and E 4, which exhibit a gradually smaller
apparent velocity compared to the leading component. This behavior is already apparent
from the visual impression of stretching (compare Figure 6.25). This can be explained
if these trailing components indeed are intrinsically slower than the leading shock rep-
resented by E 1 and have smaller Lorentz and Doppler factors. The formation of such
trailing components behind the leading perturbation propagating within a jet flow are in-
deed predicted by numerical simulations of the response of a relativistic jet and its ambient
medium to the formation and propagation of superluminal shocks (Agudo et al. 2001).

10A formal second solution for θ yields values < 5◦. This solution is not considered further due to the
inconsistency of such a blazar-like orientation with the large-scale radio morphology, the lack of observed
fast variability patterns and the X-ray spectroscopic results of Lewis et al. (2005).
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The Tb gradient along the jet: Figure 6.31 shows the brightness temperatures of the
various jet components as a function of their core distance. In general, the brightness
temperature of all components decreases as the components travel outwards but an ap-
proximation with a simple power law does not yield a good fit in the most cases. This
behavior is different then expected for a straight jet geometry in which the power-law de-
pendences of the particle density, the magnetic field strength and the jet diameter on the
core distance predicts that the brightness temperature along the jet can be described with
a well defined and stable gradient of Tb. In Appendix XX it is shown that most jets in the
CJ 1/2 survey (Polatidis et al. 1995, Thakkar et al. 1995, Xu et al. 1995), which do not
show apparent effects of curvature, show a power-law decrease with increasing distance
from the core and power-law indices typically around −2.5. Since a change in apparent
velocity of the E 1 component is observed, which most likely provides a signature of jet
bending, the measured brightness temperatures at different distances from the core are
altered by different Doppler factors depending on the local inclination of the jet. One
can correct for this in the case of component E 1 by calculating the Doppler factors in the
two ranges before and after the reflection event and determine from these the boosting-
corrected brightness temperature for each epoch. A free parameter in this procedure is the
Jet Lorentz factor, for which only a lower limit of 5.33 exists (from the maximal observed
apparent velocity).

Assuming a jet inclination of 23.82◦ before and 10.98◦ after the reflection (compare
Table 6.10) we calculated a corrected brightness temperature T∗

b for E 1 in each epoch

T ∗
b = Tb × δ−3.5 (6.1)

and the linear distance from the core

R =

{

r sin θ1 r < r∗
r∗ sin θ1 + (r − r∗) sin θ2 r > r∗

(6.2)

where r∗=3 mas is the projected core distance where the reflection takes place. Linear
regressions were performed for the T∗

b vs. R dependence for different values of γ and
determined the correlation coefficient ρ2 for each γ (ρ2 is the regression sum of squares,
Sreg, divided by the total sum of squares where Sreg is the difference between the total
sum of squares and the sum of the squared differences between the fit and the data).
Figure 6.32 shows the resulting distribution, which falls rapidly with γ, thus suggesting
that the minimal value of γ ∼ 5.4 yields the best power-law dependence of T∗

b on R. In
Fig. 6.33, the measured dependence of Tb as a function of r is shown in comparison to
the corrected dependence of T∗

b on R. The correction yields a smooth power-law decrease
of T∗

b with a power-law index of −3.75 ± 0.18 and only a small residual scatter. This
value is at the extreme end of the distribution of brightness temperature gradients derived
in Appendix C, implying very steep gradients of the particle density, the magnetic field
and/or the spectral index (compare Fig. C.9). Recalling that E 1 is the relict of a major
plasma ejection in the 3C 111 jet, a steep particle density gradient with respect to the
ambient material seems plausible.

Summary and comparison with other published results: The model developed in
this chapter describes with a small number of parameters the observed kinematics of the
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Figure 6.31: Brightness temperatures of jet components as a function of core distance.
The local maximum for each component around (3-5) mas core distance indicates a
change of the local jet direction relative to the angle to the line of sight resulting to a
varying Doppler factor. Symbols used are the same as in Fig. 6.27–6.29.

Table 6.11: 3C 111 kinematical parameters for E 1 and its trailing components.

E1 E2 E3 E4
[r < 3 mas] [r > 3 mas]

βapp
† 3.92 5.24 4.87 3.57 3.01

γ 5.33∗ 5.33∗ 4.99 3.89 3.46
ϑ 23.71◦ 10.81◦ 10.81◦ 10.81◦ 10.81◦

δ 1.85 5.23 5.33 5.06 4.84
Note: Values in boldface in the family (γ, ϑ, δ) were fixed and
the other two were determined from them.
† Values determined from the proper motions (via a linear regres-
sion of r vs t); ∗ γmin = (1 + β2

app)1/2; value that minimizes β
for an observed βapp;
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6.4 The Trail of a Superluminal Jet Component in 3C 111

Figure 6.32: Correlation coefficient between log Tb and log r as a function of the assumed
Lorentz factor.

leading component E 1 and its trailing components associated with a major flux-density
outburst of 3C 111 in 1996. The trajectory of E 1 is described in terms of two ballistic
regimes where the component is moving with a constant intrinsic speed but at different
angles to the line of sight. The value derived for the angle of the jet to the line of sight is
in good agreement with the XMM-Newton X-ray spectrum of 3C 111 analyzed by Lewis
et al. (2005), suggesting a partial-covering model of the primary X-ray continuum source.
As pointed out by Lewis et al. (2005), it is not clear which structure could be obscuring
the primary X-ray source, given the small angle of the jet axis to the line of sight. In this
context, it is interesting to note that I: there are bent component trajectories in the inner
few milliarcseconds of the 3C 111 jet and II: that the abrupt change change in speed of
component E 1 may be the result of a jet-collimation event at a boundary between the jet
outflow and some kind of ambient medium (as suggested by Homan et al. (2003) in the
case of the bent in the trajectory of the component C 4 in 3C 279). It is further remarkable
that the model yields the best correction of the distorted brightness temperature gradient
of component E 1 as it travels along the jet for a maximal boosted jet, i.e., the minimal
allowed Lorentz factor. The assumption of a maximal boosted jet is made often, partic-
ularly in the case of radio galaxies with bright compact radio cores. But observational
evidence for maximal boosted jets is rare.

The appearance of trailing components behind bright superluminal VLBI components
has been observed earlier with VLBI. Gómez et al. (2001a) identified several knots ap-
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Figure 6.33: Stars: Boosting-corrected brightness temperatures of component E 1 as a
function of deprojected core distance. A power-law fit to the data is indicated by the
solid line (power-law index −3.75 ± 0.18). Circles: Measured brightness temperatures
of component E 1 as a function of the measured core distance.

pearing in the wake of a bright superluminal component, moving at slower speeds than the
typical jet velocity observed in 3C 120. Recently, Jorstad et al. (2005) have presented an
independent VLBI kinematical study of 3C 111 (among 14 other AGN monitored with the
VLBA at 43 GHz from 1998 March to 2001 April. The authors report trailing components
at distances of ∼ 6 mas and ∼ 5 mas from the core in early 2001 having formed behind a
leading jet component at ∼ 7 mas at the same epoch. Comparing the distances and trajec-
tories, their leading component can be identified with E 1 and their trailing components
with E 2 and E 3 (following the nomenclature used throughout this section). Jorstad et al.
(2005) find similar leading-shock–trailing-components patterns for several other sources
in their study.

List of collaborators: H. D. Aller, M. F. Aller, K. I. Kellermann, Y. Y. Kovalev,
E. Ros
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6.5 0716+714

6.5 0716+714

0716+714 is one of the best studied BL Lac objects and a key object in understanding the
long and short term variability of active galactic nuclei (AGNs) across the whole elec-
tromagnetic spectrum. It belongs to the S5 polar cap sample of compact radio sources
defined, e.g., in Eckart et al. (1986). At radio wavelengths 0716+714 exhibits strong in-
traday variability (IDV) and is the best candidate for source-intrinsic IDV in the ongoing
debate whether the IDV phenomenon has to be explained in terms of intrinsic or extrin-
sic processes (e.g. Wagner and Witzel 1995) or a combination of both. The reason for
the outstanding status of 0716+714 within the framework of this debate is the detection
of simultaneous radio-optical variability by Quirrenbach et al. (1991) and a correlation
between the radio spectral index and optical variability (Qian et al. 1996). Moreover,
Giommi et al. (1999) found correlated optical and soft X-ray variability of 0716+714.
Wagner et al. (1996) derived a brightness temperature of Tb = 1.4 × 1017 K from 5 GHz
measurements implying a violation of the inverse Compton limit by several orders of
magnitude. These authors assumed an intrinsic origin of the observed variability and
used a redshift of z = 0.3, suggested as a lower limit of the redshift of 0716+714 by the
non-detection of an optical host galaxy, to calculate Tb. These results implied extraordi-
narily high Doppler factors of the order of ∼ 50 to explain the violation of the Compton
limit in terms of the beamed jet model. Indeed, 0716+714 shows a core-jet morphology
on parsec-scales as imaged by Very Long Baseline Interferometry (VLBI) at centimeter
wavelengths. The measurement of proper motion of jet components in 0716+714 suffers
from the absence of bright, compact jet features which allow to be traced unambiguously
over longer periods (years) and the long gaps of typically several months between the
adjacent VLBI epochs. However, several authors report superluminal motion with com-
ponent velocities up to ∼ 1 mas yr−1 (e.g., Jorstad et al. 2001, Bach et al. 2005) but from
these measurements the Doppler factor cannot be derived unambiguously due to the lack
of a well determined redshift.

In the X-ray domain 0716+714 has been observed by Einstein (Biermann et al. 1981),
ROSAT (e.g. Wagner et al. 1996), and BeppoSAX (Tagliaferri et al. 2003). As in all other
wavelength regimes 0716+714 is rapidly variable at X-rays with the highest amplitude
below 3 keV (Tagliaferri et al. 2003, Giommi et al. 1999). The BeppoSAX data suggest
two distinct components contributing to the (0.1–100) keV X-ray spectrum of 0716+714.
A very steep power law with a photon index of 2.5 to 3.5 dominates below (2–3) keV
while a flatter power law with a photon index of ∼1.7 characterizes the spectrum at higher
energies. These observational characteristics can be explained if the soft X-ray emission
is attributed to the highly variable tail of synchrotron jet emission and an inverse Compton
spectral component (which varies only on longer time scales) dominates the hard X-ray
emission.

In Sect. 6.5.1, a kinematical model for the 15 GHz VLBI structure of 0716+714, de-
rived from four epochs of VLBA 2 cm Survey observations between August 1994 and
March 2001. The most plausible component identification allows 2 components to be
traced over more than 3 epochs with velocities of 0.5–0.7 mas yr−1.

In Sect. 6.5.2, results are reported from three epochs of observations of 0716+714
with the X-ray observatory XMM-Newton (see Jansen et al. 2001 for a general description
of the satellite). In all three epochs the source exhibits an extraordinarily steep X-ray
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spectrum with photon indices of 2.7–3.0 if a simple absorbed-power-law model is ap-
plied. In two epochs in 2001 a significantly better fit is achieved with a two-power-law
model. This is interpreted as variability in the relative strength of a primary synchrotron
component and a secondary inverse Compton component to the total spectrum the latter
being weak or absent in the third epoch. A relatively stable absorbing column density of
∼ (3 − 5) × 1020 cm−2 is found at all epochs while the absorbed source flux varies be-
tween 0.6× 10−11 erg cm−2 s−1 and 3× 10−11 erg cm−2 s−1. Short term source variability
is detected with time scales of the order of ∼1000 s and variability amplitudes up to 50 %.
A strong flare in March 2002 exhibits a pronounced energy dependence. The soft lag of
∼ 150 s between the (0.2–1) keV band and the (1–8) keV band emission might reflect a
travel time of a perturbation in the jet. Moreover, the tentative detection of a red-shifted
iron line in 0716+714 is reported. The line is visible as excess emission at ∼ 5.7 keV in
March 2002, the epoch in which the inverse Compton component is weak. If this excess
is attributed to the Fe Kα line at 6.4 keV in the source rest frame, the redshift of 0716+714
can be determined to z = 0.12+0.04

−0.06.

6.5.1 VLBA 2 cm Survey Observations of 0716+714
0716+714 has been observed five times between 1994 and 2001 with the VLBA as part of
the 2 cm Survey: 1994, August 31, 1996, July 10, 1996 October 27, and 2001 March 411.

The disclosure of the kinematics of this source on parsec scales is complicated by a
variety of problems12: 1) The source can be described by an extraordinarily bright core
and a weak jet without characteristic morphological features that can be cross-identified
unambiguously over the epochs. 2) No VLBA 2 cm Survey observation of 0716+714 took
place between October 1996 and July 1999. Moreover, the data from from October 1996
had to be discarded since the data quality in this epoch was substantially lower than in

11After 2001 0716+714 monitoring observations have continued as part of the VLBA 2 cm Survey follow-
up project MOJAVE. At present, data from four additional epochs between August 2003 and January 2005
have been acquired and will be analyzed elsewhere.

12Compare Sect. D.1
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Figure 6.34: Flux density of different model components in 0716+714 as a function of
core distance (see Fig. D.1 for the positions).

the other epochs. Thus, a gap of 3 years without usable data has to be bridged. 3) There
is no common consensus on the proper motion of jet features in 0716+714 yet. Gabuzda
et al. (1998) and Witzel et al. (1988) measured subluminal velocities below 1 mas yr−1.
However, their results were based on only a small number of observing epochs which
were separated by several years and thus not sensitive to superluminal motions. Jorstad
et al. (2001) measured velocities of moving jet components of 0.9–1.2 mas yr−1 from
multiple, densely sampled observations at 22 GHz. Recently, Bach et al. (2005) presented
a kinematical model of 0716+714 based on multiple observations at multiple frequencies
at 5, 8.4, 15, and 22 GHz spread over ten years and derived smaller velocities than Jorstad
et al. (2001) of 0.3–0.9 mas yr−1.

The four epochs of observations of 0716+714 between August 1994 and March 2001
have been imaged, calibrated, and (u, v)-model fitted by applying standard VLBI data
reduction procedures using the software packages AIPS and DIFMAP as described, e.g.,
in Kadler et al. (2004c). It turned out that at least 3–5 jet components were needed to
adequately model the complex visibilities. The most plausible component identifica-
tion allows 2 components to be traced over more than 3 epochs with velocities of 0.5–
0.7 mas yr−1. However, an alternative identification cannot be ruled out with smaller ve-
locities (indicated by dashed lines in Fig D.1) of 0.3–0.5 mas yr−1. The rapid decrease of
the flux density of component C (see Fig. 6.34), however, suggests that the fast-speeds
identification scenario is correct and component C has vanished by July 1999.

6.5.2 XMM-Newton Observations of 0716+714

Observations and data analysis: 0716+714 is contained within the field of view of
three archival XMM-Newton observations performed in April 2001 (epoch 1), September
2001 (epoch 2), and March 2003 (epoch 3). These observations (see Table 6.12) aimed at
the nearby group of galaxies C 0720.8+7109 from which 0716+714 is separated by only
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Figure 6.35: Raw photon image of the XMM-Newton pn-chip during the 6.6 ksec ob-
servation of the galaxy cluster C 0720.8+7109 in March 2002. 0716+714 is visible as a
bright point source close to the top edge of the image.

∼ 12′. All three observations make use of the EPIC cameras (Turner et al. 2001a, Strüder
et al. 2001) in full frame mode. In epoch 1 the net exposure time of the PN chip was
more affected by a strong proton flare than the net exposure time of the MOS chips and
in epoch 2 the PN camera did not collect any data, so that only the combined MOS data
are used for the analysis of these two epochs. For epoch 3, the MOS and PN detector
data are analyzed. The data have been reprocessed using the SAS 5.4.1 software package
and only single and double events (PATTERN ¡= 4) have been considered for the PN data
sets to reduce the effect of pile-up. Questionable photon events have been rejected for the
spectral analysis by setting FLAG == 0. This most conservative flagging criterion ensures
that the spectral results are not artifically degraded by events, e.g., on or next to bad
pixels or rows, close to the edges of the chips, by electronic noise, or pile-up. Mainly the
PN data of epoch 3 are affected by this, since a fraction of the source close to the edges
of CCD 1 and CCD 4 of the PN detector and another region close to a row with strong
readout noise is rejected. This mimics a lower source flux due to a partial masking of the
source. Therefore, also the PN spectrum that includes all events is shown for comparison
(in the following denoted as “unflagged” spectrum). The formal results of the spectral
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Table 6.12: Journal of XMM-Newton observations of 0716+714.
Date Obs. ID Analyzed Start of Effective

Data Set Exposure (UT) Exp. Time

13.04.2001 0012850101 MOS1/2 17h:09m:15s 7950 s
(Epoch 1)

19.09.2001 0012850601 MOS1/2 06h:58m:20s 9200 s
(Epoch 2)

26.03.2002 0012850701 PN 06h:17m:26s 6650 s
(Epoch 3) MOS1/2 05h:44m:34s 8900 s

fitting are given in Table 6.13. In the case of both MOS detectors only FLAG == 0 events
were considered, given that only a small number of events are rejected. Circular regions
with radii of 62′′, 76′′, and 115′′ around the source in epoch 1, 2, and 3, respectively,
and annuli around these regions were selected to extract source and background spectra.
Response matrices and ancillary files have been calculated using the tasks RMFGEN and
ARFGEN and the spectra were binned to obtain a minimum of 25 counts per bin using
GRPPHA (the unflagged PN spectrum of epoch 3 is binned to 50 counts per bin to obtain a
high-signal-to-noise signal for the individual data points, which are by definition stronger
affected by noise than the individual data points of the flagged spectrum.). The spectral
fitting was performed within XSPEC 11.2.0. Errors of fit parameters have been determined
at 90% confidence range for one parameter of interest (∆χ2 = 2.706).

Spectral Analysis Results: In this section the fits to the (0.2–8) keV X-ray spectra of
the three epochs of XMM-Newton observations of 0716+714 are presented. For each

Figure 6.36: X-ray spectra of 0716+714 between 0.2 keV and 8 keV from the two MOS
detectors at all three epochs (top panels). Diamonds mark MOS 1 and stars mark MOS 2
data, respectively. The solid line indicates the single-power-law model (see Table 6.13).
The residuals are shown in the bottom panels.
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Figure 6.37: X-ray spectrum of 0716+714 between 0.2 keV and 8 keV at epoch 3 from
the PN detector (top panel). Diamonds correspond to the unflagged spectrum, while stars
show the spectrum extracted with FLAG == 0. The solid line indicates the single-power-
law models (see Table 6.13) without the contribution of the Gaussian line component
to make the line visible as excess emission in the residuals (bottom panel). The offset
between the two curves is due to the rejection of a substantial fraction of the area covered
by the source by the flag. An enlarged view of the 4 to 7 keV range of the spectrum is
shown in the inlaid panel (with linear scaling).
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Table 6.13: X-ray spectral fit parameters for the three epochs of XMM-Newton observations of 0716+714.
Abs. Power-Law Best Model

Detector NH Γ Flux(0.2−8) χ2
red/d.o.f. NH Γ1 Γ2 Line Center Line FWHM Flux(0.2−8) χ2

red/d.o.f. P†

[1020 cm−2] [erg cm−2 s−1] [1020 cm−2] [keV] [keV] [erg cm−2 s−1]

Epoch 1 Epoch 1
MOS 1/2 3.35∗ 2.98+0.06

−0.07 0.6 × 10−11 1.66/101 4.52+0.38
−0.38 4.08+0.08

−0.092.20
+0.12
−0.13 - - 0.6 × 10−11 1.52/99 0.4%

Epoch 2 Epoch 2
MOS 1/2 3.35∗ 2.95+0.02

−0.03 0.9 × 10−11 1.31/247 3.37+0.18
−0.18 3.21+0.03

−0.041.85
+0.12
−0.12 - - 1.0 × 10−11 1.23/243 0.06%

Epoch 3 Epoch 3
MOS 1/2 3.35∗ 2.70+0.02

−0.01 3.0 × 10−11 1.70/333 - - - - - - - -
PNFlagged 4.70+0.15

−0.16 2.84+0.02
−0.03 - 0.92/294 4.81+0.17

−0.15 2.85+0.03
−0.02 - 5.7+0.2

−0.1 0.19+0.31
−0.15 - 0.90/291 0.7%

PNUnflagged 4.30+0.09
−0.09 2.77+0.01

−0.01 3.0 × 10−11 1.21/335 4.37+0.09
−0.10 2.78+0.01

−0.01 - 5.7+0.3
−0.2 0.26+1.35

−0.13 3.0 × 10−11 1.20/332 9.7%

∗ Parameter hit the lower bound of Galactic absorption

† Probability that the statistical superiority of the best model over the absorbed power-law model occurred by chance calculated from
an F-test in XSPEC. Note the discussion in the text.
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epoch the data of the two MOS detectors were fitted simultaneously. First, a single
absorbed power law was fitted to each data set. The resulting parameters are given in
Table 6.13. Where necessary, the models have been modified by introducing additional
spectral components to account for apparent systematic residuals. The absorbing column
density was fitted with the value of Galactic absorption of 3.35 × 1020 cm−2 (Hartmann
and Burton 1997) set as a lower boundary of the parameter space.

In epoch 1 and 2 a single absorbed power law gives no satisfactory fit to the (0.2–
8) keV spectrum of 0716+714. In both cases large residuals indicate the presence of an
additional hard spectral component. The reduced χ2 decreases significantly if a second
power law is introduced (compare Table 6.13). While the first power law, which dom-
inates the soft part of the spectrum, is very steep (Γ > 3), the second power law is
comparatively flat. The overall X-ray spectrum of 0716+714 during these two epochs in
2001 is similar to the reported spectral shape during several BeppoSAX observations of
this source (Tagliaferri et al. 2003, Giommi et al. 1999). A value of 4.5+0.3

−0.3 × 1020 cm−2

for the absorbing column density is derived in epoch 1 from the best fitting two-power-law
model, while no excess over the galactic value is derived for the single-power-law model.
In epoch 2 neither fit shows any evidence for additional, source-intrinsic absorption. No
stable two-power-law model could be established for the MOS data of epoch 3 since in all
iterations the slopes of the two power laws converged to the same value while the flux was
divided between the two. The results of the spectral fitting of a single-power-law model
are comparable to the other two epochs apart from a higher data quality due to the higher
brightness of the source during this epoch.

The inspection of the residuals of the MOS data in all three epochs shows a systematic
discrepancy between the MOS 1 and the MOS 2 detector in the soft energy range (see
Fig. 6.36). This might be due to residual calibration uncertainties at large off-axis angles,
which, however, do not affect the main results of this analysis.

In Fig. 6.37 the (0.2–8) keV X-ray spectrum extracted from the PN data of the epoch 3
observation of 0716+714 is shown. Although it has to be noted that the spectral infor-
mation derived from the flagged data is more reliable than the one from the unflagged
data, the results of the spectral fitting agree very well in both cases. A simple absorbed
power law gives a very good fit to the data with a reduced χ2 of 0.92 and 1.21 for the
flagged and unflagged spectrum, respectively. The absorbing column density was fitted
to ∼ 4.5 × 1020 cm−2. The photon index is very steep (Γ ∼ 2.8) and there is no apparent
flattening of the spectrum at high energies. However, there is a significant excess around
6 keV, which will be discussed below. As for the MOS data the PN spectrum of epoch 3
could not be approximated by a stable two-power-law model.

From the fitted spectral models (absorbed) fluxes in the (0.2–8) keV range of (0.6–
1.0)×10−11 erg cm−2 s−1 during epoch 1 and 2 are derived. In epoch 3 the source was
considerably brighter with a flux of ∼ 3.0 × 10−11 erg cm−2 s−1. The intrinsic ratio of
unabsorbed fluxes of the two power-law spectral component is 2.3 and 5.6 in epoch 1, and
2, respectively, i.e., the soft and steep power law, which can be identified with a primary
synchrotron component, dominates the hard and flat power law, which we attribute to a
secondary inverse Compton component, in both epochs.

Tentative detection of an iron line in 0716+714: The PN XMM-Newton spectrum of
0716+714 in epoch 3 shows significant excess emission around 6 keV (see Fig. 6.37)
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which is well approximated by a Gaussian component. The fitting procedure of the
flagged data set gives an energy of 5.7+0.2

−0.2 keV for the line center and a full width at
half maximum (FWHM) of ∼ 0.2 keV. Statistically, the introduction of the line compo-
nent improves the reduced χ2 from 0.92 (for 294 degrees of freedom) to 0.90 (for 291
degrees of freedom) corresponding to a probability of 0.7% that the improvement of the
fit occurred by chance according to the F-test performed with XSPEC. It has to be noted
that the application of the F-test is not strictly correct if the presence of a spectral line
shall be tested (see Protassov et al. 2002) but should be considered as a simple mean to
estimate a lower bound for the line significance. For comparison, we show in Fig. 6.37
also the unflagged PN spectrum, which exhibits positive residuals around 6 keV as well.
The significance in this case, however, is smaller, with a 9.7% chance probability. The
combined MOS spectra of the same observation do not show evidence of an additional
line component (see Fig. 6.36). We do not find any significant evidence for the presence
of a line feature in the (5-6) keV energy regime in any of the other two epochs.

If the excess emission around 5.8 keV in epoch 3 is interpreted as the signature of
iron line emission at a rest energy of 6.4 keV, a formal redshift of z = 0.12+0.04

−0.06 can be
inferred. This is considerably lower than the expected redshift of 0716+714 of z > 0.3
derived by Wagner et al. (1996). Their lower limit was based on the non-detection of an
optical host galaxy down to a magnitude of −21. The average brightness of BL Lac host
galaxies is indeed much higher (MR = −23.9± 0.8, Nilsson et al. 2003). If the measured
redshift of the line feature in the XMM-Newton spectrum indeed reflects the true distance
to 0716+714, its host galaxy has to be of unusual low luminosity.

Timing Analysis Results: Fig. 6.38 shows the light curve of 0716+714 during epoch 3
recorded by the PN and the (merged) MOS cameras, respectively. No long proton flares
occurred during the exposure, only a short spike after 7000 s of observations did occur
in the background light curve and affects also the source light curve at high energies
(>∼ 2 keV). In the timing analysis of the (3-8) keV band, in which this background flare
becomes more prominent, a filtered light curve was used to reject the affected time range.
The source itself was variable during the whole exposure time with characteristic time
scales from a few hundred to ∼ 1000 seconds. The light curve exhibits a broad maximum
during the first 4000 s, a pronounced increase of the count rate by more than 50% within
1000 s, and a slight decrease during the last 2000 s of the observation. Local maxima
are present after ∼5000 s and ∼6000 s, as well as a local minimum just before the end
of the exposure after ∼6500 s. The photon statistics for the light curve analysis can be
improved by reconsidering the events that were rejected by the FLAG == 0 criterion, which
in principle, does not introduce significant uncertainties in the photon count rates. For
comparison, Fig. 6.38 shows the PN light curve for both cases: qualitatively, the course of
the count rate is the same but the photon statistics benefit considerably from the inclusion
of the additional events, especially from the photons close to the edges of the chips. This
unflagged light curve can be considered as representative of the true source variability, the
more so as it exhibits the same trend as the MOS light curve. The same general behavior of
the light curve is found in several energy bands between 0.2 keV and 8 keV. Above 8 keV,
however, no firm statement about source variability can be made due to the low count rate
in the (8–12) keV band. In Fig. 6.39 the PN light curves for epoch 3 in two separate bands
between 0.2 keV and 1 keV, and between 1 keV and 8 keV is shown. Unflagged light
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Figure 6.38: X-ray Light curves of 0716+714 between 0.2 keV and 12 keV during
epoch 3. Filled circles indicate single and double photon events recorded by the PN chip
integrated over 50 s bins. Filled squares represent the remaining events if the most con-
servative flagging criterion (FLAG == 0) is applied. Open circles show the (0.2–12) keV
light curve recorded by the MOS chips (event lists of the MOS 1 and MOS 2 chip are
merged) integrated over 100 s bins. The pronounced 1000 s rise of the light curve is
indicated by dashed lines.

curves were used in order to maintain a sufficient signal-to-noise ratio especially in the
high energy band. The mean count rate of the (1–8) keV light curve was rescaled to match
the mean value of the (0.2–1) keV light curve. The running mean of both light curves was
calculated with the software GRACE 5.1.4 using bins of 5 data points. This procedure
basically removes the short term variability (the source intrinsic noise) from the power
spectrum of the light curves and allows a cross correlation of the resulting smoothed light
curves. We found a high maximal cross correlation coefficient of > 0.8 at a time lag of
(150 ± 25) s by which the soft-band light curve follows the hard-band light curve while
the relative amplitudes in both bands are approximately the same. It is remarkable that
the light curves from both bands resemble each other so well since Giommi et al. (1999)
and Tagliaferri et al. (2003) find no variability above 3 keV during pronounced flares of
the soft band light curve. To test, if the (1–8) keV light curve variability is dominated
solely by photons below 3 keV, a time filtered source light curve for the (3–8) keV band
was produced (see Fig. 6.40). To achieve sufficient photon statistics the data had to be
integrated over 250 s bins. This results to a poor temporal sampling and prevents one
from studying the time delay between these high energy photons and the softer photons
in the (0.2–1) keV and the (1–3) keV bands. However, the data show weak evidence for
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Figure 6.39: X-ray light curves of 0716+714 during epoch 3 recorded by the PN chip
in 50 s bins of two separate energy bands between 0.2 keV and 1 keV (solid line) and
between 1 keV and 8 keV (dotted line). The mean value of the count rate in the hard
band has been rescaled to the mean value in the soft band and a running mean calculation
(using bins of 5 data points) has been applied to both light curves. The soft-band light
curve follows the hard-band light curve with a time lag of ∼150 s. The inlaid panel shows
the cross correlation function of the two curves.

source variability also above 3 keV with a relatively stable count rate of ∼ 0.18 cts s−1

during the first 4000 sec of the observation and strong variations between ∼ 0.10 cts s−1

and ∼ 0.24 cts s−1 during the last 5000 sec. The significance of the variability during the
latter post-flare state is obvious. For illustration, the expected 1-σ scatter range for a stable
source is drawn in Fig. 6.40. Qualitatively, the low-sampled (3–8) keV band light curve
resembles the soft band light curves with a local maximum after 5000 s of observations,
a systematic increase between 5000 s and 6000 s of observations and a local minimum at
the end of the exposure time but the low number of photons above 3 keV do not allow one
a more quantitative analysis.

The strong correlation between the (0.2–1) keV and the (1–8) keV light curve shows
that during epoch 3 only one physical process, most likely synchrotron emission from
the jet, contributes considerably to the X-ray spectrum of 0716+714 below 8 keV. Lags
between soft and hard X-rays have been reported for a small number of other BL Lac ob-
jects, e.g. in Mrk 421 (Fossati et al. 2000; Takahashi et al. 2000; Brinkmann et al. 2003),
Mrk 501 (e.g., Tanihata et al. 2001), and PKS 2155-304 (Zhang et al. 1999; Kataoka et al.
2000), often in combination with spectral changes during intensity variations. Although,
soft lags are more common, Tanihata et al. (2001) showed that also hard lags do occur
during several flares. Moreover, Brinkmann et al. (2003) present evidence that the dura-
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Figure 6.40: Filtered X-ray light curve of 0716+714 between 3 keV and 8 keV during
epoch 3 (filled circles). Only single and double photon events recorded by the PN chip
were considered and integrated over 250 s bins. The 1000 s lasting rise of the soft light
curve (flare) is indicated by dashed lines, dividing the hard light curve into a pre-flare and
a post-flare state. The measured background level for each time bin is shown with open
circles. The thick solid line indicates the mean value, averaged over the whole observing
range (46.6 counts/bin), the thin solid lines indicate the corresponding 1-σ scatter range
for a stable source.

tion of a flare and the size of the delay between soft and hard photons may be related, with
the shorter flares typically exhibiting smaller time lags. The short-term spectral variabil-
ity of 0716+714 at X-rays is typical for a BL Lac objects in this sense and the additional
simultaneity of radio/optical correlations (Quirrenbach et al. 1991; Qian et al. 1996) and
optical/X-ray variability (Giommi et al. 1999) demonstrate its key role in understanding
the wealth of broadband variability phenomena in BL Lac objects.

Discussion: The analysis of three epochs of XMM-Newton observations of 0716+714
in April and September 2001, and in March 2002 demonstrates clearly the interplay be-
tween two main spectral components in the spectral energy distribution of this prominent
BL Lac object. The results are consistent with the idea of a variable relative strength of
synchrotron and inverse Compton emission induced by the jet. In epoch 1 and 2 a spectral
break at ∼ 1.5 keV is observed between a steep synchrotron component and a flatter in-
verse Compton component. In epoch 3 the synchrotron component dominates the whole
spectrum up to 8 keV while the inverse Compton component is not detectable. The com-
parison of the determined column densities, particularly between epoch 2 and 3, suggest
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that, in addition to the source flux, the absorber may be variable, as well.
The result that both the soft and the hard part of the spectrum is produced by the same

emission mechanism in epoch 3 is underlined by the high correlation between variations
in the (0.2–1) keV band and the (1–8) keV band during this epoch. The significant time
lag between the (0.2–1) keV and the (1–8) keV light curve of (150±25) s during this syn-
chrotron dominated epoch may reflect a characteristic travel time of a perturbation in the
jet flow. In a simple “one-zone-model” the hard photons are expected to respond earlier
to changes of physical parameters due to the stronger radiation losses and correspond-
ingly shorter life time of the radiating particles, i.e., the hard photons are “newer” than
the soft photons. Alternatively, in a “two-zones-model” the hard X-ray photons may be
produced from highly relativistic, energetic electrons within a region 1 centered around
position r1 close to the central engine. Within a region 2, centered around r2 further down
the jet, these high energy electrons are considerably attenuated (due to synchrotron or in-
verse Compton cooling) and the bulk emission of soft X-ray photons is maintained from
less energetic electrons from region 2. Region 1 might be contained in the larger region 2
(since the low energy electrons need to travel a longer distance until they loose their en-
ergy), however, r1 < r2 will still hold. The time lag between the soft- and the hard-band
light curve then reflects the travel time for the perturbation from r1 to r2. From the mea-
sured time delay of 150 s an upper limit for the travel distance r2 − r1 of ∼ δ1.5µpc can
be estimated, where δ is the bulk Doppler factor of the of the jet. Implicitly, this also
provides an upper limit for the physical size of the two X-ray emitting zones themselves.

The X-ray spectrum of 0716+714 obtained during epoch 3 exhibits excess emission
at 5.7 keV over a power law spectral fit. This excess emission is not detected during the
epochs 1 and 2, when the inverse Compton component was stronger. One may interprete
this as the tentative imprint of a redshifted (z = 0.12+0.04

−0.06) Fe Kα line. The absence of this
line emission at the two epochs 1 and 2 can be understood in terms of the stronger inverse
Compton continuum emission shining out the comparatively weak line. However, it is
puzzling that line emission is detected during the synchrotron dominated epoch 3 since
synchrotron emission is a-priori not expected to produce line emission. A possible expla-
nation might be the contribution of a third emission process to the (0.2–8) keV spectrum
of 0716+714 as, e.g., Compton reflected disk emission, from which, in principle, iron line
emission is expected. Alternatively, the line might originate from the interaction of the jet
with circumnuclear clouds, e.g., in the broad line region. Within this scenario it can not
be excluded that the line might be intrinsically blueshifted due to dynamical processes of
the region of cloud-jet interaction and that the measured net-redshift might not reflect the
true distance of the source.

A consecutive monitoring of the X-ray spectrum of 0716+714 with XMM-Newton in
conjunction with simultaneous optical, radio, and ideally also γ-ray observations is nec-
essary to understand in detail the interplay between the synchrotron and inverse Compton
emission in this source.
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A Residuals of Best-Fitting Spectral
Models

In this appendix chapter, the residuals to the best-fitting spectral models from continued
from Fig. A.1.in Chap. 4 are shown. The residuals are plotted for a common energy range
to allow specific energies to be directly compared between the plots (e.g., the expected
energy of a 6.4 keV iron line for a given object observed at multiple epochs).

For ASCA spectra, residuals for the two SIS detectors are shown in dark gray and GIS
data in light grey. For BeppoSax data, residuals for the LECS and MECS detectors are
shown in dark and light gray, respectively, while PDS residuals in the energy range above
10 keV are shown in black. In Chandra observations, residuals are shown in dark gray for
the ACIS-I or the ACIS-S detector, depending on which one was used in the observation
(compare Table 3.1). The residuals of the two XMM-Newton MOS cameras are shown in
light gray, whereas the XMM-Newton PN detector residuals are shown in dark gray. Note
the different y-axis scalings in the different plots, that were adjusted to the range covered
by the residuals. For illustration clarity, the spectra have been re-grouped to have less than
500 d.o.f. for these figures.
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Figure A.1: Residuals of the best-fitting spectral models from Table 4.1–4.3.
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B Radio–X-ray Correlation Analysis

This chapter concentrates on the soft X-ray flux and luminosity characteristics of radio-
loud, core-dominated AGN. Data from the ROSAT All-Sky Survey (RASS) are used to
investigate the well known radio–X-ray luminosity–luminosity correlation of radio-loud
AGN for the VLBA 2 cm Survey and the MOJAVE samples. It is shown that this corre-
lation holds for the total (integrated) radio emission, for the parsec-scale VLBI emission
and even for the sub-parsec scale most compact radio emission.

B.1 Data Acquisition and Analysis
Soft X-ray fluxes for most of the VLBA 2 cm Survey sources could be obtained from the
Brinkmann et al. (1997b) catalog of ROSAT-observed radio-loud quasars1. Due to the
(position dependent) flux limit of the RASS, a considerable fraction of the VLBA 2 cm
Survey sources with soft X-ray fluxes below a few times 10−13 erg s−1 cm−2 was not de-
tected by ROSAT, and therefore these sources are not included in the Brinkmann et al.
(1997b) catalog. In addition, however, a number of well known bright X-ray sources like,
e.g., Mrk 421, AO 0235+16, or Cygnus A are missing in the catalog, as well. In a large
fraction of these cases, the reason is an optical classification as a BL Lac object, or as a
Seyfert galaxy. Very bright, or extended sources might be misidentified in position and
highly variable sources might have been observed during a deep minimum at one specific
ROSAT epoch, while they may be well detected at another epoch. 13 sources were found
in the list of Siebert et al. (1998), the data for an additional set of five sources were pro-
vided by E. Ferrero (priv. comm.) from a cross-correlation of the missing-sources list with
the ROSAT source catalog (ROSAT-SRC: Voges 1994) based on pointed observations. For
the remaining 51 sources, RASS fits images of the appropriate region in the sky were ob-
tained from the RASS website2. From these fits images the RASS integration time at this
sky region, and the corresponding background count rate were determined. In nine cases,
the source was significantly detected above the surrounding noise level (see Table B.1).
For the non-detected sources (Table B.2) it was assumed that a source with a total of nine
counts over the background level would have been detected to derive a source count-rate
limit. Unabsorbed fluxes for the ROSAT (0.2 − 2.4) keV band were determined from
these count-rate limits using the HEASARC provided WEBPIMMS tool3 and assum-
ing a power-law source spectrum with photon index 2.1 and Galactic absorption. These

1Access to the Brinkmann et al. (1997b) catalog is provided via the HEASARC website:
http://heasarc.gsfc.nasa.gov

2http://www.xray.mpe.mpg.de/cgi-bin/rosat/rosat-survey
3http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html
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Table B.1: Additional VLBA 2 cm Survey sources detected in the RASS.

Source Source
Sourcea R.A.b Dec.b tc Background Counts Count Rate Fabs.

d Gal. NH
e Funabs.

d

[s] [cts/s] [cts] [cts/s] [erg/s/cm2] [cm−2] [erg/s/cm2]

0109+224 01:12:05.8 +22:44:39 420 0.20 86 0.20 4.74×10+20 2.515×10−12 5.128×10−12

0133−203 01:35:37.5 −20:08:46 400 0.29 42 0.10 1.18×10+20 7.992×10−13 1.183×10−12

0355+508 03:59:29.7 +50:57:50 570 0.27 34 0.06 8.86×10+21 1.161×10−12 9.542×10−12

0716+714 07:21:53.4 +71:20:36 435 0.22 113 0.26 3.81×10+20 3.092×10−12 5.943×10−12

1228+126 12:30:49.4 +12:23:28 430 0.70 18781 43.68 2.54×10+20 4.587×10−10 7.982×10−10

1324+224 13:27:00.9 +22:10:50 320 0.24 21 0.07 1.49×10+20 5.694×10−13 8.827×10−13

1751+288 17:53:42.5 +28:48:05 730 0.41 12 0.02 5.07×10+20 2.041×10−13 4.242×10−13

1901+319 19:02:55.9 +31:59:42 666 0.33 13 0.02 1.18×10+21 2.610×10−13 7.171×10−13

2010+463 20:12:05.6 +46:28:56 940 0.58 293 0.31 5.14×10+21 4.961×10−12 2.819×10−11

a B 1950 IAU name; b J 2000 coordinates; c RASS integration time; d (un)absorbed (0.2−2.4) keV Flux limit; e Galactic neutral hydrogen column density (from
Dickey and Lockman (1990)).

assumptions are made to match the flux-determination procedures of Brinkmann et al.
(1997b) and Siebert et al. (1998). For all values, the errors on flux due to possible vari-
ations in photon index are small, typically below 5 % (E. Ferrero, priv. comm.). The
influence of absorption (either source intrinsic or due to intervening systems) is larger
for many sources and considering further the statistical error, particularly for the weakest
sources, a 20 % error is a reliable common estimation of the flux uncertainties.
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Table B.2: VLBA 2 cm Survey sources not found in the RASS.

Limiting
Sourcea R.A.b Dec.b tc Background Count rate Fabs.

d Gal. NH
e Funabs.

d

[s] [cts/s] [cts/s] [erg/s/cm2] [cm−2] [erg/s/cm2]

0026+346 00:29:14.2 +34:56:32 365 0.12 0.028 5.60×10+20 3.64 7.786×10−13

0039+230 00:42:04.5 +23:20:01 140 0.05 0.068 3.51×10+20 7.89 1.486×10−12

0059+581 01:02:45.8 +58:24:11 350 0.18 0.030 3.76×10+21 4.47 2.113×10−12

0108+388 01:11:37.3 +39:06:28 450 0.18 0.024 5.80×10+20 3.14 6.783×10−13

0149+218 01:52:18.1 +22:07:07 233 0.10 0.042 7.38×10+20 5.66 1.318×10−12

0202+319 02:05:04.9 +32:12:30 240 0.23 0.046 6.17×10+20 6.09 1.341×10−12

0224+671 02:28:50.1 +67:21:03 625 0.21 0.017 4.21×10+21 2.66 1.339×10−12

0300+470 03:03:35.2 +47:16:16 520 0.19 0.021 1.81×10+21 2.85 9.333×10−13

0310+013 03:12:43.6 +01:33:18 500 0.30 0.023 8.54×10+20 3.19 7.789×10−13

0316+161 03:18:57.8 +16:28:33 550 0.35 0.022 1.13×10+21 3.03 8.198×10−13

0429+415 04:32:36.5 +41:38:28 475 0.21 0.023 4.11×10+21 3.48 1.729×10−12

0446+112 04:49:07.7 +11:21:29 385 0.16 0.027 1.52×10+21 3.74 1.135×10−12

0524+034 05:27:32.7 +03:31:32 440 0.20 0.025 1.58×10+21 3.38 1.045×10−12

0529+075 05:32:39.0 +07:32:43 440 0.15 0.024 1.91×10+21 3.26 1.094×10−12

0529+483 05:33:15.9 +48:22:53 410 0.15 0.025 2.73×10+21 3.59 1.430×10−12

0648−165 06:50:24.6 −16:37:40 450 0.16 0.023 3.20×10+21 3.36 1.457×10−12

0707+476 07:10:46.1 +47:32:11 350 0.13 0.029 8.08×10+20 3.94 9.462×10−13

0727−115 07:30:19.1 −11:41:13 340 0.18 0.031 3.79×10+21 4.66 2.213×10−12

0730+504 07:33:52.5 +50:22:09 420 0.16 0.025 6.07×10+20 3.27 7.172×10−13

0741−063 07:44:21.6 −06:29:36 260 0.13 0.039 1.24×10+21 5.38 1.506×10−12

0742+103 07:45:33.1 +10:11:13 125 0.12 0.080 3.37×10+20 9.24 1.722×10−12

0805−077 08:08:15.5 −07:51:10 165 0.11 0.061 9.82×10+20 8.29 2.128×10−12

0834−201 08:36:39.2 −20:17:00 350 0.16 0.030 6.60×10+20 3.97 8.930×10−13

0919−260 09:21:29.3 −26:18:43 500 0.22 0.022 8.34×10+20 2.99 7.241×10−13

1036+054 10:38:46.8 +05:12:29 110 0.08 0.088 3.14×10+20 9.90 1.813×10−12

1144+402 11:46:58.3 +39:58:34 335 0.23 0.033 1.97×10+20 3.15 5.171×10−13

1155+251 11:58:25.8 +24:50:18 460 0.32 0.026 1.63×10+20 2.30 3.629×10−13

1213−172 12:15:46.8 −17:31:45 62 0.06 0.154 4.27×10+20 18.97 3.739×10−12

1251−407 12:53:59.5 −40:59:31 330 0.20 0.033 7.97×10+20 4.44 1.060×10−12

1323+321 13:26:16.5 +31:54:10 530 0.42 0.024 1.15×10+20 1.91 2.816×10−13

1345+125 13:47:33.4 +12:17:24 280 0.26 0.041 1.90×10+20 3.81 6.207×10−13

1404+286 14:07:0.4 +28:27:15 430 0.35 0.028 1.40×10+20 2.39 3.654×10−13

1424+366 14:26:37.1 +36:25:10 600 0.62 0.024 1.07×10+20 1.89 2.738×10−13

1504+377 15:06:09.5 +37:30:51 685 0.53 0.020 1.21×10+20 1.62 2.409×10−13

1607+268 16:09:13.3 +26:41:29 660 0.35 0.018 4.21×10+20 2.25 4.440×10−13

1908−201 19:11:09.6 −20:06:55 270 0.18 0.039 1.31×10+21 5.41 1.548×10−12

2005+403 20:07:44.9 +40:29:49 775 0.58 0.018 6.01×10+21 3.08 1.928×10−12

2021+317 20:23:19.0 +31:53:02 665 0.27 0.017 5.80×10+21 2.85 1.746×10−12

2021+614 20:22:06.7 +61:36:59 1025 0.57 0.014 1.44×10+21 1.90 5.640×10−13

2128+048 21:30:32.9 +05:02:17 255 0.15 0.041 5.21×10+20 5.21 1.091×10−12

2209+236 22:12:06.0 +23:55:41 498 0.21 0.022 6.53×10+20 2.91 6.516×10−13

2351+456 23:54:21.7 +45:53:04 380 0.16 0.027 1.05×10+21 3.77 9.909×10−13

a B 1950 IAU name; b J 2000 coordinates; c RASS integration time; d (un)absorbed (0.2 − 2.4) keV Flux limit;
e Galactic neutral hydrogen column density (from Dickey and Lockman (1990)).
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Table B.3: Soft X-ray and radio-finescale properties of VLBA 2 cm Survey sources.

Sourcea Classificationb zc Md 2 cm-Xe F f
(0.2−2.4) keV

Lg
(0.2−2.4) keV

Ref.h Si
tot Ltot Sj

VLBA LVLBA Sk
core Lcore

[erg s−1 cm−2] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1]

0003−066 B 0.347 Y 0 1.44×10−12 5.85×10+44 1 2.46 1.50×10+44 2.17 1.32×10+44 1.23 7.51×10+43

0007+106 G 0.089 Y X 1.74×10−11 3.51×10+44 1 0.60 1.81×10+42 0.61 1.84×10+42 0.47 1.42×10+42

0014+813 Q 3.366 N 0 2.20×10−12 2.24×10+47 1 0.50 7.65×10+45 0.47 7.19×10+45 0.24 3.67×10+45

0016+731 Q 1.781 Y 0 5.40×10−13 1.17×10+46 1 0.92 3.00×10+45 0.83 2.71×10+45 0.52 1.70×10+45

0026+346 G 0.517 N 0 7.41×10−13 7.76×10+44 4 0.70 1.10×10+44 0.48 7.54×10+43 0.06 9.43×10+42

0035+413 Q 1.353 N 0 8.50×10−13 9.39×10+45 1 0.46 7.62×10+44 0.44 7.29×10+44 0.22 3.65×10+44

0039+230 U 0.000 N 0 1.46×10−12 —— 4 0.42 — 0.45 — 0.13 —
0048−097 B 0.000 Y X 9.20×10−12 —— 3 1.41 — 1.14 — 1.04 —
0055+300 Q 0.016 N 0 1.18×10−12 7.29×10+41 1 0.71 6.61×10+40 0.67 6.23×10+40 0.22 2.05×10+40

0059+581 U 0.000 Y 0 2.10×10−12 —— 4 3.12 — 3.32 — 2.72 —
0106+013 Q 2.107 Y 0 5.10×10−13 1.67×10+46 1 2.16 1.06×10+46 2.07 1.02×10+46 1.17 5.76×10+45

0108+388 G 0.669 N 0 6.44×10−13 1.26×10+45 4 0.53 1.55×10+44 0.44 1.29×10+44 0.15 4.40×10+43

0109+224 B 0.000 Y 0 4.96×10−12 —— 4 0.82 — 0.84 — 0.66 —
0112−017 Q 1.365 N 0 4.30×10−13 4.86×10+45 1 0.83 1.41×10+45 0.73 1.24×10+45 0.32 5.42×10+44

0113−118 Q 0.672 N 0 1.31×10−12 2.59×10+45 1 1.09 3.23×10+44 1.05 3.11×10+44 0.72 2.13×10+44

0119+041 Q 0.637 N 0 2.10×10−13 3.64×10+44 1 1.08 2.81×10+44 1.03 2.68×10+44 0.44 1.14×10+44

0119+115 Q 0.570 Y 0 9.75×10−13 1.29×10+45 1 1.35 2.68×10+44 1.26 2.50×10+44 0.85 1.69×10+44

0122−003 Q 1.070 N 0 1.41×10−12 8.73×10+45 1 1.62 1.50×10+45 1.55 1.44×10+45 0.40 3.71×10+44

0133+476 Q 0.859 Y 0 2.16×10−12 7.78×10+45 4 0.49 2.65×10+44 0.41 2.22×10+44 0.20 1.08×10+44

0133−203 Q 1.141 N 0 1.20×10−12 8.71×10+45 1 3.35 3.65×10+45 3.13 3.41×10+45 2.73 2.97×10+45

0138−097 B 0.501 N 0 4.42×10−13 4.29×10+44 1 0.49 7.14×10+43 0.52 7.58×10+43 0.26 3.79×10+43

0146+056 Q 2.345 N 0 2.43×10−13 1.04×10+46 2 1.07 6.84×10+45 1.10 7.03×10+45 0.50 3.19×10+45

0149+218 Q 1.320 N 0 1.30×10−12 1.35×10+46 4 1.21 1.89×10+45 1.18 1.84×10+45 1.05 1.64×10+45

0153+744 Q 2.338 N 0 5.90×10−13 2.50×10+46 1 0.44 2.79×10+45 0.35 2.22×10+45 0.18 1.14×10+45

0201+113 Q 3.610 N 0 1.03×10−12 1.24×10+47 1 0.67 1.21×10+46 0.67 1.21×10+46 0.50 9.04×10+45

0202+149 Q 0.405 Y 0 5.45×10−13 3.19×10+44 1 2.37 2.08×10+44 1.79 1.57×10+44 1.18 1.04×10+44

0202+319 Q 1.466 Y 0 1.30×10−12 1.75×10+46 4 1.51 3.05×10+45 1.51 3.05×10+45 1.16 2.34×10+45

0212+735 Q 2.367 Y 0 1.23×10−12 5.36×10+46 1 2.68 1.75×10+46 2.35 1.54×10+46 0.85 5.56×10+45

0215+015 Q 1.715 Y 0 9.39×10−13 1.86×10+46 1 0.76 2.26×10+45 0.69 2.05×10+45 0.47 1.40×10+45

0218+357 Q 0.944 N 0 7.74×10−13 3.52×10+45 1 1.05 7.16×10+44 0.77 5.25×10+44 0.17 1.16×10+44

0221+067 Q 0.510 N 0 1.73×10−12 1.75×10+45 1 0.72 1.10×10+44 0.71 1.08×10+44 0.33 5.02×10+43

0224+671 U 0.000 Y 0 1.31×10−12 —— 4 1.20 — 1.30 — 0.82 —
0234+285 Q 1.213 Y 0 1.42×10−12 1.20×10+46 1 2.53 3.20×10+45 2.42 3.06×10+45 1.53 1.94×10+45

0235+164 B 0.940 Y X 2.46×10−12 1.11×10+46 1 1.24 8.37×10+44 1.17 7.90×10+44 0.92 6.21×10+44

0238−084 G 0.005 Y X 6.28×10−13 3.31×10+40 3 1.85 1.46×10+40 1.51 1.20×10+40 0.16 1.27×10+39

0248+430 Q 1.310 N 0 9.86×10−13 1.01×10+46 1 0.80 1.22×10+45 0.65 9.95×10+44 0.25 3.83×10+44

0300+470 B 0.475 Y 0 9.47×10−13 8.10×10+44 4 1.36 1.75×10+44 1.28 1.64×10+44 1.01 1.30×10+44

0310+013 Q 0.664 N 0 7.70×10−13 1.48×10+45 4 0.20 5.76×10+43 0.16 4.61×10+43 0.10 2.88×10+43
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Sourcea Classificationb zc Md 2 cm-Xe F f
(0.2−2.4) keV

Lg
(0.2−2.4) keV

Ref.h Si
tot Ltot Sj

VLBA LVLBA Sk
core Lcore

[erg s−1 cm−2] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1]

0316+161 Q 0.000 N 0 8.26×10−13 —— 4 0.83 — 0.24 — 0.03 —
0316+413 G 0.018 Y X 1.98×10−10 1.37×10+44 1 16.35 1.69×10+42 10.39 1.08×10+42 1.73 1.79×10+41

0333+321 Q 1.263 Y X 5.67×10−12 5.29×10+46 1 1.66 2.32×10+45 1.51 2.11×10+45 0.86 1.20×10+45

0336−019 Q 0.852 Y 0 9.90×10−13 3.50×10+45 1 2.51 1.33×10+45 2.38 1.26×10+45 1.20 6.36×10+44

0355+508 U 0.000 N 0 9.16×10−12 —— 4 4.86 — 4.64 — 2.85 —
0402−362 Q 1.417 N 0 1.96×10−12 2.43×10+46 1 2.20 4.09×10+45 1.60 2.97×10+45 1.25 2.32×10+45

0403−132 Q 0.571 Y 0 2.49×10−12 3.31×10+45 1 2.37 4.73×10+44 1.22 2.44×10+44 1.15 2.30×10+44

0405−385 Q 1.285 N 0 8.20×10−13 7.98×10+45 1 1.30 1.90×10+45 1.10 1.61×10+45 0.69 1.01×10+45

0415+379 G 0.049 Y X 1.04×10−11 5.82×10+43 1 4.24 3.55×10+42 2.77 2.32×10+42 0.70 5.86×10+41

0420+022 B 2.277 N 0 5.00×10−13 —— 1 5.18 3.08×10+46 4.64 2.76×10+46 3.48 2.07×10+46

0420−014 Q 0.915 Y X 2.93×10−12 1.23×10+46 1 1.14 7.20×10+44 1.09 6.88×10+44 0.75 4.74×10+44

0422+004 B 0.000 Y 0 1.64×10−12 —— 1 1.40 — 1.44 — 1.25 —
0429+415 Q 1.023 N 0 1.69×10−12 9.37×10+45 4 1.79 1.49×10+45 1.06 8.81×10+44 0.14 1.16×10+44

0430+052 G 0.033 Y X 6.46×10−11 1.63×10+44 1 3.31 1.25×10+42 2.53 9.55×10+41 0.56 2.11×10+41

0438−436 Q 2.852 N 0 1.20×10−12 8.21×10+46 1 2.50 2.57×10+46 1.77 1.82×10+46 1.01 1.04×10+46

0440−003 Q 0.844 N 0 3.77×10−12 1.30×10+46 1 1.24 6.42×10+44 0.99 5.12×10+44 0.37 1.91×10+44

0446+112 Q 1.207 Y 0 1.15×10−12 9.59×10+45 4 1.77 2.21×10+45 1.71 2.14×10+45 1.31 1.64×10+45

0454+844 B 1.340 N 0 1.54×10−13 1.66×10+45 1 2.67 4.32×10+45 2.42 3.92×10+45 0.51 8.26×10+44

0454−234 B 1.003 N 0 5.38×10−13 2.84×10+45 1 0.32 2.53×10+44 0.26 2.06×10+44 0.15 1.19×10+44

0458−020 Q 2.286 Y X 9.59×10−13 3.84×10+46 1 1.57 9.43×10+45 1.32 7.93×10+45 0.99 5.95×10+45

0521−365 G 0.055 N 0 1.88×10−11 1.36×10+44 1 4.76 5.17×10+42 1.96 2.13×10+42 0.72 7.82×10+41

0524+034 B 0.000 N 0 1.05×10−12 —— 4 0.75 — 0.75 — 0.65 —
0528+134 Q 2.070 Y X 4.96×10−12 1.56×10+47 1 4.53 2.14×10+46 4.36 2.06×10+46 2.06 9.71×10+45

0529+075 U 0.000 Y 0 1.11×10−12 —— 4 1.56 — 1.48 — 0.08 —
0529+483 Q 1.162 Y 0 1.44×10−12 1.09×10+46 4 1.04 1.18×10+45 1.03 1.17×10+45 0.80 9.11×10+44

0537−286 Q 3.104 N 0 1.04×10−12 8.73×10+46 1 1.55 1.95×10+46 0.82 1.03×10+46 0.59 7.43×10+45

0552+398 Q 2.363 Y 0 2.95×10−12 1.28×10+47 1 4.52 2.94×10+46 4.29 2.79×10+46 1.21 7.88×10+45

0602+673 Q 1.970 N 0 7.91×10−13 2.20×10+46 1 0.74 3.09×10+45 0.76 3.17×10+45 0.53 2.21×10+45

0605−085 Q 0.872 Y X 8.10×10−13 3.03×10+45 1 2.31 1.30×10+45 1.82 1.02×10+45 0.73 4.09×10+44

0607−157 Q 0.324 Y 0 2.48×10−12 8.62×10+44 1 7.09 3.69×10+44 5.55 2.89×10+44 3.73 1.94×10+44

0615+820 Q 0.710 N 0 3.10×10−13 7.00×10+44 1 0.43 1.46×10+44 0.43 1.46×10+44 0.11 3.73×10+43

0642+449 Q 3.406 Y 0 7.20×10−13 7.55×10+46 1 3.01 4.73×10+46 2.95 4.64×10+46 1.19 1.87×10+46

0648−165 U 0.000 Y 0 1.45×10−12 —— 4 2.22 — 1.81 — 1.02 —
0707+476 Q 1.292 N 0 9.30×10−13 9.17×10+45 4 0.67 9.91×10+44 0.58 8.58×10+44 0.38 5.62×10+44

0710+439 G 0.518 N 0 5.83×10−13 6.14×10+44 1 0.73 1.15×10+44 0.54 8.53×10+43 0.12 1.89×10+43

0711+356 Q 1.620 N 0 3.80×10−13 6.55×10+45 1 0.40 1.03×10+45 0.40 1.03×10+45 0.09 2.33×10+44

0716+714 B 0.000 Y X 5.84×10−12 —— 4 1.03 — 0.89 — 0.85 —
0723−008 B 0.127 N 0 1.27×10−12 5.43×10+43 1 1.02 6.52×10+42 0.96 6.14×10+42 0.51 3.26×10+42

0727−115 Q 1.591 Y 0 2.18×10−12 3.59×10+46 4 3.65 9.02×10+45 3.29 8.13×10+45 1.76 4.35×10+45
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Sourcea Classificationb zc Md 2 cm-Xe F f
(0.2−2.4) keV

Lg
(0.2−2.4) keV

Ref.h Si
tot Ltot Sj

VLBA LVLBA Sk
core Lcore

[erg s−1 cm−2] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1]

0730+504 Q 0.720 Y 0 6.93×10−13 1.62×10+45 4 0.99 3.47×10+44 1.10 3.86×10+44 0.94 3.30×10+44

0735+178 B 0.424 Y X 1.95×10−12 1.28×10+45 1 1.33 1.30×10+44 1.10 1.08×10+44 0.49 4.80×10+43

0736+017 Q 0.191 Y X 3.19×10−12 3.34×10+44 1 1.69 2.65×10+43 1.49 2.34×10+43 0.85 1.33×10+43

0738+313 Q 0.630 Y X 6.40×10−13 1.08×10+45 1 2.23 5.65×10+44 2.06 5.22×10+44 0.75 1.90×10+44

0741−063 U 0.000 N 0 1.51×10−12 —— 4 — — — — — —
0742+103 Q 2.624 Y 0 1.71×10−12 9.57×10+46 4 1.62 1.36×10+46 1.22 1.02×10+46 0.25 2.10×10+45

0745+241 Q 0.410 N 0 2.76×10−12 1.66×10+45 1 0.76 6.87×10+43 0.69 6.24×10+43 0.41 3.71×10+43

0748+126 Q 0.889 Y 0 1.72×10−12 6.75×10+45 1 2.66 1.56×10+45 2.50 1.47×10+45 1.53 9.00×10+44

0754+100 B 0.266 Y 0 2.02×10−12 3.82×10+45 3 1.62 4.59×10+44 1.42 4.03×10+44 1.02 2.89×10+44

0804+499 Q 1.432 Y 0 1.32×10−12 1.68×10+46 1 0.79 1.51×10+45 0.74 1.41×10+45 0.60 1.14×10+45

0805−077 Q 1.837 Y 0 2.14×10−12 5.02×10+46 4 1.62 5.70×10+45 1.57 5.52×10+45 1.17 4.12×10+45

0808+019 B 0.930 Y 0 6.67×10−13 —— 1 1.16 7.62×10+44 0.99 6.51×10+44 0.91 5.98×10+44

0814+425 B 0.245 Y 0 6.36×10−13 1.16×10+44 1 1.13 3.10×10+43 1.01 2.77×10+43 0.69 1.89×10+43

0821+394 Q 1.217 N 0 2.47×10−12 2.10×10+46 1 1.57 2.00×10+45 1.24 1.58×10+45 1.12 1.43×10+45

0823+033 B 0.506 Y 0 3.12×10−12 3.10×10+45 1 1.36 2.03×10+44 1.20 1.79×10+44 0.86 1.28×10+44

0827+243 Q 0.941 Y X 2.31×10−12 1.04×10+46 1 1.63 1.10×10+45 1.65 1.12×10+45 1.24 8.39×10+44

0829+046 B 0.180 Y 0 1.05×10−12 9.64×10+43 1 1.13 1.55×10+43 1.00 1.37×10+43 0.56 7.70×10+42

0831+557 G 0.240 N 0 2.39×10−12 4.18×10+44 1 1.61 4.22×10+43 0.91 2.38×10+43 0.04 1.05×10+42

0834−201 Q 2.752 N 0 8.65×10−13 5.43×10+46 4 2.71 2.55×10+46 2.24 2.11×10+46 0.95 8.95×10+45

0836+710 Q 2.218 Y X 9.81×10−12 3.65×10+47 1 1.98 1.10×10+46 1.96 1.09×10+46 0.83 4.63×10+45

0838+133 G 0.684 N 0 1.17×10−12 2.41×10+45 1 1.05 3.25×10+44 0.73 2.26×10+44 0.37 1.14×10+44

0850+581 Q 1.322 N 0 3.90×10−13 4.07×10+45 1 0.63 9.86×10+44 0.51 7.98×10+44 0.27 4.23×10+44

0851+202 B 0.306 Y X 3.15×10−12 9.59×10+44 1 2.41 1.10×10+44 2.11 9.63×10+43 1.19 5.43×10+43

0859+470 Q 1.462 N 0 5.14×10−13 6.88×10+45 1 1.46 2.93×10+45 1.15 2.31×10+45 0.70 1.40×10+45

0859−140 Q 1.327 N 0 1.46×10−12 1.54×10+46 1 0.86 1.36×10+45 0.64 1.01×10+45 0.41 6.48×10+44

0906+015 Q 1.018 Y 0 1.21×10−12 6.63×10+45 1 1.92 1.58×10+45 1.96 1.61×10+45 1.18 9.69×10+44

0917+449 Q 2.180 N 0 1.84×10−12 6.56×10+46 1 1.32 7.06×10+45 1.22 6.53×10+45 0.89 4.76×10+45

0917+624 Q 1.446 Y 0 3.60×10−13 4.69×10+45 1 0.79 1.54×10+45 0.80 1.56×10+45 0.50 9.77×10+44

0919−260 Q 2.300 N 0 7.24×10−13 2.94×10+46 4 1.68 1.02×10+46 1.33 8.11×10+45 0.80 4.88×10+45

0923+392 Q 0.699 Y X 5.50×10−12 1.20×10+46 1 11.03 3.60×10+45 10.47 3.41×10+45 2.65 8.64×10+44

0945+408 Q 1.252 Y 0 4.70×10−13 4.29×10+45 1 1.53 2.09×10+45 1.41 1.93×10+45 0.72 9.86×10+44

0953+254 Q 0.712 N 0 8.30×10−13 1.89×10+45 1 1.03 3.51×10+44 1.03 3.51×10+44 0.40 1.36×10+44

0954+658 B 0.367 N 0 1.23×10−12 5.69×10+44 1 0.51 3.56×10+43 0.55 3.83×10+43 0.46 3.21×10+43

0955+476 Q 1.873 Y 0 7.60×10−13 1.87×10+46 1 1.67 6.16×10+45 1.70 6.27×10+45 1.05 3.88×10+45

1012+232 Q 0.565 N 0 7.50×10−13 9.73×10+44 1 1.02 1.99×10+44 0.94 1.83×10+44 0.61 1.19×10+44

1015+359 Q 1.226 N 0 4.40×10−13 3.81×10+45 1 0.61 7.93×10+44 0.60 7.80×10+44 0.47 6.11×10+44

1032−199 Q 2.180 N 0 4.18×10−13 1.49×10+46 2 1.14 6.10×10+45 1.09 5.83×10+45 0.31 1.66×10+45

1034−293 Q 0.312 N 0 1.88×10−12 5.98×10+44 1 1.44 6.88×10+43 1.49 7.11×10+43 1.09 5.20×10+43

1036+054 U 0.000 Y 0 1.82×10−12 —— 4 2.69 — 2.66 — 2.33 —
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Sourcea Classificationb zc Md 2 cm-Xe F f
(0.2−2.4) keV

Lg
(0.2−2.4) keV

Ref.h Si
tot Ltot Sj

VLBA LVLBA Sk
core Lcore

[erg s−1 cm−2] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1]

1038+064 Q 1.265 Y X 1.36×10−12 1.27×10+46 1 1.62 2.27×10+45 1.67 2.34×10+45 1.22 1.71×10+45

1045−188 Q 0.595 Y 0 1.44×10−12 2.12×10+45 1 1.23 2.71×10+44 1.29 2.84×10+44 1.14 2.51×10+44

1048−313 Q 1.429 N 0 2.09×10−13 2.64×10+45 2 — — — — — —
1049+215 Q 1.300 N 0 5.50×10−13 5.51×10+45 1 1.12 1.68×10+45 1.02 1.53×10+45 0.36 5.41×10+44

1055+018 Q 0.888 Y X 2.22×10−12 8.68×10+45 1 3.37 1.98×10+45 2.88 1.69×10+45 1.73 1.01×10+45

1055+201 Q 1.110 N 0 1.95×10−12 1.32×10+46 1 0.55 5.59×10+44 0.33 3.36×10+44 0.23 2.34×10+44

1101+384 G 0.030 N 0 9.30×10−11 1.94×10+44 1 0.61 1.91×10+41 0.44 1.38×10+41 0.32 1.00×10+41

1116+128 Q 2.118 N 0 8.50×10−13 2.83×10+46 1 1.12 5.58×10+45 0.79 3.94×10+45 0.39 1.94×10+45

1124−186 Q 1.048 Y 0 1.07×10−11 6.31×10+46 1 1.87 1.65×10+45 1.85 1.63×10+45 1.56 1.38×10+45

1127−145 Q 1.187 Y X 2.26×10−12 1.81×10+46 1 2.81 3.37×10+45 2.26 2.71×10+45 0.83 9.96×10+44

1128+385 Q 1.733 N 0 5.20×10−13 1.06×10+46 1 0.91 2.78×10+45 0.86 2.62×10+45 0.71 2.17×10+45

1144+402 Q 1.088 N 0 5.23×10−13 3.37×10+45 4 0.81 7.84×10+44 0.78 7.55×10+44 0.62 6.00×10+44

1145−071 Q 1.342 N 0 3.80×10−13 4.12×10+45 1 0.74 1.20×10+45 0.60 9.75×10+44 0.23 3.74×10+44

1148−001 Q 1.982 N 0 9.02×10−13 2.55×10+46 1 0.90 3.81×10+45 0.73 3.09×10+45 0.12 5.09×10+44

1150+812 Q 1.250 Y 0 4.80×10−13 4.36×10+45 1 1.50 2.05×10+45 1.47 2.00×10+45 0.94 1.28×10+45

1155+251 Q 0.202 N 0 3.68×10−13 4.34×10+43 4 0.32 5.66×10+42 0.18 3.19×10+42 0.06 1.06×10+42

1156+295 Q 0.729 Y X 1.29×10−12 3.11×10+45 1 1.93 6.98×10+44 1.81 6.54×10+44 1.43 5.17×10+44

1213−172 U 0.000 Y 0 3.64×10−12 —— 4 2.07 — 2.00 — 0.82 —
1219+044 Q 0.965 Y 0 2.44×10−12 1.17×10+46 1 0.88 6.33×10+44 0.90 6.48×10+44 0.88 6.33×10+44

1219+285 B 0.102 N 0 2.24×10−12 5.97×10+43 1 0.63 2.52×10+42 0.46 1.84×10+42 0.21 8.40×10+41

1222+216 Q 0.435 Y X 3.60×10−12 2.50×10+45 1 1.04 1.08×10+44 0.85 8.85×10+43 0.62 6.45×10+43

1226+023 Q 0.158 Y X 9.09×10−11 6.25×10+45 1 29.56 3.05×10+44 21.96 2.26×10+44 3.90 4.02×10+43

1228+126 G 0.004 Y X 8.03×10−10 3.47×10+43 4 28.41 1.84×10+41 2.11 1.37×10+40 0.46 2.98×10+39

1244−255 Q 0.638 N 0 3.11×10−12 5.42×10+45 1 1.60 4.18×10+44 1.35 3.53×10+44 1.18 3.08×10+44

1251−407 Q 4.464 N 0 1.06×10−12 2.11×10+47 4 — — — — — —
1253−055 Q 0.538 Y X 6.64×10−12 7.65×10+45 1 21.88 3.78×10+45 18.93 3.27×10+45 7.92 1.37×10+45

1255−316 Q 1.924 N 0 5.06×10−13 1.33×10+46 2 1.90 7.49×10+45 0.91 3.59×10+45 0.38 1.50×10+45

1302−102 Q 0.278 N 0 7.22×10−12 1.76×10+45 1 0.75 2.74×10+43 0.63 2.31×10+43 0.37 1.35×10+43

1308+326 Q 0.997 Y X 9.10×10−13 4.73×10+45 1 2.64 2.06×10+45 2.62 2.04×10+45 1.45 1.13×10+45

1313−333 Q 1.210 N 0 4.53×10−13 3.80×10+45 2 1.30 1.64×10+45 1.02 1.28×10+45 0.57 7.17×10+44

1323+321 G 0.370 N 0 2.85×10−13 1.35×10+44 4 1.01 7.17×10+43 0.57 4.05×10+43 0.02 1.42×10+42

1324+224 Q 1.400 Y 0 8.96×10−13 1.08×10+46 4 0.63 1.14×10+45 0.62 1.12×10+45 0.44 7.93×10+44

1328+254 Q 1.055 N 0 6.40×10−13 3.83×10+45 1 — — — — — —
1328+307 Q 0.849 N 0 2.80×10−13 9.80×10+44 1 3.48 1.83×10+45 1.04 5.46×10+44 0.07 3.68×10+43

1334−127 Q 0.539 Y X 2.87×10−12 3.32×10+45 1 5.78 1.00×10+45 5.62 9.76×10+44 4.72 8.20×10+44

1345+125 G 0.122 N 0 6.28×10−13 2.46×10+43 4 1.40 8.22×10+42 0.80 4.70×10+42 0.06 3.52×10+41

1354+196 Q 0.720 N 0 1.46×10−12 3.41×10+45 2 1.10 3.86×10+44 0.95 3.33×10+44 0.57 2.00×10+44

1354−152 Q 1.890 N 0 6.22×10−13 1.56×10+46 2 0.72 2.72×10+45 0.65 2.45×10+45 0.58 2.19×10+45

1354−174 Q 3.147 N 0 5.59×10−13 4.85×10+46 1 — — — — — —
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Sourcea Classificationb zc Md 2 cm-Xe F f
(0.2−2.4) keV

Lg
(0.2−2.4) keV

Ref.h Si
tot Ltot Sj

VLBA LVLBA Sk
core Lcore

[erg s−1 cm−2] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1]

1402+044 Q 3.193 N 0 2.00×10−13 1.80×10+46 1 0.69 9.30×10+45 0.58 7.81×10+45 0.29 3.91×10+45

1404+286 G 0.077 N 0 3.71×10−13 5.44×10+42 4 1.16 2.55×10+42 1.02 2.24×10+42 0.45 9.89×10+41

1413+135 B 0.247 Y X 5.30×10−14 9.88×10+42 1 1.43 4.00×10+43 1.33 3.72×10+43 0.70 1.96×10+43

1417+385 Q 1.832 Y 0 3.16×10−13 7.35×10+45 1 0.92 3.22×10+45 0.99 3.46×10+45 0.76 2.66×10+45

1418+546 B 0.151 N 0 1.25×10−12 7.79×10+43 1 0.95 8.86×10+42 0.94 8.77×10+42 0.60 5.60×10+42

1424+366 B 1.091 N 0 2.77×10−13 1.80×10+45 4 0.40 3.90×10+44 0.35 3.41×10+44 0.16 1.56×10+44

1442+101 Q 3.522 N 0 6.00×10−13 —— 1 — — — — — —
1458+718 Q 0.904 Y X 1.44×10−12 5.88×10+45 1 2.08 1.27×10+45 1.24 7.60×10+44 0.66 4.05×10+44

1502+106 Q 1.833 Y X 2.90×10−13 6.77×10+45 1 1.58 5.53×10+45 1.45 5.08×10+45 0.78 2.73×10+45

1504+377 G 0.672 N 0 2.44×10−13 4.81×10+44 4 2.13 6.30×10+44 1.81 5.35×10+44 1.18 3.49×10+44

1504−167 Q 0.876 Y 0 2.82×10−12 1.07×10+46 1 0.68 3.86×10+44 0.56 3.18×10+44 0.35 1.99×10+44

1508−055 Q 1.185 N 0 1.13×10−12 9.00×10+45 2 1.11 1.33×10+45 0.58 6.93×10+44 0.28 3.35×10+44

1510−089 Q 0.360 Y X 5.46×10−12 2.43×10+45 1 1.96 1.31×10+44 1.63 1.09×10+44 1.26 8.40×10+43

1511−110 Q 1.513 N 0 1.04×10−12 1.51×10+46 2 1.22 2.66×10+45 1.12 2.45×10+45 0.46 1.00×10+45

1514−241 G 0.052 N 0 2.64×10−12 1.70×10+43 1 1.01 9.76×10+41 0.96 9.27×10+41 0.80 7.73×10+41

1514+004 B 0.049 N 0 1.93×10−12 1.09×10+43 1 2.15 1.82×10+42 1.97 1.66×10+42 1.01 8.54×10+41

1519−273 B 0.071 N 0 4.21×10−12 5.22×10+43 1 1.60 2.98×10+42 1.40 2.61×10+42 0.95 1.77×10+42

1532+016 Q 1.435 N 0 7.30×10−13 9.33×10+45 1 0.69 1.32×10+45 0.52 9.97×10+44 0.25 4.79×10+44

1538+149 Q 0.605 Y 0 1.49×10−12 2.29×10+45 1 1.02 2.34×10+44 0.75 1.72×10+44 0.62 1.42×10+44

1546+027 Q 0.412 Y 0 1.60×10−12 9.76×10+44 1 2.08 1.90×10+44 1.97 1.80×10+44 1.54 1.41×10+44

1548+056 Q 1.422 Y 0 5.00×10−13 6.25×10+45 1 2.81 5.27×10+45 2.59 4.85×10+45 1.46 2.74×10+45

1555+001 Q 1.770 N 0 2.20×10−13 4.71×10+45 2 0.71 2.28×10+45 0.68 2.18×10+45 0.35 1.12×10+45

1606+106 Q 1.226 Y 0 6.00×10−13 5.20×10+45 1 1.62 2.11×10+45 1.59 2.07×10+45 0.87 1.13×10+45

1607+268 G 0.473 N 0 4.32×10−13 3.66×10+44 4 0.42 5.33×10+43 0.31 3.94×10+43 0.04 5.08×10+42

1611+343 Q 1.401 Y 0 1.62×10−12 1.95×10+46 1 3.98 7.19×10+45 3.88 7.01×10+45 2.09 3.78×10+45

1622−251 Q 0.786 N 0 1.90×10−12 5.51×10+45 1 2.23 9.69×10+44 1.62 7.04×10+44 1.36 5.91×10+44

1622−297 Q 0.815 N 0 1.83×10−12 —— 1 2.00 9.50×10+44 1.73 8.22×10+44 1.04 4.94×10+44

1624+416 Q 2.550 N 0 1.41×10−13 —— 1 0.57 4.46×10+45 0.49 3.84×10+45 0.18 1.41×10+45

1633+382 Q 1.807 Y X 1.80×10−12 4.06×10+46 1 2.63 8.89×10+45 2.31 7.81×10+45 1.37 4.63×10+45

1637+574 Q 0.751 Y 0 1.45×10−12 3.76×10+45 1 1.66 6.45×10+44 1.69 6.57×10+44 1.27 4.94×10+44

1638+398 Q 1.666 Y 0 2.80×10−13 5.17×10+45 1 1.15 3.18×10+45 1.08 2.99×10+45 0.73 2.02×10+45

1641+399 Q 0.594 Y X 3.86×10−12 5.65×10+45 1 8.05 1.77×10+45 7.01 1.54×10+45 2.71 5.95×10+44

1642+690 Q 0.751 N 0 7.20×10−13 1.87×10+45 1 1.15 4.47×10+44 0.89 3.46×10+44 0.71 2.76×10+44

1652+398 G 0.034 N 0 6.07×10−11 1.59×10+44 1 1.17 4.60×10+41 0.74 2.91×10+41 0.38 1.49×10+41

1655+077 Q 0.621 Y X 3.28×10−13 5.35×10+44 2 1.64 4.01×10+44 1.55 3.79×10+44 1.07 2.62×10+44

1656+053 Q 0.879 N 0 3.02×10−12 1.15×10+46 1 0.83 4.75×10+44 0.53 3.03×10+44 0.19 1.09×10+44

1656+477 Q 1.622 N 0 3.50×10−13 6.05×10+45 1 1.06 2.75×10+45 1.05 2.72×10+45 0.60 1.56×10+45

1726+455 Q 0.714 Y 0 4.63×10−13 1.06×10+45 1 1.67 5.74×10+44 1.62 5.57×10+44 1.38 4.74×10+44

1730−130 Q 0.902 Y 0 5.76×10−12 2.34×10+46 1 6.83 4.16×10+45 5.62 3.43×10+45 3.50 2.13×10+45
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Sourcea Classificationb zc Md 2 cm-Xe F f
(0.2−2.4) keV

Lg
(0.2−2.4) keV

Ref.h Si
tot Ltot Sj

VLBA LVLBA Sk
core Lcore

[erg s−1 cm−2] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1]

1739+522 Q 1.379 Y 0 1.10×10−12 1.27×10+46 1 1.29 2.24×10+45 1.32 2.29×10+45 0.71 1.23×10+45

1741−038 Q 1.057 Y 0 3.72×10−12 2.23×10+46 1 5.90 5.32×10+45 5.64 5.08×10+45 3.90 3.51×10+45

1749+096 B 0.320 Y X 2.12×10−12 7.16×10+44 1 3.75 1.90×10+44 3.56 1.80×10+44 3.22 1.63×10+44

1749+701 B 0.770 N 0 1.41×10−12 3.88×10+45 1 0.63 2.60×10+44 0.48 1.98×10+44 0.33 1.36×10+44

1751+288 U 0.000 Y 0 4.09×10−13 —— 4 1.77 — 1.95 — 1.76 —
1758+388 Q 2.092 Y 0 1.12×10−12 3.61×10+46 1 1.39 6.72×10+45 1.39 6.72×10+45 1.08 5.22×10+45

1800+440 Q 0.663 Y 0 9.50×10−13 1.82×10+45 1 1.08 3.10×10+44 1.01 2.90×10+44 0.90 2.58×10+44

1803+784 Q 0.680 Y X 1.48×10−12 3.02×10+45 1 2.42 7.38×10+44 2.15 6.56×10+44 1.16 3.54×10+44

1807+698 B 0.051 N 0 3.70×10−12 2.30×10+43 1 1.52 1.42×10+42 1.18 1.10×10+42 0.51 4.76×10+41

1821+107 Q 1.364 N 0 1.70×10−12 1.92×10+46 1 0.48 8.12×10+44 0.38 6.43×10+44 0.24 4.06×10+44

1823+568 Q 0.663 Y X 2.31×10−12 4.42×10+45 1 1.65 4.73×10+44 1.54 4.42×10+44 1.18 3.38×10+44

1828+487 Q 0.692 Y X 3.73×10−12 7.91×10+45 1 3.05 9.71×10+44 1.84 5.86×10+44 0.98 3.12×10+44

1845+797 G 0.056 N 0 1.05×10−11 7.93×10+43 1 1.59 1.80×10+42 0.37 4.18×10+41 0.21 2.37×10+41

1849+670 Q 0.657 Y 0 1.27×10−12 2.37×10+45 1 1.60 4.49×10+44 1.74 4.88×10+44 1.52 4.26×10+44

1901+319 Q 0.635 N 0 7.23×10−13 1.24×10+45 4 1.27 3.28×10+44 1.00 2.58×10+44 0.50 1.29×10+44

1908−201 Q 1.119 N 0 1.56×10−12 1.08×10+46 4 3.30 3.42×10+45 2.82 2.92×10+45 2.20 2.28×10+45

1921−293 Q 0.352 N 0 6.27×10−12 2.64×10+45 1 14.55 9.20×10+44 11.83 7.48×10+44 5.30 3.35×10+44

1928+738 Q 0.303 Y X 7.09×10−12 2.11×10+45 1 3.62 1.62×10+44 3.07 1.37×10+44 1.71 7.63×10+43

1936−155 Q 1.657 Y 0 1.20×10−12 2.19×10+46 1 1.53 4.18×10+45 1.27 3.47×10+45 0.94 2.57×10+45

1937−101 Q 3.787 N 0 7.20×10−13 9.72×10+46 1 0.42 8.51×10+45 0.29 5.88×10+45 0.15 3.04×10+45

1954+513 Q 1.220 N 0 1.40×10−12 1.20×10+46 1 2.70 3.47×10+45 2.76 3.54×10+45 1.84 2.36×10+45

1954−388 Q 0.630 N 0 1.08×10−12 —— 1 0.93 2.36×10+44 0.87 2.20×10+44 0.41 1.04×10+44

1957+405 G 0.056 Y X 6.25×10−11 4.71×10+44 1 94.31 1.07×10+44 1.49 1.68×10+42 0.14 1.58×10+41

1958−179 Q 0.652 Y 0 3.27×10−12 6.00×10+45 1 2.04 5.62×10+44 1.86 5.12×10+44 1.50 4.13×10+44

2000−330 Q 3.773 N 0 3.50×10−13 4.69×10+46 1 0.54 1.08×10+46 0.39 7.83×10+45 0.15 3.01×10+45

2005+403 Q 1.736 Y 0 1.83×10−12 3.74×10+46 4 2.46 7.53×10+45 2.33 7.14×10+45 0.35 1.07×10+45

2007+776 B 0.342 N 0 1.08×10−12 4.27×10+44 1 1.17 6.92×10+43 1.01 5.97×10+43 0.51 3.02×10+43

2008−159 Q 1.180 Y 0 2.96×10−12 2.33×10+46 1 1.77 2.09×10+45 1.74 2.06×10+45 1.38 1.63×10+45

2010+463 U 0.000 N 0 2.71×10−11 —— 4 0.33 — 0.28 — 0.23 —
2021+317 U 0.000 Y 0 1.66×10−12 —— 4 1.42 — 1.29 — 0.52 —
2021+614 G 0.227 Y 0 5.71×10−13 8.79×10+43 4 2.55 5.89×10+43 2.24 5.17×10+43 0.60 1.38×10+43

2029+121 B 1.215 N 0 1.39×10−12 1.18×10+46 1 0.95 1.21×10+45 0.99 1.26×10+45 0.60 7.63×10+44

2037+511 Q 1.687 Y 0 4.69×10−13 8.92×10+45 1 2.57 7.34×10+45 2.22 6.34×10+45 1.46 4.17×10+45

2059+034 Q 1.013 N 0 1.01×10−12 5.46×10+45 1 0.91 7.38×10+44 0.95 7.71×10+44 0.78 6.33×10+44

2113+293 B 1.514 N 0 4.63×10−13 6.74×10+45 1 0.77 1.68×10+45 0.74 1.62×10+45 0.58 1.27×10+45

2121+053 Q 1.941 Y 0 9.78×10−13 2.63×10+46 1 2.10 8.46×10+45 2.27 9.14×10+45 1.81 7.29×10+45

2126−158 Q 3.268 N 0 4.20×10−12 3.99×10+47 1 1.25 1.78×10+46 1.19 1.70×10+46 0.88 1.25×10+46

2128+048 G 0.990 N 0 1.05×10−12 5.37×10+45 4 0.78 5.98×10+44 0.49 3.76×10+44 0.02 1.53×10+43

2128−123 Q 0.501 Y 0 5.26×10−12 5.11×10+45 1 2.88 4.20×10+44 2.58 3.76×10+44 0.87 1.27×10+44
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Sourcea Classificationb zc Md 2 cm-Xe F f
(0.2−2.4) keV

Lg
(0.2−2.4) keV

Ref.h Si
tot Ltot Sj

VLBA LVLBA Sk
core Lcore

[erg s−1 cm−2] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1] [Jy] [erg s−1]

2131−021 Q 1.285 Y 0 3.84×10−13 3.74×10+45 1 1.84 2.69×10+45 1.75 2.55×10+45 0.39 5.69×10+44

2134+004 Q 1.932 Y X 1.53×10−12 4.06×10+46 1 6.47 2.58×10+46 5.65 2.25×10+46 1.26 5.02×10+45

2136+141 Q 2.427 Y 0 7.20×10−13 3.33×10+46 1 1.95 1.35×10+46 1.81 1.26×10+46 0.78 5.42×10+45

2144+092 Q 1.113 N X 2.69×10−13 1.84×10+45 2 0.67 6.86×10+44 0.66 6.76×10+44 0.37 3.79×10+44

2145+067 Q 0.999 Y 0 5.57×10−12 2.91×10+46 1 8.50 6.66×10+45 7.90 6.19×10+45 2.53 1.98×10+45

2155−152 Q 0.672 Y 0 5.70×10−13 1.13×10+45 1 2.17 6.43×10+44 1.96 5.81×10+44 1.11 3.29×10+44

2200+420 B 0.069 Y X 5.55×10−12 6.46×10+43 1 3.60 6.29×10+42 3.22 5.63×10+42 1.83 3.20×10+42

2201+171 Q 1.076 Y 0 5.00×10−13 3.14×10+45 1 1.92 1.81×10+45 2.01 1.89×10+45 1.56 1.47×10+45

2201+315 Q 0.297 Y 0 1.01×10−11 2.87×10+45 1 2.64 1.13×10+44 2.54 1.08×10+44 1.87 7.97×10+43

2203−188 Q 0.620 N 0 1.60×10−13 2.59×10+44 1 — — — — — —
2209+236 Q 1.125 Y 0 6.31×10−13 —— 4 1.16 1.22×10+45 1.17 1.23×10+45 0.74 7.78×10+44

2215+020 Q 3.550 N 0 1.38×10−13 1.59×10+46 3 — — — — — —
2216−038 Q 0.901 Y 0 1.35×10−12 5.47×10+45 1 2.13 1.29×10+45 2.02 1.23×10+45 1.09 6.63×10+44

2223−052 B 1.404 Y X 1.79×10−12 2.17×10+46 1 5.39 9.79×10+45 4.11 7.46×10+45 1.96 3.56×10+45

2227−088 Q 1.561 Y 0 5.00×10−13 7.86×10+45 1 1.36 3.21×10+45 1.25 2.95×10+45 1.03 2.43×10+45

2230+114 Q 1.037 Y X 2.24×10−12 1.28×10+46 1 3.90 3.35×10+45 3.26 2.80×10+45 1.69 1.45×10+45

2234+282 Q 0.795 N 0 6.38×10−13 1.90×10+45 1 1.05 4.69×10+44 1.08 4.83×10+44 0.55 2.46×10+44

2243−123 Q 0.630 Y X 3.11×10−12 5.25×10+45 1 2.29 5.80×10+44 2.02 5.12×10+44 1.50 3.80×10+44

2251+158 Q 0.859 Y X 7.16×10−12 2.58×10+46 1 9.81 5.30×10+45 8.54 4.62×10+45 2.24 1.21×10+45

2255−282 Q 0.926 N 0 6.20×10−13 2.69×10+45 1 6.39 4.15×10+45 6.30 4.10×10+45 4.74 3.08×10+45

2318+049 Q 0.623 N 0 1.24×10−12 2.03×10+45 1 0.90 2.21×10+44 0.91 2.24×10+44 0.62 1.53×10+44

2329−162 Q 1.153 N 0 2.69×10−13 2.00×10+45 2 1.05 1.17×10+45 0.83 9.27×10+44 0.21 2.35×10+44

2331+073 U 0.000 Y 0 2.11×10−12 —— 3 1.16 — 1.15 — 0.66 —
2345−167 Q 0.576 Y 0 8.40×10−13 1.14×10+45 1 2.15 4.38×10+44 1.81 3.69×10+44 0.78 1.59×10+44

2351+456 Q 1.986 Y 0 9.97×10−13 2.83×10+46 4 2.10 8.95×10+45 1.70 7.24×10+45 0.97 4.13×10+45

a B 1950 coordinates; b Optical classification according to the Véron-Cetty and Véron (2003) catalog, where Q = quasar, B = BL Lac object, G = active
galaxy, and U = unidentified; c Redshift from Véron-Cetty and Véron (2003) (the redshift of 0202+149 is from Stickel et al. 1996, that of 0727−115 is from
Zensus et al. 2002, that of 0742+103 is from Best et al. 2003, that of 0754+100 is from Carangelo et al. 2003, that of 0808+019 is from Jackson et al. 2002, and
that of 2209+236 is from Sowards-Emmerd et al. 2003.); d Flag, indicating whether the source belongs to the MOJAVE sample; e Flag, indicating whether
the source belongs to the 2 cm-X-Sample; f Unabsorbed (0.2 − 2.4) keV flux from RASS. Errors are typically ∼ 20 %; g Source-intrinsic (0.2 − 2.4) keV
luminosity assuming isotropic emission; h Reference for RASS Flux values. 1: Brinkmann et al. (1997b), 2: Siebert et al. (1998), 3: E. Ferrero (priv. comm.),
4: this thesis; i Mean total 15 GHz flux taken from Kovalev et al. (2005); j Mean total 15 GHz flux taken from Kovalev et al. (2005); k Mean total 15 GHz
flux taken from Kovalev et al. (2005)
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B.2 Soft X-Ray Flux Distributions of the Full 2 cm Sur-
vey Sample, MOJAVE and the 2 cm-X-Sample

The soft X-ray fluxes for the full VLBA 2 cm Survey are given in Table B.3 and their
distribution for the MOJAVE and the 2 cm-X-Sample are shown in Fig. B.3. The (0.1–
2.4) keV fluxes were derived from ROSAT all-sky-survey and pointed observations as out-
lined above and were corrected for Galactic absorption. In the case of non-detections,
upper limits are plotted in Fig. B.3 The quasar distribution for the statistically complete
MOJAVE sample appears remarkably symmetric around a median flux value of (1.0 −
1.8) × 10−12 erg s−1 cm−2. This is remarkable since the MOJAVE is essentially a flux-
limit selected sample and if radio- and soft X-ray flux were directly correlated one would
expect a skewed distribution of X-ray fluxes with a maximum at low fluxes as exhibited
by the VLBI-flux distribution (compare Fig 3.2). The full VLBA 2 cm Survey sample ex-
hibits such a skewed distribution, considering the relatively large fraction of upper limits
that correspond to fluxes left of the median, while the 2 cm-X-Sample is biased towards
objects with high X-ray flux. The distribution peaks at ∼ (1.8−3.2)×10−12 erg s−1 cm−2

and is skewed towards high fluxes.
Although the quasi-Gaussian (in logarithmic units) distribution of X-ray fluxes of

MOJAVE quasars argues against a direct “one-to-one” correlation between radio and X-
ray fluxes, it is worth noting that the detection rate of MOJAVE quasars (∼ 90%) is higher
than the detection rate of the less-bright sources of the VLBA 2 cm Survey that do not be-
long to MOJAVE (∼ 76%). The high detection rate of the 2 cm-X-Sample (∼ 94%)
reflects the fact that in the class of radio-loud AGN preferably bright, well known objects
have been observed during the last decade of X-ray astronomy.

The detection rates for all three samples are higher than the ROSAT detection rate
of most other radio selected AGN samples and much higher than the detection rate of
radio-quiet AGN (∼ 5.5 %: Yuan et al. 1998). A large mixed sample of steep- and flat-
spectrum radio-loud quasars shows a detection rate of 33.2 % (Brinkmann et al. 1997b).
A 47 % detection rate is reported by Siebert et al. (1998) for flat-spectrum PKS quasars
from the half-Jansky Drinkwater et al. (1997) sample. This is surprising because those
authors applied selection criteria similar to the ones of MOJAVE: a flat spectral index
and high (total) radio flux. Apart from covering mainly the southern sky (−45◦ < δ <
+10◦), the main difference to MOJAVE is the lower limiting flux of 0.5 Jy at 2.7 GHz
and the fact that the selection was based on total radio flux and not on the correlated
VLBI flux. In Fig. B.1, the detection rate for the full 2 cm Survey sample is displayed
as a function of total-, and VLBI- flux density. In addition, the detection rates are shown
for the flux density of the most compact4 structures Sunres and the resolved (i.e., jet) flux
density Sjet = SVLBI − Sunres. A clear trend of decreasing detection probability with
decreasing flux is seen for the total, integrated VLBI, and unresolved VLBI flux. In
contrast to this, no obvious trend of the detection rate with the VLBA-resolved parsec-
scale jet emission can be seen. The tentative correlation between VLBA-jet flux density
and ROSAT detection rate is most likely introduced by the fact that the sources with the

4The term compact means here unresolved with the VLBA at 15 GHz; compare Kovalev et al. (2005):
“The unresolved (compact) flux density Sunres is defined as the upper envelope (with 90 % of the visibilities
below it) of the visibility function amplitude Sc at projected baselines ruv > 360Mλ.”
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strongest VLBI cores tend to have strong parsec-scale radio jets. It can be concluded
that the flux density of the most compact emission regions (which dominates the total
flux density) is responsible for this correlation. The low detection rate of other radio-
selected AGN samples compared to the 2 cm Survey sample can therefore be interpreted
as a result of weaker sub-parsec scale VLBI radio structures in those samples. For the
Yuan et al. (1998) sample of radio-quiet objects and the Brinkmann et al. (1997b) sample,
that contains flat- and steep-spectrum sources this is apparent. The Siebert et al. (1998)
sample is expected to contain a large number of weaker compact VLBI cores compared
to the ”average” 2 cm Survey VLBI core because of the lower flux limit and the selection
at lower radio frequencies.

All this suggests that the soft X-ray brightness of an AGN and therefore its detection
probability for ROSAT is markedly increasing if the object harbors a bright compact radio
core and sub-parsec-scale radio structure. Figure B.2 shows that indeed the soft X-ray
flux and the radio flux density of VLBA 2 cm Survey sources are correlated (quantified
below). The correlation is clearly visible for the total 15 GHz emission, for the full VLBI
flux density, for the unresolved VLBI flux density and even for the on parsec scales re-
solved jet emission. This is particularly remarkable since the VLBA 2 cm Survey sources
are known to be strongly variable and the radio and X-ray fluxes seen in Fig. B.2 have not
been obtained simultaneously. In fact, most of the ROSAT data have been obtained be-
tween 1990 and 1991, while the 2 cm Survey observations have been carried out between
1994 and 2003. It is obvious that the correlations are further distorted by a population of
very X-ray bright sources that have only moderate radio-flux densities. This population
is dominated by galaxies, in most cases by their associated bright extended soft emis-
sion. For homogeneity, the flux–flux correlation analysis was performed only for quasars.
The correlation coefficient ρ is similar for the Stot − FX, SVLBI − FX, and Sunres − FX

correlations (ρ = 0.52, 0.51, and 0.50, respectively). The correlation between resolved
VLBI jet flux density and soft X-ray flux SVLBIJet−FX is less pronounced with ρ = 0.35.
Similarly, the fitted slopes a of the linear-regressions for quasars for total-, integrated
VLBI-, and unresolved VLBI flux density are in a similar range: atot = 0.64 ± 0.09,
aVLBI = 0.62 ± 0.09, aunres = 0.56 ± 0.08; The SVLBIJet − FX regression has a flatter
slope: aVLBIJet = 0.33 ± 0.07,).

In comparison to the quasars, the BL Lac objects of all three samples are X-ray
brighter (the MOJAVE flux distribution peaks at ∼ (1.8 − 3.2) × 10−12 erg s−1 cm−2)
and the detection rate is higher (2 cm Survey/non-MOJAVE: ∼ 88%; MOJAVE sample:
∼ 94%; 2 cm-X-Sample: 100%). The radio galaxies have a much smaller detection prob-
ability at X-rays which is, however, most pronounced for the full 2 cm Survey sample
(2 cm Survey/non-MOJAVE: ∼ 50%; MOJAVE sample: ∼ 88%; 2 cm-X-Sample: 100%)
and therefore probably not a significant characteristic of the galaxy class. More notewor-
thy is the fact that the galaxies cover a very broad range in X-ray flux – unlike the other
classes – with extremely bright X-ray sources and a large fraction of sources that are too
dim to be detected by ROSAT. The unclassified objects have low detection rates (2 cm
Survey/non-MOJAVE: ∼ 50%; MOJAVE sample: ∼ 78%) and less bright than classified
objects.
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Figure B.1: ROSAT detection rates. The distributions for total radio emission (top left),
full VLBI flux density (top right), unresolved VLBI flux density (bottom left) and the on
parsec scales resolved emission from the radio jet (bottom right) are shown.

B.3 Radio–X-ray Luminosity Correlation Analysis
The X-ray (0.1-2.4) keV luminosity distribution of the VLBA 2 cm Survey sources covers
a broad range: almost eight orders of magnitude between 1040 erg s−1 and 1048 erg s−1.
Figure B.4 shows the individual distributions for all quasars, BL Lac objects and galaxies
with known redshift (all unidentified objects have no redshift, and thus no luminosity
could be determined). The quasars (in particular the MOJAVE quasars) have a Gaussian
distribution in soft X-ray luminosity, with a median of ∼ 5 × 1045 erg cm−2 s−1. The
2 cm-X-Sample appears consistent with being drawn unbiased and representatively from
MOJAVE, i.e., the skewed flux distribution (towards bright objects) is not transfered into
the luminosity domain!

It is known that the soft X-ray luminosity of flat- and steep-spectrum AGN corre-
lates with radio luminosity (e.g., Akritas and Siebert 1996, Baker et al. 1995, Siebert
et al. 1996, Siebert et al. 1998, Brinkmann et al. 1997b). The radio core, i.e. the sub-
arcsecond scale region unresolved for connected radio interferometers like the VLA, has
been identified as the most likely origin of the observed correlations, which typically still
hold when going from total radio luminosity to sub-arcsecond scale radio-core luminosity.
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Figure B.2: Radio vs. X-ray fluxes. The distributions for total radio emission (top left),
full VLBI flux density (top right), unresolved VLBI flux density (bottom left) and the
on parsec scales resolved emission from the radio jet (bottom right) are shown. Upper
limits are marked by filled triangles. The solid lines indicate a linear regression to the
full sample of Rosat-detected sources.

The VLBA 2 cm Survey allows us to test the radio–X-ray luminosity correlation of radio-
loud, core-dominated AGN down to thousand-times smaller scales: the finescale structure
of the sources of the VLBA 2 cm Survey have been studied by Kovalev et al. (2005), pro-
viding a full set of average flux densities for the most compact sub-milliarcsecond scale
regions in those sources. Table B.3 lists these average unresolved VLBI fluxes together
with average values for the total radio flux and the integrated VLBI-recovered flux den-
sity, all at 15 GHz. Figure B.5 displays the soft X-ray luminosities of VLBA 2 cm Survey
sources as a function of the radio luminosities of these various components of the total
radio emission. Strong correlations with the soft X-ray luminosity are found for the to-
tal radio luminosity, the parsec-scale jet luminosity, and the sub-parsec scale unresolved
VLBI luminosity (compare Table B.4).

The interpretation of these correlations needs caution due to the strong dependence
of both quantities on redshift. Such a redshift-dependence, in particular when dealing
with flux-limited samples, can draw out the points in luminosity space, causing spurious
correlations. A totally uncorrelated set of radio and X-ray fluxes would then appear as if
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Figure B.3: Soft X-ray
fluxes of all sources in the
VLBA 2 cm Survey (black),
of the complete MOJAVE
sub-sample (red), and of
2 cm-X-Sample sources
(blue). For undetected
sources upper limits are
plotted as dotted areas. From
top to bottom the distributions
for quasars, BL Lac objects,
galaxies, and unclassified
objects are shown.
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strongly correlated due to the multiplication of a z-dependent ”stretching factor” to both
axes. Feigelson and Berg (1983) showed that in spite of these difficulties in interpretation,
luminosity-luminosity plots can yield more accurately the underlying relationship than
possible in the flux-flux plane, particularly if the relation is non-linear. An important issue,
however, is the inclusion of all upper limits in the analysis. Akritas and Siebert (1996)
have developed a procedure to perform a so-called partial-correlation analysis to estimate
the significance of apparent correlations in the presence of upper limits and dependences
on third variables like z. A code to perform a partial correlation analysis according to this
procedure is provided by the Pennsylvania State University Center for Astrostatistics5.

The results of the partial correlation analysis are summarized in Table B.4. Consid-
ering the full 2 cm Survey sample, all but the correlations for the galaxies are highly
significant. In particular the Lunres − LX correlation falls below the 5 % probability of
random occurrence. Considering the smaller but statistically complete MOJAVE sample,
none of the correlations for the galaxies remains significant, what might be a result of
the small number of galaxies in the MOJAVE sample. It is consistent, however, with the
result derived above that a non-compact emission component dominates the galaxies soft
X-ray emission. Slopes of the various correlations have been determined by considering
only detections and neglecting the upper limits. The two classes for which the radio–X-
ray correlations are clearly significant, quasars and BL Lacs, have very similar slopes of
a ∼ 0.8 if LX ∝ La

r . The BL Lac slope of the MOJAVE objects appears to be flatter
but due to the small sample size it is consistent with the steeper slope of the full sample
within 1 − σ. The similar dependence of the soft X-ray flux of quasars and BL Lacs sug-
gests that the VLBI properties are more relevant for radio–X-ray correlation analysis than
optical classification. At very high luminosities, however, the Lunres − LX correlations
seems to steepen. Restricting the fit to Lunres > 9 × 1044 erg s−1 yields a slope of ∼ 1. A
similar trend was noted before by Brinkmann et al. (1997b). It should be noted that this
is not a redshift effect. A restriction to quasars with z > 1.75, e.g., shows no significant
steepening compared to the full range of redshifts.

List of collaborators: E. Ferrero, J. Kerp, Y. Y. Kovalev, E. Ros

5http:astrostatistics.psu.edu/statcodes/sc regression.html
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Table B.4: Soft X-ray/radio luminosity partial correlation analysis.

Na LXvs....b ac ρd τ e σf P g Sig.h

Full 2cm Sample
All Types 234 Ltot 0.77 ± 0.03 0.91 0.446 0.038 < 4.4 × 10−6 Y

LVLBI 0.73 ± 0.03 0.89 0.448 0.038 < 4.4 × 10−6 Y
LCore 0.69 ± 0.03 0.89 0.454 0.038 < 4.4 × 10−6 Y
LJet 0.70 ± 0.03 0.87 0.412 0.038 < 4.4 × 10−6 Y

Quasars 178 Ltot 0.80 ± 0.04 0.74 0.388 0.042 < 4.4 × 10−6 Y
LVLBI 0.80 ± 0.04 0.85 0.376 0.042 < 4.4 × 10−6 Y
LCore 0.77 ± 0.04 0.85 0.385 0.042 < 4.4 × 10−6 Y
LJet 0.68 ± 0.04 0.79 0.346 0.042 < 4.4 × 10−6 Y

BL Lacs 30 Ltot 0.79 ± 0.07 0.81 0.597 0.142 2.66 × 10−5 Y
LVLBI 0.79 ± 0.07 0.90 0.627 0.141 8.6 × 10−6 Y
LCore 0.78 ± 0.07 0.91 0.602 0.126 < 4.4 × 10−6 Y
LJet 0.78 ± 0.09 0.87 0.572 0.159 3.18 × 10−4 Y

Galaxies 24 Ltot 0.71 ± 0.16 0.73 0.209 0.085 0.014 Y
LVLBI 0.67 ± 0.18 0.72 0.173 0.075 0.021 Y
LCore 0.6 ± 0.1 0.70 0.177 0.094 0.060 N
LJet 0.6 ± 0.2 0.68 0.177 0.075 0.018 Y

MOJAVE Sample
All Types 120 Ltot 0.79 ± 0.04 0.8983753 0.472 0.057 < 4.4 × 10−6 Y

LVLBI 0.72 ± 0.04 0.8814678 0.448 0.057 < 4.4 × 10−6 Y
LCore 0.66 ± 0.04 0.8689925 0.427 0.058 < 4.4 × 10−6 Y
LJet 0.69 ± 0.04 0.8533062 0.439 0.054 < 4.4 × 10−6 Y

Quasars 98 Ltot 0.73 ± 0.06 0.807471 0.385 0.042 < 4.4 × 10−6 Y
LVLBI 0.71 ± 0.06 0.8043694 0.368 0.058 < 4.4 × 10−6 Y
LCore 0.73 ± 0.06 0.7429785 0.357 0.060 < 4.4 × 10−6 Y
LJet 0.55 ± 0.05 0.7429785 0.362 0.055 < 4.4 × 10−6 Y

BL Lacs 14 Ltot 1.00 ± 0.17 0.8728936 0.602 0.126 < 4.4 × 10−6 Y
LVLBI 1.0 ± 0.2 0.8721165 0.512 0.213 0.016 Y
LCore 0.99 ± 0.16 0.8138816 0.473 0.208 0.023 Y
LJet 1.0 ± 0.2 0.8138816 0.566 0.204 5.6 × 10−3 Y

Galaxies 8 Ltot 1.0 ± 0.3 0.8261774 0.177 0.094 0.060 N
LVLBI 1.1 ± 0.4 0.7655677 0.251 0.138 0.069 N
LCore 1.0 ± 0.3 0.7309808 0.137 0.179 0.45 N
LJet 1.1 ± 0.4 0.7309808 0.012 0.149 0.93 N

a Number of objects per class; b Considered radio quantity; c Slope from linear regression; d Correlation coefficient;
e Partial Kendall τ following Akritas and Siebert (1996) with the effect of redshift taken into account; f Variance
following Akritas and Siebert (1996); g Probability of erroneously rejecting the null hypothesis (i.e., no correlation) ;
h Label indicating the significance of the correlation.

243



B Radio–X-ray Correlation Analysis

1e+40 1e+42 1e+44 1e+46 1e+48
LX (0.1-2.4) keV [erg/s]

0

5

10

15

20

25

30

N

Full Sample Upper Limits (N=30)
Full Sample Detections (N=150)
MOJAVE Upper Limits (N=10)
MOJAVE Detections (N=87)
2cm-X-Sample Upper Limits (N=2)
2cm-X-Sample Detections (N=32)

Quasars

1e+40 1e+42 1e+44 1e+46 1e+48
LX (0.1-2.4) keV [erg/s]

0

1

2

3

4

5

6

N

Full Sample Upper Limits (N=2)
Full Sample Detections (N=26)
MOJAVE Upper Limits (N=1)
MOJAVE Detections (N=12)
2cm-X-Sample Detections (N=7)

BL Lac Objects

1e+40 1e+42 1e+44 1e+46 1e+48
LX (0.1-2.4) keV [erg/s]

0

1

2

3

4

5

6

N

Full Sample Upper Limits (N=9)
Full Sample Detections (N=15)
MOJAVE Upper Limits (N=1)
MOJAVE Detections (N=7)
2cm-X-Sample Detections (N=7)

Galaxies

Figure B.4: (0.1-2.4) keV X-
ray luminosities for the full
VLBA 2 cm Survey (black),
the complete MOJAVE sub-
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plotted as dotted areas. From
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Figure B.5: Luminosity correlations between the soft (0.1–2.4) keV X-ray luminosity and the various components of the core-dominated radio
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C The Brightness Temperature
Gradients Along Parsec-Scale Radio
Jets

Abstract: The brightness temperature gradients along extragalactic jets are measured
on parsec scales for a sample of AGN from the combined PR/CJ1 sample. Below, it is
shown that the brightness temperature as a function of distance from the jet core can be
described well with a simple power law for most of the sources with continuous and more
or less straight jets. The power law index s varies from source to source with values
typically between −1.5 and −3. Using only basic assumptions of synchrotron theory and
jet physics it is shown that a power law in the brightness temperature distribution along
parsec-scale radio jets follows naturally if the magnetic field, the particle density, and the
diameter of the jet as functions of radius are assumed to be power laws.

Introduction: In the special case of NGC 1052 it was shown that the brightness tem-
perature along the eastern jet can be well approximated by a simple power law (Kadler
et al. 2004c, reprinted in Sect. 6.3.1). Does this hold for other radio jets and how do
the brightness temperature gradients in various sources differ. The combined PR/CJ1
sample is complete and contains observations not only at 6 cm but also at 18 cm, where
many sources exhibit pronounced jet structure. Moreover, the study of each source at two
different frequencies allows one to compare the derived gradients, which are a-priori ex-
pected to be equal assuming optically thin synchrotron emission. Differences may occur
if the jets are seen over substantially different scales at the two frequencies due to self
absorption and/or resolution effects or if the source has evolved between the two obser-
vation epochs. Originally, a sample of 29 sources with classical core-jet structures and
continuous jets was chosen. These selection criteria should ensure that at least 4 model
components could be fitted to the parsec-scale jet structure of the sample sources to allow
the Tb gradients to be determined from a power-law approximation of the data. In one
case (BL Lac) this requirement was fulfilled only at λ18 cm, while at λ6 cm only two jet
components were found. The gradient at λ6 cm has been tabulated but was not used in the
further analysis.

The calibrated (u, v)-data from the CJ-survey (Polatidis et al. 1995, Thakkar et al.
1995, Xu et al. 1995) were provided by A. Polatidis. Two-dimensional Gaussian functions
were fitted to the data in the (u, v)-domain with the program DIFMAP, using only circular
components to avoid the degeneration of individual components to linear features for
which no meaningful brightness temperature can be derived. Distances were measured
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relative to the core component which leaves 3 or more jet components for the regression.
This kind of distance measurement introduces a systematic error to a power law fit since
the “true” base of the jet is located somewhat inwards of the core component but is not
observable due to self absorption. However, it can be estimated that this error only affects
significantly the innermost components and can be neglected for most components located
several milliarcseconds away from the core.

For eleven sources from the original sample, no satisfactory fit to the brightness tem-
perature distribution along the jet was found with a simple power law model. Most of
these sources were either CSOs or showed very strong bending or other signs of strong
interaction with the jet environment. The analysis of these more complicated source will
be presented elsewhere.

Results: The parameters of the model fits are given in Table C.1. The images at λ18 cm
and λ6 cm of the 18 sources of the final sample that result from applying the Gaussian-
component models to the (u, v)-data are shown in Fig. C.1–C.1 and the map parameters
are given in Table C.2. In Fig. C.2 the brightness temperature gradients are shown mea-
sured at λ6 cm and λ18 cm, respectively. The gradients are obtained from power-law fits
to the brightness temperatures the individual model fit components in the jets as a func-
tion of their distance to the core. For Fig. C.2, uniform errors of a fifth of the beam size
at the given frequency (∼ 1 mas at λ18 cm and ∼ 0.2 mas at λ6 cm) were assumed for
the error in position. The error of the component diameter was estimated to be one fifth
of the beam width in the case of unresolved components and one fifth of the component
diameter for extended components. No redshift correction had to be applied to the mea-
sured values which would only change the scaling but not the gradients of the power-law
distributions. All sources show a decrease in Tb which can be fitted with a simple power
law and approximately the same power-law index s at both frequencies. In general, the
brightness temperature at 6 cm is lower than at 18 cm at each given position along the
jets as expected for optically thin synchrotron emission. The measured gradients for each
source are given in Table C.3.

Table C.1: VLBI model fit parameters for the sources from the CJ sample.

λ18 cm λ6 cm
Flux density Core distance P.A. FWHM Tb Flux density Core distance P.A. FWHM Tb

[Jy] [mas] [◦] [mas] [1010 K] [Jy] [mas] [◦] [mas] [1010 K]

0716+714
0.177 0 – <1.0 >8.418 0.565 0 – <0.2 >69.095
0.038 2.17 10.3 1.05 1.631 0.065 0.53 20.0 0.30 35.303
0.005 6.43 20.3 1.67 0.087 0.018 1.75 8.5 0.45 4.301
0.017 10.42 18.1 4.95 0.033 0.008 4.59 16.6 0.93 0.460

0.009 10.98 13.0 4.90 0.019

0740+828
0.312 0 – <1.0 >34.578 0.134 0 – <0.2 >38.800
0.368 2.27 −15.5 0.97 18.565 0.156 0.51 172.69 0.13 44.861
0.144 8.10 −3.9 3.05 0.738 0.143 0.97 11.50 0.37 5.149
0.101 18.81 −10.3 7.59 0.083 0.259 2.95 −5.60 1.08 1.089
0.030 35.94 −9.5 14.11 0.007 0.062 8.89 −4.84 2.85 0.037

Continued on next page
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Table C.1 – continued from previous page

λ18 cm λ6 cm
Flux density Core distance P.A. FWHM Tb Flux density Core distance P.A. FWHM Tb

[Jy] [mas] [◦] [mas] [1010 K] [Jy] [mas ] [◦] [mas] [1010 K]

0.041 18.80 −5.40 5.57 0.006

0746+483
0.243 0 – <1.0 11.602 0.271 0 – <0.2 <33.219
0.363 1.02 −68.6 0.77 29.100 0.350 0.70 −87.3 0.43 9.297
0.106 3.47 −94.3 0.67 11.167 0.138 1.33 −81.0 0.52 2.504
0.030 6.32 −94.9 1.34 0.788 0.056 3.10 −93.2 0.91 0.333
0.004 12.99 −76.8 1.79 0.062 0.025 4.15 −94.6 1.36 0.065
0.005 30.38 −97.6 3.18 0.024 0.010 6.62 −90.4 1.46 0.022
0.008 54.9 −100.5 7.19 0.007

0820+560
0.699 0 – 0.43 33.334 1.135 0 – 0.18 138.967
0.169 3.11 81.4 1.03 7.591 0.161 0.68 102.4 0.60 2.212
0.088 6.50 70.0 2.12 0.938 0.099 2.62 100.3 1.17 0.356
0.173 16.77 69.0 5.59 0.264 0.042 4.60 73.8 2.14 0.045
0.155 22.45 80.2 6.24 0.190 0.021 5.57 70.1 1.41 0.052

0.121 20.67 77.3 7.33 0.011

0906+430
0.300 0 – 0.54 49.816 0.472 0 – 0.24 41.617
0.108 4.24 149.3 1.70 1.790 0.107 1.19 150.1 0.24 8.773
0.017 13.39 129.2 2.49 0.131 0.066 3.21 154.2 0.73 0.596
0.017 27.55 144.9 3.48 0.067 0.012 5.49 142.9 0.73 0.107
0.019 39.6 148.9 4.70 0.042 0.015 6.88 141.7 0.83 0.104
0.029 97.64a 150.4 5.73 0.043 0.010 18.33 142.5 2.73 0.007
0.025 116.41a 148.5 6.00 0.033
0.166 144.59a 154.0 17.67 0.025

0917+449
0.509 0 – <1.0 <24.241 0.868 0 – 0.32 407.623
0.225 1.31 179.9 1.15 8.176 0.420 1.08 175.2 0.53 71.933
0.090 5.68 −160.4 2.97 0.488 0.069 6.21 −162.6 3.42 0.283
0.061 18.01 −162.5 4.34 0.154 0.051 19.32 −161.8 6.60 0.056
0.031 22.71 −145.6 11.13 0.012
0.026 44.65 −138.0 18.14 0.004
0.007 71.37 −121.1 19.98 0.001

0945+408
0.274 0 – <1.0 13.0551 1.317 0 – 0.37 47.670
0.253 1.53b 31.7 0.87 16.050 0.030 1.79 115.1 0.65 0.338
0.407 7.14 119.0 2.92 2.281 0.169 6.33 131.1 2.43 0.140
0.374 9.83 111.4 2.68 2.472 0.193 8.41 118.3 2.69 0.130
0.179 16.88 111.7 6.30 0.215 0.037 14.50 106.2 2.32 0.034
0.071 24.04 113.7 5.91 0.097 0.078 21.5 118.7 9.61 0.004
0.028 42.86 101.2 11.84 0.009
0.032 73.90 100.3 21.11 0.003

1020+400
0.158 0 – 0.70 15.196 0.708 0 – 0.19 92.355
0.127 3.13 −37.6 0.93 7.069 0.025 1.42 −44.3 0.30 1.300
0.040 9.31 −36.9 1.98 0.485 0.075 3.22 −40.5 1.11 0.303

Continued on next page
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Table C.1 – continued from previous page

λ18 cm λ6 cm
Flux density Core distance P.A. FWHM Tb Flux density Core distance P.A. FWHM Tb

[Jy] [mas] [◦] [mas] [1010 K] [Jy] [mas ] [◦] [mas] [1010 K]

0.077 13.82 −33.0 3.40 0.318 0.013 6.22 −42.1 2.50 0.010
0.006 30.73 −27.6 3.13 0.027 0.050 12.65 −33.4 4.21 0.014
0.027 93.79 −21.7 7.78 0.021 0.009 89.77 −20.9 7.42 0.001
0.016 159.78 −21.2 26.0 0.001
0.023 204.55 −15.7 30.9 0.001

1101+384
0.250 0 – 0.78 19.717 0.358 0 – 0.16 67.071
0.043 4.72 −34.8 2.24 0.407 0.057 1.21 −25.5 0.83 0.407
0.062 15.26 −48.3 10.77 0.026 0.020 5.14 −36.5 1.58 0.040
0.035 30.18 −60.2 17.93 0.005 0.016 10.89 −36.6 5.07 0.003
0.084 67.35a −52.3 34.70 0.003 0.029 19.93 −56.9 9.41 0.002

0.101 58.48a −58.0 50.58 0.0002

1216+487
0.166 0 – 0.470 35.875 0.304 0 – 0.19 43.100
0.338 1.74 101.1 1.34 8.936 0.101 1.07 99.4 0.49 2.086
0.058 4.69 112.3 1.84 0.812 0.146 1.97 100.7 1.12 0.572
0.040 18.17 113.3 9.76 0.020 0.037 3.68 106.8 1.21 0.125
0.047 9.12 112.5 3.33 0.203 0.029 8.10 109.7 3.94 0.009

0.010 20.95 107.7 4.39 0.002

1347+539
0.247 0 – 1.40 5.220 0.421 0 – 0.20 52.095
0.098 12.05 137.1 3.10 0.471 0.056 0.84 144.8 0.34 2.322
0.076 6.75 138.8 2.13 0.816 0.046 1.95 141.7 1.06 0.203
0.091 18.33 123.4 3.34 0.384 0.030 4.97 139.9 1.34 0.082
0.097 3.50 135.5 1.23 2.380 0.030 6.45 139.4 1.01 0.145
0.124 57.15a 140.0 10.09 0.058 0.021 9.24 143.1 1.66 0.037

0.029 12.44 138.3 2.39 0.025
0.049 19.36 124.5 3.13 0.025
0.094 59.35a 141.5 14.07 0.002

1418+546
1.020 0 – 0.66 111.830 1.506 0 – 0.36 57.806
0.243 2.73 124.2 1.86 3.338 0.409 1.07 129.6 0.40 12.234
0.109 15.34 126.2 9.04 0.064 0.051 1.97 126.6 0.73 0.465
0.034 37.09 125.8 22.27 0.003 0.130 3.65 125.4 2.10 0.145

0.024 7.00 131.5 0.97 0.125
0.072 16.69 121.8 7.36 0.007

1504+377
0.469 0 – 1.20 15.541 0.325 0 45.3 <0.2 >39.826
0.123 3.02 −137.1 2.83 0.734 0.182 1.06 46.7 0.44 4.626
0.209 9.93 −135.9 5.53 0.326 0.068 2.02 45.6 1.11 0.271
0.095 54.16 −137.8 19.09 0.012 0.043 5.66 46.9 1.85 0.062
0.032 107.94 −136.8 27.17 0.002 0.042 10.31 −131.4 2.01 0.051

0.017 13.8 −140.4 1.63 0.032

1642+690
0.400 0 – 0.63 44.219 0.923 0 – 0.20 115.784
0.274 2.22 −165.3 0.74 22.128 0.315 0.79 179.7 0.26 22.735

Continued on next page
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Table C.1 – continued from previous page

λ18 cm λ6 cm
Flux density Core distance P.A. FWHM Tb Flux density Core distance P.A. FWHM Tb

[Jy] [mas] [◦] [mas] [1010 K] [Jy] [mas ] [◦] [mas] [1010 K]

0.094 5.20 −164.1 0.94 4.671 0.143 1.52 −174.2 0.41 4.157
0.136 8.95 −162.8 1.69 2.119 0.084 2.58 −167.9 0.75 0.729

0.115 5.52 −166.4 2.50 0.090
0.012 12.10a −156.6 1.36 0.032

1807+698
0.444 0 – <1 >21.143 0.637 0 – 0.20 74.617
0.316 1.73 −90.2 0.59 43.936 0.383 0.61 −97.7 0.16 71.418
0.105 4.45 −90.6 0.69 10.593 0.118 1.39 −105.6 0.23 11.052
0.038 6.91 −91.2 1.40 0.934 0.076 2.36 −102.2 0.19 10.235
0.070 13.11 −92.0 3.77 0.235 0.046 3.43 −98.5 0.46 1.069
0.218 33.35 −94.6 8.60 0.140 0.039 4.69 −95.1 0.99 0.197
0.031 59.86 −98.8 15.71 0.006 0.045 12.42 −100.6 2.71 0.030

0.146 26.82 −98.7 5.01 0.0284
0.072 35.21 −101.9 4.84 0.015

1842+681
0.440 0 – <1 >20.985 0.472 0 – 0.18 70.095
0.397 1.14 143.0 1.01 18.464 0.239 0.47 116.2 0.47 5.251
0.035 4.74 150.0 1.17 1.202 0.127 1.69 137.8 0.70 1.252
0.070 10.47 156.8 6.21 0.086 0.023 8.59 154.1 6.38 0.003
0.018 36.42 152.8 29.79 0.001

1954+513
0.625 0 – 0.55 98.325 0.711 0 – 0.23 67.546
0.107 2.55 −64.2 1.75 1.679 0.546 0.60 −65.2 0.33 24.856
0.018 7.43 −75.2 4.25 0.474 0.051 1.60 −61.8 0.01 6.197
0.141 10.86 −67.8 2.43 1.128 0.005 2.71 −46.8 0.04 0.669
0.077 18.25 −63.5 2.78 0.066 0.027 4.67 −56.7 1.20 0.091
0.049 25.79 −62.8 5.85 0.048 0.018 5.90 −65.4 0.69 0.183
0.019 42.76 −75.0 3.92 0.061 0.031 8.29 −62.8 1.14 0.117
0.030 54.66 −73.9 7.48 0.026 0.031 10.08 −65.3 1.29 0.091
0.072 86.13 −73.8 31.26 0.004 0.057 11.63 −68.9 1.98 0.072

0.007 17.84 −76.1 0.95 0.038
0.008 22.59 −76.5 1.32 0.023
0.007 26.54 −73.2 1.12 0.027

2200+420
0.810 0 – 1.08 33.354 1.189 0 – 0.65 13.599
0.852 1.79 3.9 1.27 25.339 0.571 2.83 −177.6 1.35 1.526
0.722 1.26 152.4 4.26 1.894 0.250 5.91 172.4 3.50 0.100
0.119 1.08 142.7 6.81 0.123
0.101 1.03 165.7 27.51 0.006

a Partially resolved component not considered in the determination of gradients; b Innermost
component falls significantly below the power-law extrapolation from larger radii.

In Figure C.3 the distribution of power law indices at λ6 cm in the sample are plotted
as a function of the corresponding values at λ18 cm. The distribution ranges from ∼ −1
to ∼ −3 with approximately the same values at 18 cm and 6 cm. This shows that the
determination of s is in general independent of the observing frequency.
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Figure C.1: Hybrid images from applying the Gaussian-component models given in Ta-
ble C.1 to the calibrated visibility data and adding the residual map for the final sample.
Asterisks mark sources for which the most extended components are not used in the Tb

fits due to resolution effects. In the case of 0945+408, the innermost jet component fell
below the power-law extrapolation from the more distant components, probably due to
self absorption, and was not used in the fits either.
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Figure C.1: continued
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Figure C.1: continued
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Figure C.2: Brightness temperature gradients along the jets of 18 sources in the combined
PR/CJ1-sample. Filled symbols are used for data at 18 cm, open ones for 6 cm. In each
plot the result of a power-law fit to the data is shown as a thick line for the measurements
at 18 cm and 6 cm, respectively (compare Table C.3).
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Table C.2: VLBI model fit map parameters for the sources from the CJ sample.

Source λ18 cm λ6 cm
Epoch Lowest Contour Beam Epoch Lowest Contour Beam

[dd/mm/yy] [mJy/beam] [mas × mas, ◦] [dd/mm/yy] [mJy/beam] [mas × mas, ◦]

0716+714 17/11/91 0.0014 2.8 × 4.3, +19.4 24/09/92 0.001 0.9 × 1.3, 0.7
0740+828 16/06/91 0.002 2.5 × 5.5, +30.9 10/03/90 0.002 1.0 × 1.1,−81.9
0746+483 16/11/91 0.001 2.8 × 5.1,−5.2 08/06/91 0.001 1.0 × 1.6,−10.9
0820+560 25/09/91 0.004 3.4 × 5.1,−76.2 11/03/90 0.004 0.9 × 1.6,−17.0
0906+430 21/09/90 0.0057 9.7 × 14.5,−10.4 05/06/86 0.002 1.0 × 2.1,−22.0
0917+449 16/11/91 0.0014 2.6 × 6.1,−6.1 08/06/91 0.003 0.9 × 1.8,−12.3
0945+408 16/06/91 0.002 2.6 × 6.7,−23.6 23/11/86 0.004 2.0 × 3.5,−12.1
1020+400 16/11/91 0.001 2.6 × 6.7,−12.4 19/09/91 0.002 6.4 × 9.6, 24.8
1101+384 16/11/91 0.0014 2.7 × 6.6,−13.5 19/09/91 0.001 1.4 × 3.4,−5.1
1216+487 17/06/91 0.002 2.9 × 4.4,−11.8 29/03/92 0.001 1.0 × 2.9,−3.7
1347+539 16/06/91 0.0028 2.9 × 4.2,−83.7 11/03/90 0.002 1.0 × 1.3, 15.2
1418+546 22/09/90 0.0028 3.3 × 3.7,−54.8 11/03/90 0.003 0.8 × 1.1,−11.8
1504+377 21/09/90 0.002 2.6 × 7.4,−24.3 06/06/92 0.001 0.9 × 2.3,−13.4
1642+690 21/09/90 0.0028 3.0 × 3.4, +88.5 05/06/86 0.0028 1.1 × 1.1, 60.1
1807+698 21/09/90 0.0028 3.1 × 3.5,−59.3 05/06/86 0.0028 1.0 × 1.1,−8.1
1842+681 16/06/91 0.0014 2.9 × 3.7,−62.1 11/03/90 0.002 1.5 × 1.9,−55.7
1954+513 20/09/90 0.002 3.3 × 3.7,−20.6 24/09/87 0.0014 0.9 × 1.8,−33.8
2200+420 20/09/90 0.004 2.7 × 5.8,−18.1 11/12/78 0.008 2.3 × 3.1, 2.3

Figure C.3: Comparison of brightness temperature gradients with core distance at λ18 cm
and at λ6 cm (Tb ∝ rs).
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Table C.3: Summary of the Tb-vs.-r and the Tb-vs.-d analysis (Tb ∝ rs; Tb ∝ dsd ;
d ∝ rl).

Source s(18cm)a s(6cm)a sd(18cm)b sd(6cm)b l(18cm)c l(6cm)c

0716+714 −2.5 ± 0.2 −2.5 ± 0.2 −2.2 ± 1.2 −2.6 ± 0.4 0.90 ± 0.43 0.91 ± 0.22
0740+828 −2.8 ± 0.2 −2.4 ± 0.2 −2.9 ± 0.2 −2.4 ± 0.2 0.97 ± 0.02 1.00 ± 0.06
0746+483 −2.3 ± 0.3 −2.7 ± 0.2 −3.1 ± 0.6 −4.5 ± 0.4 0.57 ± 0.11 0.60 ± 0.07
0820+560 −1.8 ± 0.3 −1.6 ± 0.2 −1.9 ± 0.3 −2.1 ± 0.4 0.94 ± 0.05 0.71 ± 0.13
0833+585 −1.8 ± 0.2 −2.0 ± 0.1 −2.5 ± 0.4 −2.1 ± 0.5 0.74 ± 0.13 0.81 ± 0.14
0906+430 −1.7 ± 0.2 −2.6 ± 0.1 −3.6 ± 0.9 −3.0 ± 0.4 0.44 ± 0.06 0.83 ± 0.12
0917+449 −2.3 ± 0.3 −2.5 ± 0.5 −3.0 ± 0.2 −2.9 ± 0.1 0.75 ± 0.10 0.89 ± 0.13
0945+408 −3.1 ± 0.2 −2.9 ± 0.6 −3.2 ± 0.4 −2.6 ± 0.1 0.88 ± 0.10 0.93 ± 0.58
1020+400 −2.0 ± 0.2 −1.8 ± 0.3 −2.4 ± 0.3 −2.3 ± 0.4 0.80 ± 0.10 0.73 ± 0.18
1101+384 −2.36 ± 0.01 −2.0 ± 0.3 −2.0 ± 0.3 −2.4 ± 0.3 1.15 ± 0.15 0.80 ± 0.15
1216+487 −2.5 ± 0.2 −2.4 ± 0.2 −2.8 ± 0.6 −3.0 ± 0.4 0.82 ± 0.21 0.76 ± 0.14
1347+539 −1.1 ± 0.2 −1.4 ± 0.2 −1.9 ± 0.3 −2.2 ± 0.2 0.57 ± 0.10 0.62 ± 0.10
1418+546 −2.6 ± 0.3 −2.7 ± 0.2 −2.8 ± 0.2 −2.4 ± 0.1 0.95 ± 0.03 1.12 ± 0.04
1504+377 −1.7 ± 0.2 −1.7 ± 0.4 −2.6 ± 0.3 −2.98 ± 0.05 0.65 ± 0.03 0.50 ± 0.16
1642+690 −1.7 ± 0.1 −2.87 ± 0.08 −2.6 ± 1.1 −2.4 ± 0.3 0.56 ± 0.21 1.16 ± 0.15
1807+698 −2.4 ± 0.3 −2.2 ± 0.2 −2.3 ± 0.3 −2.3 ± 0.3 1.01 ± 0.11 0.98 ± 0.11
1842+681 −2.9 ± 0.3 −2.6 ± 0.7 −2.6 ± 0.4 −2.9 ± 0.1 1.02 ± 0.28 0.92 ± 0.30
1954+513 −1.7 ± 0.3 −1.8 ± 0.2 −2.2 ± 0.3 −2.3 ± 0.5 0.64 ± 0.18 0.53 ± 0.14
2200+420 −3.06 ± 0.07 −2.8 ± 0.3 1.07 ± 0.15

a See Fig. C.2; b See Fig. C.5; c See Fig. C.4.

Table C.4: List of the 11 sources (out of 29) which do not show a power-law decrease of
Tb.

Source Comments
0248+430 Jet dominated by a very bright,

compact component
0620+389 Relatively strong curvature
0833+585 Tb vs. r has a power-law shape but

Tb vs. d not, Resolved source?
1058+726
1435+638 Sharp bend in jet structure
1624+416
1652+398 Sharp bend in jet structure, partially

resolved
1719+357 Weak jet, resolved?
1800+440
1823+568
2229+695
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A basic model for the Tb-distribution in radio jets: The flux Fν of one circular model
component with the diameter d and the radiating area Φ ∝ d2 can be written as

Fν = Φ2 · d · jν , (C.1)

with the emissivity jν of optically thin synchrotron emission. The latter is proportional to

jν ∝ ne · B ·
(

ν

νB

)α

(C.2)

(Krolik 1999) with the particle density ne, the magnetic field B (νB ∝ B), and α the
spectral index of optically thin synchrotron emission. We assume that the jet diameter d,
the magnetic field B, and the particle density ne all are functions of radius along the jet r
and can be described by power laws:

d ∝ rl, B ∝ rb, ne ∝ rn , (C.3)

expecting l ≤ 1 (l > 1 can hold only for decelerating jets). Note that these are the only
critical assumptions for the further interpretation of the observed brightness temperature
gradients in the following paragraphs. They imply that the flux of the model component
itself has a power law dependence on the radius

Fν ∝ r5l+n+b(1−α) (C.4)

and the brightness temperature Tb ∝ Fν/Φ2 can be written as

Tb ∝ rl+n+b(1−α) . (C.5)

Thus, the power-law index of the brightness temperature distribution along the jet can be
parametrized as

s = l + n + b(1 − α) . (C.6)

The typical values, expected to be found for s can be estimated by setting the parameters
n and b to (physically motivated) “first-guess values”: if no cooling and no adiabatic
losses occur in the expanding jet and if the particle flux through the jet cross section is
conserved, it follows that ne ∝ d−2(⇒ n = −2l). This simplifies Equation C.5 to

Tb ∝ rb(1−α)−l . (C.7)

Conservation of magnetic energy along the jet implies a constant energy partition along
the jet

B2 ∝ ne,⇒ b = −l . (C.8)

In this case the brightness temperature distribution can be characterized exclusively in
terms of the jet geometry implied by l and the spectral index:

Tb ∝ rl(α−2) . (C.9)

A conical jet with l = 1 thus should show a decrease in brightness temperature as rα−2.
Typical values of s are thus expected to lie in the range −2.5 to −3 for spectral indices of
−0.5 to −1.
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Alternatively to the equations C.5 and C.6 one can parametrize the brightness temper-
ature gradient as a function of the jet diameter, which yields the relation

Tb ∝ dsd , with (C.10)

sd = 1 +
n + b(1 − α)

l
=

s

l
(C.11)

because of d ∝ rl. Equation C.11 implies that the ratio of the two power-law indices s
and sd is determined by the jet geometry via

s

sd

= l . (C.12)

The power law indices s and sd from Table C.3 can now be compared with the theoretical
expectations described above.

The correlation between Tb distribution and the jet geometry: From Equation C.12
follows that the linear relationship between the Tb gradients with r at λ18 cm and λ6 cm
(seen in Fig. C.3) should hold also for for the Tb gradients with d if the jets are conical
(l = 1). Indeed, Fig. C.6 shows the dependence of sd at λ18 cm on sd at λ6 cm which is
considerably less pronounced than for the gradients with distance. This already suggests
that the assumption of an equal value of l for all jets, i.e., a standard jet geometry is not
valid. In a diagram that shows sd as a function of s, sources with l < 1 are expected to
populate the upper left triangle of the plot. This is seen in Fig. C.7 where most of the data
points lie significantly above the slope-one line. In fact only 8 out of 31 points lie below
this level and most of these are consistent with sd > s within their errors.

The power law index l which describes the jet geometry (via d ∝ rl, where d is the jet
diameter) can be approximated by the size measurement of different model components
along the jet as a function of radius. Figure C.4 shows the results of power law fits
to the component sizes as a function of core distance for the 18 sources in the sample.
Equation C.7 implies that there should be a linear relation between s and l for sources
with the same spectral index α and equal gradients of the magnetic field. On the other
hand, sd is expected to depend inversely on l (see Equation C.11). Figure C.8 shows
that the measured values of s, sd, and l indeed fulfill a linear relation as expected from
Equation C.12.

The values of s, sd, and l measured for each source (except 2200+420, where only
λ18 cm were considered) at λ18 cm and λ6 cm were averaged to derive one set of values
for each source. Figure C.9 and Fig. C.10 show the calculated mean values of s and sd,
respectively, as a function of l together with the expected ranges for reasonable values
of the characteristic source parameters n, b, and α. In the jet model, assumed in this
section (Equation C.3), n, b, and α along with the jet geometry (parametrized via l) are
the characteristic quantities that determine the jet physics of a given source. The dashed
lines in Fig. C.9 and Fig. C.10 indicate the range of values for n, b, and α typically
assumed to occur in AGN jets on parsec scales (e.g., Lobanov 1998). The figures show
that the brightness temperature gradients measured in this study are in good agreement
with the particle density ne falling with r−1–r−2, the magnetic field B falling with r−0.5–
r−1 and the spectral index lying in the range −1 < α < −0.5 in the optically thin part
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of extragalactic radio jets on parsec scales. Figure C.9 further shows that the steepest
decreases in Tb occur in sources which are freely expanding (l ∼ 1). Due to the coupling
between s and sd via l (Equation C.12), it is not possible to disentangle n, b, and α from
the measurement of brightness temperature gradients but only the quantity n + b(1 − α)
even though α can in principle be determined from the offset between the Tb values at the
two measured frequencies. However, a linear regression to the smean–vs–l distribution in
Fig. C.9 suggests that s falls proportional to l with a slope q = (−2.5 ± 0.2) and an axis
intercept of sl=0 = (−0.25± 0.22). Comparing this to Equation C.6 yields a dependence
of: n + b(1 − α) = −3.5l − 0.25.
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Figure C.4: Size of the model components as a function of distance along the jets in the
sample sources (d ∝ rl). The thick line indicates a power-law fit to the data in each plot.
Filled symbols show data at 18 cm, open ones data at 6 cm.

261



C The Brightness Temperature Gradients Along Parsec-Scale Radio Jets

Figure C.5: Brightness temperature gradients with jet diameter (Tb ∝ dsd). The thick
line indicates a power-law fit to the data in each plot. Filled symbols show data at 18 cm,
open ones data at 6 cm.
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Figure C.6: Comparison of brightness temperature gradients with jet diameter at λ18 cm
and at λ6 cm (Tb ∝ dsd ).

Figure C.7: Brightness temperature gradients at λ18 cm and λ6 cm with core distance
(Tb ∝ rs) and with jet diameter Tb ∝ dsd .
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Figure C.8: The measured ratio smean/sd,mean as a function of lmean. As predicted by
Equation C.12 the plot shows a one-to-one correspondence. The dashed line shows a
linear regression.

Figure C.9: The mean power-law index s as a function of the measured value of l (d ∝
rl). The steepest decreases of Tb occur in sources which are freely expanding (l ∼ 1).
The dashed lines indicate the expected dependence on l for some values of n, b, and α.
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Figure C.10: The mean power-law index sd as a function of the mean measured value of
l. The dashed lines indicate the expected dependence on l for some values of n, b, and α.
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Summary and outlook: In this chapter, a method has been presented to derive charac-
teristic jet parameters describing the jet geometry and the distributions of electron density
and the magnetic field, from VLBI measured brightness temperature gradients along the
jets on parsec scales. This method is “untypical” because brightness temperatures are
more commonly used to investigate the most compact regions in jets (i.e., the cores)
while, here, we explicitly assume resolved structures along the jet with optically thin
synchrotron spectra. Moreover, the basic assumption that the jets can be sufficiently
described by Equation C.3 is surprisingly simple and in view of the variety of differ-
ent structures seen in VLBI hybrid-mapping images at high frequencies certainly only a
rough approximation. However, this simple models describes consistently the relationship
between its basic parameters showing that the individual jet components in the sources
selected for this study can be considered as probes of a more or less steady jet at a given
distance from the jet core. The fact the not all sources from the initial sample showed a
simple power-law dependence of Tb on core distance suggests that not all jet components
can be seen in this way. Major plasma ejections, associated with considerable source flux
density outbursts may lead to jet components with brightness temperatures well above the
values extrapolated from more distant components and relatively bright structures at large
distances from the core may be the relics of such major outbursts in the past. The exam-
ple of component E 1 in 3C 111 (see Sect. 6.4) shows that in such cases the brightness
temperature of an unusually bright and compact jet component can be treated in a similar
way as the jets investigated in this chapter by tracing the development of Tb in time as
the component travels away from the jet core. The example of NGC 1052 (see Sect. 6.3)
shows that local deviations from an otherwise “standard power-law distribution” can re-
veal free-free absorbing regions along the jet or rapidly changing density gradients of the
jet ambient medium. The differences between the measured gradients at different fre-
quencies, in particular deviations from the expected ν−2 dependence, may reflect changes
of α making a Tb-gradient analysis in principle sensitive to spectral curvature.

The presented model considers only the gradients of Tb and ignores the absolute
brightness temperatures of the jets and their cores. The lack of an absolute position along
the jet, as e.g., the 1 pc distance to the (invisible) central engine, makes it difficult to ac-
count for the absolute values of Tb. It is interesting to speculate whether this argument can
be turned around and the brightness temperature distribution along the jets might reveal a
“characteristic position” along the jets at which one can compare them. The cores cannot
be used for this task since these are unresolved in nearly all cases and their offset to the
physical central engine are not a-priori known. Solving these issues is beyond the scope
of this PhD thesis.
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The following introduction the VLBA 2 cm Survey project has been adopted from Zensus
et al. (2003). In this conference contribution we reported on the status of the 2 cm survey
in early 2003. The citations in the cited text are cross-referenced to the bibliography of
this thesis and the cited tables are reproduced at the end of this introductive chapter.

“[The] radio morphologies of AGN can usually be classified as being
either “extended” (e.g., spatially resolved) or “compact” (e.g., unresolved
at 1′ resolution). The extended sources can be as large as Megaparsecs and
are transparent to their own radio synchrotron emission, whereas, due to
self-absorption, the compact sources can have flat or even inverted spectra.
VLBI probes the compact regions typically with resolutions of the order of
1 milliarcsecond (mas), which correspond to parsec scales (see Zensus 1997).
VLBI is thus the key tool to study the relativistic outflows. [...]

There have been various surveys to study the nature of AGN physics (see
Table D.1 and Green et al. 2002). In spite of the extensive body of obser-
vational data and the sophisticated theoretical models which have been dis-
cussed in the last decades, major questions remain unanswered related to the
nature of AGN jets. For example, it is not clear whether the flows are ballis-
tic, that is, if individual features have straight trajectories, or if they follow
the curvature of the jet. It also remains unclear if the changes in speed or di-
rection of features as they propagate down the jet are typical or if they occur
only under special circumstances. The different classes of AGN may present
different characteristic Lorentz factors.

Individual, selected sources have been observed intensively in order to
address these questions (e.g., 3C 345: Ros et al. 2000; 3C 273: Lobanov and
Zensus 2001; 3C 120: Gómez et al. 2000; 3C 279: Homan (2003) and Homan
et al. (2003); 4C +12.50: Lister et al. 2003b). In particular, variability stud-
ies, multi-frequency monitoring, and observations of polarized emission have
been important in understanding the physical conditions within individual
sources. Our intent [...] is to study a representative sample of objects, carry-
ing out a long-term, systematic monitoring of relativistic motion in AGN jets
on parsec scales. We seek a significant improvement over previous surveys in
terms of image resolution and fidelity, sample size, and statistical complete-
ness. The goals of our program are to test and characterize the kinematics of
these AGN jets and to determine how these are related to other source prop-
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erties. We try to provide the basis for a comprehensive physical theory to
relate the distribution of Lorentz factors and bends and other morphological
characteristics, the internal temperatures, and the spectral behavior.

Since 1994, we have been using the NRAO Very Long Baseline Array
(VLBA) at 15 GHz (2 cm) to study the relativistic outflows in a sample of
AGN (see description in Kellermann et al. 1998a and Zensus et al. 2002).
Our sample is based on the 1 Jy catalog (Kuehr et al. 1981), and considers
sources with flat spectra (α > −0.5 for Sν = ν+α above 500 MHz) and flux
densities S15 GHz > 1.5 Jy for δ > 0◦, and S15 GHz > 2 Jy for −20◦ < δ < 0◦.
Some additional sources have been added, particularly those classified as
compact symmetric objects or lobe-dominated sources with a strong core.
The current 2 cm survey source list (complete up to February 2003) is shown
in Table D.2. The sources observed so far are tabulated under the column
labeled with “O”. [...]

We maintain a data bank of images from these observations, accessible at
http://www.nrao.edu/2cmsurvey. Each source has been observed
at least once per year. The observations typically consisted of multiple snap-
shots spread over 8 hours with a total integration time of 50 minutes. The
root-mean-square noise level in each image is typically less than 1 mJy/beam.
In other words, the dynamic ranges achieved are better than 1000:1, suffi-
cient to determine the kinematics of the features in the sources by comparing
images made at different epochs. The typical synthesized beam is 1 mas ×
0.5 mas in position angle P.A. = 0◦. Automatic imaging procedures proved
to be sufficient in many of the cases (applying loops of clean and phase self-
calibration) using the difmap software package.

The results of the survey have been published in several papers and con-
ference proceedings. A description of the survey including contour plots for
each of the sources is given in Kellermann et al. (1998a) Zensus et al. (2002).
General results from the Survey were presented in Kellermann et al. (1997;
1998b; 1999b; 2000; 2003), Kellermann (2002; and 2003), Cohen et al.
(2003b), Ros et al. (2002), Ros (2003), and Lister et al. (2003a). Stud-
ies on individual sources have been presented: Kellermann et al. (1999a),
Vermeulen et al. (2003b; 2003c; and 2003d): NGC 1052, Homan (2002),
Homan et al. (2003 and 2003): 3C 279; Lister et al. (2002), Lister (2002;
2003b): 4C +12.50; and Lister et al. (2002): 2134+004 and OQ208.”1

1The cited list of published VLBA 2 cm Survey papers is complete until February 2003. Since then, the
following additional works have been published: Arshakian et al. (2005), Cohen et al. (2003b), Cohen et al.
(2003a) Kadler et al. (2004b), Kellermann et al. (2004), and Ros (2004).
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Table D.1: Selected AGN Surveys (Table updated from the original in Zensus et al.
2003).

Name Refs.
Radio
VLBI (λλ 18/6 cm) Pearson-Readhead &

Caltech-Jodrell Bank
Pearson and Readhead (1988); Taylor et al. (1994);
Taylor et al. (1996) ; Polatidis et al. (1995); Thakkar
et al. (1995); Xu et al. (1995); Henstock et al. (1995);
Vermeulen et al. (2003a)

VLBI (13/3.6/2) Radio Optical Refer-
ence Frame

Fey et al. (1996); Fey and Charlot (1997, 2000)

VLBI (6) VSOP Pre-Launch Fomalont et al. (2000)
VLBI (0.7) Jorstad et al. (2001)
VLBI (0.3) MPIfR Lobanov et al. (2000)
Variability (6/3.6/2) UMRAO Aller et al. (2003)
Variability Effelsberg Kraus et al. (2003)
Variability (1.3) Northern 2 Jy Valtaoja et al. (1992)
X-Ray
Soft X-Rays ROSAT Brinkmann et al. (1997b & 1997a); Yuan et al.

(1998); Lamer et al. (1996)
Soft–Medium X-Rays ASCA, Chandra,

XMM-Newton
Sambruna et al. (1999a); Reeves and Turner (2000);
Terashima et al. (2002); Terashima and Wilson
(2003); Sambruna et al. (2004); Marshall et al.
(2005); Galbiati et al. (2005)

Hard X-Rays BeppoSax Donato et al. (2001); Padovani et al. (2002)
γ-Ray
EGRET 3rd Catalog Hartman et al. (1999)
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Table D.2: 2 cm Survey Source List (adopted from Zensus et al. (2003) and updated as
of February 2005)

Name Oa Kb Mc Name O K M Name O K M Name O K M

0003−066
√ √ √

0615+820
√ √

1150+812
√

1741−038
√ √ √

0007+106
√ √ √

0642+449
√ √ √

1155+251
√

1749+096
√ √

0016+731
√ √ √

0648−165
√

1156+295
√ √ √

1749+701
√ √

0026+346
√ √

0707+476
√ √

1213−172
√

1751+288
√

0035+413
√ √

0710+439
√ √

1219+044
√

1758+388
√ √ √

0048−097
√ √

0716+714
√ √ √

1219+285
√ √

1800+440
√ √ √

0055+300
√ √

0723−008
√ √

1222+216
√

1803+784
√ √ √

0059+581
√

0727−115
√ √ √

1226+023
√ √ √

1807+698
√ √

0106+013
√ √ √

0730+504
√

1228+126
√ √ √

1823+568
√ √ √

0108+358
√ √

0735+178
√ √ √

1253−055
√ √ √

1828+487
√ √ √

0109+224
√

0736+017
√ √ √

1302−102
√ √

1845+797
√ √

0112−017
√ √

0738+313
√ √ √

1308+326
√ √ √

1849+670
√ √

0119+041
√ √

0742+103
√ √

1323+321
√ √

1901+319
√ √

0119+115
√ √ √

0745+241
√ √

1324+224
√

1921−293
√

0133+476
√ √ √

0748+126
√ √ √

1328+254
√

1928+738
√ √ √

0149+218
√ √

0754+100
√ √ √

1328+307
√

1936−155
√

0153+744
√ √

0804+499
√ √ √

1334−127
√ √ √

1954+513
√ √

0201+113
√ √

0805−077
√

1345+125
√ √

1957+405
√ √ √

0202+149
√ √ √

0808+019
√ √ √

1354+196
√ √

1958−179
√

0202+319
√ √ √

0814+425
√ √ √

1354−152
√ √

2005+403
√ √ √

0212+735
√ √ √

0821+394 1404+286
√ √

2007+776
√ √

0215+015
√

0823+033
√ √ √

1413+135
√ √ √

2008−159
√ √

0218+357
√

0827+243
√

1417+385
√

2021+317
√ √ √

0221+067
√ √

0829+046
√ √ √

1418+546 2021+614
√ √ √

0224+671
√

0834−201
√ √

1424+366
√ √

2037+511
√

0234+285
√ √ √

0836+710
√ √ √

1458+718
√ √ √

2113+293
√ √

0235+164
√ √

0850+581
√ √

1502+106
√ √ √

2121+053
√ √ √

0238−084
√ √ √

0851+202
√ √ √

1504+377
√ √

2128+048
√

0300+470
√

0859+470
√ √

1504−167
√ √ √

2128−123
√ √ √

0310+013
√

0859−140
√ √

1508−055
√ √

2131−021
√ √ √

0316+161
√

0906+015
√ √ √

1510−089
√ √ √

2134+004
√ √ √

0316+413
√

0917+449
√ √

1511−100
√ √

2136+141
√ √ √

0333+321
√ √ √

0917+624
√

1514−241
√ √

2144+092
√ √

0336−019
√ √ √

0923+392
√ √ √

1519−273
√

2145+067
√ √ √

0355+508
√ √

0945+408
√ √ √

1532+016
√ √

2155−152
√ √ √

0403−132
√

0953+254
√ √

1538+149
√ √ √

2200+420
√ √ √

0405−385
√ √

0954+658
√

1546+027
√ √ √

2201+171
√ √

0415+379
√ √ √

0955+476
√

1548+056
√ √ √

2201+315
√ √ √

0420+022
√ √

1012+232
√ √

1555+001
√ √

2209+236
√ √ √

0420−014
√ √ √

1015+359
√ √

1606+106
√ √ √

2216−038
√

0422+004
√

1032−199
√

1611+343
√ √ √

2223−052
√ √ √

0430+052
√ √ √

1036+054
√

1622−253
√ √

2227−088
√ √

0440−003
√ √

1038+064
√

1633+382
√ √ √

2230+114
√ √ √

0446+112
√

1045−188
√

1637+574
√

2234+282
√ √

0454+844
√ √

1049+215
√ √

1638+398
√ √ √

2243−123
√ √ √

0458−020
√ √ √

1055+018
√ √ √

1641+399
√ √ √

2251+158
√ √ √

0521−365
√ √

1055+201
√ √

1642+690
√ √

2255−282
√ √

0528+134
√ √ √

1101+384
√ √

1652+398
√ √

2318+049
√ √

0529+075
√

1124−186
√ √

1655+077
√ √ √

2331+073
√

0529+483
√

1127−145
√ √ √

1656+053
√ √

2345−167
√ √ √

0552+398
√ √

1128+385
√ √

1656+477
√ √

2351+456
√

0602+673
√

1144+402 1726+455
√

0605−085
√ √ √

1145−071
√

1730−130
√ √ √

0607−157
√ √ √

1148−001
√

1739+522
√ √

a: Included originally in the 2 cm survey (for selection criteria, see Zensus et al. 2002: sect. 2).
b: Kinematic analysis performed. (Excludes sources with only one observing epoch or
unresolved structure.)
c: Included in the MOJAVE sample (see Zensus et al. 2002, sect. 4).
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D.1 Kinematics of Parsec-Scale Radio Jets
Sub-Milliarcsecond Imaging of Quasars and Active Galactic Nuclei. III.
Kinematics of Parsec-Scale Radio Jets, K.I. Kellermann, M.L. Lister, D.C.
Homan, R.C. Vermeulen, M.H. Cohen, E. Ros, M. Kadler, J.A. Zensus, Y.Y.
Kovalev, Astrophysical Journal, 609, 539–563 (2004)

In this paper, we present the kinematical results of the 2cm Survey program, begun
in 1994 and continuing with multi-epoch observations at 15 GHz, to study the outflow in
radio jets ejected from quasars and active galaxies. Our observations directly measure
highly collimated relativistic motion in both quasars and active galaxies with apparent ve-
locity typically between 0 and 8c, but for quasars we observe a tail extending up to 34 c.
Source-characteristic speeds are found in a large fraction of the sources. These charac-
teristic speed of individual jet features can be interpreted as the result of an underlying
continuous jet flow. In some sources, however, stationary and even apparently inward-
moving components are found. The observed distribution of linear velocities rules out
simple ballistic models but suggests a broad range of Lorentz factors, a significant differ-
ence between the velocity of the bulk relativistic flow and the pattern speed of underlying
shocks, or a combination of these effects. We find evidence for a steep power-law distri-
bution of intrinsic Lorentz factors, an isotropic distribution of orientations of the parent
population, and intrinsic brightness temperatures about an order of magnitude below the
canonical inverse Compton limit. It appears that the parent population of radio jets is not
dominated by highly relativistic flows, and contrary to the assumption of simple unified
models, not all sources have intrinsic speeds close to c.

Many jets exhibit strong bending and non-radial motions aligned with the local jet
direction but not aligned with the direction back to the core. This suggests that the jet
flow occurs along preexisting bent channels. In a few cases we have observed a clear
change in the direction of a feature as it flows along the jet. Radio jets that are also strong
gamma-ray sources detected by EGRET appear to have significantly faster speeds than the
non-EGRET sources, consistent with the idea that gamma-ray sources have larger Doppler
factors than non-gamma-ray sources. Sources at high redshift have systematically lower
angular speeds than low-redshift jets, consistent with standard cosmologies.

Determination of source kinematics in sources with complicated structure: The
confidence of component cross-identification between different epochs depends crucially
on both the source structure and the time sampling. Ideally, a source is modeled by a
small number of well-separated components located at characteristic positions along the
jet and traveling with a speed low enough to identify the components unambiguously at
the different epochs. If the flux densities of the different model components in one source
differ they can be used to verify the cross-identification from which the source kinematics
are derived. However, in many sources these ideal conditions do not apply. In some cases
the component proper motions may be too large between the observing epochs (resulting
to “stroboscopic” effects) so that no unique multi-epoch model can be found to describe
the source. Moreover, the gaps between the different observing epochs are in some cases
much longer than 1 yr making the identification difficult also in some sources with smaller
apparent velocities. Finally, complex source structures may not allow a simple and unique
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source parametrization if, e.g., two adjacent components with similar flux densities travel
along different paths or with different velocities. The last problem can in principle be
overcome by (u, v)-modelfitting, which is superior to image-plane-fitting in the case of
complex source structures. The image-plane-fitting, that was applied for the derivation
of the most other jet-component speeds for the 2 cm Survey kinematical study, yielded
ambiguous results in several cases. For those sources, (u, v)-modelfitting was done us-
ing DIFMAP by fitting the amplitudes and phases of the measured visibilities by elliptical
Gaussian components. In general, the ellipticity of the individual model components was
allowed to vary. In some cases, however, circular Gaussians were used to reduce the
number of free parameters.

In 18 out of 110 cases, the (u, v)-modelfitting yielded results superior to image-plane-
fitting, so that the latter were dismissed and the former were incorporated in the statistical
study. These cases (0238−084, 0716+714, 0823+033, 0851+202, 0906+015, 0953+254,
1101+384, 1128+385, 1302–102, 1323+321, 1345+125, 1606+106, 1749+096, 1921–
293, 1957+405, 2113+293, 2131–021, and 2145+067) are marked in Fig. 1 of Kellermann
et al. (2004) by asterisks2.

Here, 8 cases are discussed in more detail than in Kellermann et al. (2004). The dis-
tances of the various model components to the VLBI core in these 8 sources as a function
of the observing epoch is shown in Fig. D.1. In contrast to Fig. 1 of Kellermann et al.
(2004), all components are shown and not only the ones with 3 or more epochs to illus-
trate possible ambiguities. Throughout the section, the manner-of-labeling of Kellermann
et al. (2004) is adopted: Component B (filled triangles), C (filled five-point star), D (filled
circle), E (filled six-point star), F (cross), G (open five-point star), H (square), I (triangle).

0716+714 The parsec-scale jet kinematics of 0716+714 were discussed in Sect. 6.5 of
this work.

0851+202 (OJ 287) 5 epochs of observations of OJ 287 between April 1995 and Oc-
tober 1998 were model-fitted. An additional epoch in January 2001 was discarded from
the analysis due to the long period elapsed since the previous epoch. The parsec-scale
structure of this source is very complex and approximating the (u, v)-data with a small
number of model components (3 to 5) leaves significant peaks in the residual map. It
was tried to achieve the best compromise between a too poor fit and a too large and con-
fusing number of model components. The models with the smallest possible number of
components, for which the component parameters are not substantially affected by the
introduction of additional components, were used. Thus, the derived models represent
the brightest and most significant features along the jet of OJ 287. This approach does
sufficiently parametrize the jet in order to study its kinematics although it does not ac-
count for the faint details in the jet structure. Jorstad et al. (2001) reported the presence
of two stationary components located at a distance of ∼0.2 mas and ∼1.2 mas from the
core and moving components with velocities of 0.43–0.67 mas yr−1. In contrast to this, no
evidence for a stationary component at 1.2 mas is found from the analysis presented here.
The most natural component identification contains only 5 moving components with ve-
locities between 0.3 and 0.5 mas yr−1. However, the innermost component at ∼0.25 mas
might as well be interpreted as a stationary feature. In this case, however, the flux density

2Due to an error in editing, the three sources 1128+385, 1302–102, and 1606+106 are not properly
labeled as (u, v)-modelfitted sources in Kellermann et al. (2004).
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Figure D.1: Plots showing the change in separation from the core with time for compo-
nents in 8 sources obtained from (u, v)-modelfitting. An alternative component identifi-
cation scenario is indicated by dashed lines in the case of 0716+714.

of the stationary component varies significantly between 50 mJy and 1.1 Jy. Figure D.2
shows the flux density evolution of the fitted model components as a function of distance
to the core. Two components (C and E) exhibit a pronounced minimum in flux density
at a distance of ∼0.6 mas from the core. This might be interpreted as reduced Doppler
boosting due to bending away from the line of sight.

0953+254 (OK 290) The varying source structure of OK 290 between April 1995 and
January 2001 can be described with 4 moving components. Figure D.3 shows the im-
ages at the 6 observing epochs with the positions of the model components. The two
brightest components (C and E) travel southeastwards (see Fig. D.4) with velocities of
0.09 mas yr−1 and 0.06 mas yr−1, respectively. In contrast to this, the two weaker com-
ponents (B and D) move faster with ∼0.3 mas yr−1 eastwards. This corresponds to a
difference in apparent velocity between 2–3 c for the components C and E and 12 c for
B and D. Moreover, their flux density decreases rapidly with time while the decrease of
component C is much slower and component E remains virtually constant in flux density.
Component D seems not to be emerged from the core but splits off from component C in
1997. Thus, the data suggests the existence of two distinct channels within the jet flow of
OK 290 with different velocity fields and possibly different Doppler factors.

1101+384 (Mrk 421) Almost all of the flux density of this TeV blazar is contained
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Figure D.2: Flux density of different model components in 0851+202 as a function of
core distance (see Fig. D.1 for the positions).

within the core of the source (∼ 90%), while the jet is weak, short and shows no promi-
nent isolated components. Marscher (1999) reported speeds of 0.9–1.35 mas yr−1 or
∼0.15 mas yr−1 depending on the component identification scenario. The VLBA 2 cm
Survey data obtained from 7 epochs between April 1995 and March 2001 shows 4 moving
components with velocities of 0.1–0.4 mas yr−1. This supports the finding that the appar-
ent superluminal motion in some TeV blazars is too small to explain the large Lorentz
factors postulated by TeV-emission models (see Marscher 1999).

1128+385 This source shows a very compact structure which, however, cannot be ap-
proximated by a single Gaussian component adequately well. The best fit is achieved with
a core- plus two jet-components for all epochs. However, in two epochs the 3-component
fit is not significantly better than a 2-component fit from the statistical point of view.
Thus, an alternative scenario with very rapid outward motion (> 0.4 mas yr−1) cannot
be excluded. However, the model with 2 stationary components (µ < 0.02 mas yr−1) is
preferred because it offers an easier and more consistent explanation. Moreover, the fitted
flux densities of both jet components are almost stable over the epochs with 30–70 mJy
for component C and 90–110 mJy for component B.

1302−102 Three moving jet components are found between July 1995 and July 1999
with velocities of ∼0.3 mas yr−1. While the components B and C are comparatively weak,
a new, extraordinarily bright component (D) is visible from October 1998 on. It moves
with the same speed and on the same path to the northwest as the components B and C,
but its flux density even exceeds the core flux density in October 1998 and July 1999.
This component is also visible in a later epoch at the position expected from a linear
extrapolation with 0.3 mas yr−1 with a comparable brightness.

1606+106 While Jorstad et al. (2001) detected no motion of jet components at 22 GHz,
the VLBA 2 cm Survey data between July 1995 and January 2001 show several mov-
ing components with velocities of 0.2–0.5 mas yr−1. All of them travel along a strongly
curved path starting towards the east and turning towards the northeast beyond a distance
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Figure D.3: Images showing the varying source structure of 0953+254. The positions of
the various model components are indicated by open ellipses.

275



D Sub-milliarcsecond Imaging of Quasars and Active Galactic Nuclei

Figure D.4: Positions of the various model components in 0953+254 at the different
epochs in the plane of the sky.

of 1 mas from the core. The measured velocities correspond to 12–30 c while Piner and
Kingham (1998) find velocities of 2.4–8 c.

2131−021 This source can be approximated well with a two-component model at
all epochs. A significantly better fit, however, is obtained by adding an additional jet
component to the first epoch in July 1995 and to the last epoch in March 2001. While
the simpler model used in the image-plane fitting resulted to a poor kinematical model
with one formally inward moving jet component, the latter model implies a moving and
expanding component (C) traveling with ∼0.15 mas yr−1 to the west. In addition to this,
an extended component is implied in the first epoch that has vanished in the later epochs
(B) and a new, bright component (D) that is only visible in the last epoch.
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ABSTRACT

We report the results of a 15 GHz (2 cm) multiepoch Very Long Baseline Array (VLBA) program, begun in
1994 to study the outflow in radio jets ejected from quasars and active galaxies. The observed flow of 208 distinct
features measured in 110 quasars, active galaxies, and BL Lac objects shows highly collimated relativistic
motion with apparent transverse velocities typically between zero and about 15c, with a tail extending up to
about 34c. Within individual jets, different features appear to move with a similar characteristic velocity that can
represent an underlying continuous jet flow, but we also see some stationary and even apparently inward-moving
features that coexist with the main features. Comparison of our observations with published data at other
wavelengths suggests that there is a systematic decrease in apparent velocity with increasing wavelength,
probably because the observations at different wavelengths sample different parts of the jet structure.

The observed distribution of linear velocities is not consistent with any simple ballistic model. Either there is a
rather broad range of Lorentz factors, a significant difference between the velocity of the bulk relativistic flow
and the pattern speed of underlying shocks, or a combination of these options. Assuming a ballistic flow,
comparison of observed apparent velocities and Doppler factors computed from the timescale of flux density
variations is consistent with a steep power-law distribution of intrinsic Lorentz factors, an isotropic distribution
of orientations of the parent population, and intrinsic brightness temperatures about an order of magnitude below
the canonical inverse Compton limit. It appears that the parent population of radio jets is not dominated by highly
relativistic flows, and contrary to the assumption of simple unified models, not all sources have intrinsic speeds
close to c.

Usually, the observed jet flow is in the general direction of an established jet. However, many jets show
significant bends and twists, where the observed motions are nonradial but are aligned with the local jet direction,
suggesting that the jet flow occurs along preexisting bent channels. In a few cases we have observed a clear
change in the direction of a feature as it flows along the jet. Radio jets that are also strong gamma-ray sources
detected by EGRET appear to have significantly faster speeds than the non-EGRET sources, consistent with the
idea that gamma-ray sources have larger Doppler factors than non–gamma-ray sources. Sources at high redshift
have systematically lower angular speeds than low-redshift jets, consistent with standard cosmologies.

Subject headings: galaxies: active — galaxies: jets — quasars: general — radio continuum: galaxies

On-line material: machine-readable tables

1. INTRODUCTION

The discovery in the mid-1960s of rapid variability in
extragalactic radio sources (Sholomitskii 1965; Dent 1965;
Pauliny-Toth & Kellermann 1966) appeared difficult to ex-
plain in terms of conventional synchrotron radiation theory.
These early observations showed changes by as much as 25%
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over a few weeks, as well as significant day-to-day variations
(Pauliny-Toth & Kellermann 1966). It was quickly realized
(e.g., Hoyle et al. 1966) that the observed rapid variability
implied such small linear dimensions that the relativistic
electron population would be rapidly extinguished by inverse
Compton scattering. Later, Kellermann & Pauliny-Toth (1969)
put these arguments on a quantitative observational basis,
showing that as a result of inverse Compton cooling, the
maximum sustainable brightness temperature for an incoherent
source of electron synchrotron radiation is less than 1012 K.

However, Woltjer (1966) and Rees (1966, 1967) pointed out
that if there is relativistic bulk motion of the emitting material,
since the radiation is then beamed along the direction of
motion, the apparent luminosity in that direction is enhanced,
while at the same time the cross section for inverse Compton
scattering is reduced. Additionally, since the radiating source
nearly catches up with its radiation, for a favorably positioned
observer, the apparent transverse motion can exceed the speed
of light. Early VLBI observations (Whitney et al. 1971; Cohen
et al. 1971) showed evidence of the predicted high-velocity
outflow; however, the arguments were indirect, and one had
to have faith in the interpretation of the very limited radio
interferometric data, which did not fully sample the source
structure (e.g., Dent 1972). Subsequent higher quality VLBI
observations confirmed the existence of superluminal motion
in the well-collimated radio jets, found in the nuclei of many
quasars and in nearby active galaxies (Cohen et al. 1977).

VLBI observations provide a direct method to investigate
aspects of the formation, acceleration, and propagation of ex-
tragalactic radio jets. Early studies discussing apparent jet
speeds were statistically unreliable because they were largely
based on the analysis of published observations of only a few
tens of sources made at different times, often at only two or
three epochs, by different groups, using different antenna array
configurations and different observing/data reduction strate-
gies. The dynamic range of the images was often inadequate to
identify individual features, especially for the more complex
sources, and spacings in time between successive observations
were frequently too long to uniquely identify and track moving
jet features from epoch to epoch. Moreover, the source selec-
tion criteria for many previously published studies of super-
luminal motion were not well defined. A systematic study by
Vermeulen (1995) of 81 sources from the flux density–limited
6 cm Caltech–Jodrell Bank Survey indicated smaller typical
speeds than in earlier reports. This suggested that earlier
studies preferentially tended to observe and/or report only
sources in which rapid motion was detected or suspected.

In 1994 we began a systematic 15 GHz Very Long Baseline
Array (VLBA) survey of relativistic outflows in a sample of
over 100 quasar and active galaxy radio jets. Our motivation
was to study the distributions of velocities, bending, pattern
motions, accelerations, and other complexities of the jet kin-
ematics that may exist, as well as changes in the strength and
morphology of features as they propagate along the jet. These
observations have provided the homogeneity, resolution, and
dynamic range to reliably distinguish and identify individual
components between different epochs. The central VLBA
antennas provide short interferometric spacings that have
allowed us to (1) track features moving for some distance
down the jet where they become more diffuse and (2) observe
the continuous jet rather than just the bright features that are
often referred to as ‘‘components’’ or ‘‘blobs.’’

We chose 15 GHz as a compromise between achieving the
best angular resolution and the better sensitivity and immunity

from weather conditions found at lower frequencies. At this
observing frequency the resolution of the VLBA is approxi-
mately 0.5 mas in right ascension and between 0.5 and 1 mas
in declination. We therefore have sufficient angular resolution
in many cases to resolve the two-dimensional jet transverse to
its flow, which allows for tests of some theoretical models. In
addition, individual features can often be recognized at sig-
nificantly smaller separations from the origin. On the other
hand, our observations are less sensitive to structure and
motions of the more diffuse features located far out along the
jet or within 0.5 mas of the core.
Our 15 GHz data represent a significant improvement over

previous studies of superluminal motion in active galactic
nuclei (AGNs). First, our sample of sources is large, and the
sample membership was based on criteria other than observed
superluminal motion. Second, the speeds are better determined
because (1) our data are well sampled and span a longer time
period and (2) our higher image resolution results in less
blending of features.
In Kellermann et al. (1998, hereafter Paper I) we described

the parsec-scale structure of 132 of the strongest known radio
jets based on a single epoch of observation. In Zensus et al.
(2002, hereafter Paper II) we discussed the structure of an
additional 39 sources. Contour maps of all of our multiepoch
observations are available on our Web site4 along with kine-
matic and other data on each source. In this paper we discuss
our multiepoch observations made through 2001 March 15
and the kinematics derived from these observations.
Some preliminary results of our program have already been

published (Kellermann et al. 1999, 2000, 2003; Kellermann
2002; Ros et al. 2002; Cohen et al. 2003; Kovalev 2003;
Zensus et al. 2003). We have also discussed the kinematics of
several individual sources, including PKS 1345+125 (Lister
et al. 2003), NGC 1052 (Vermeulen et al. 2003b), and 3C 279
(Homan et al. 2003).
In x 2 we describe our sample and source selection criteria,

and in x 3 we discuss the details of our observational program.
In x 4.1 we summarize the predictions of relativistic beaming
models, while in x 4.2 we present the observed jet kinematics.
In xx 4.3 and 4.4 we discuss the implications of our observa-
tions for the nature of the relativistic flow. In x 4.5 we discuss
the angular velocity–redshift relation, and in x 5 we summarize
our results and describe our ongoing observing program.
Throughout this paper we use the following cosmological

parameters: H0 ¼ 70 km s�1 Mpc�1, �m ¼ 0:3, and �� ¼ 0:7.

2. SAMPLE DEFINITION

2.1. The Full Sample

Our original source sample (see Paper I ) was based on the
Kühr 1 Jy catalog (Kühr et al. 1981) as supplemented by
Stickel et al. (1994). Our goal was to include all known
sources in the Stickel et al. (1994) catalog that have a flat
spectral index (� > �0:5 for S� � �� ) anywhere above
500 MHz and a total flux density at 15 GHz, observed at least
at one epoch, greater than 1.5 Jy for sources north of the
celestial equator or greater than 2 Jy for sources between
declinations �20

�
and the equator. Since the Stickel et al.

(1994) catalog is complete only at 5 GHz, we used other
measurements at 15 GHz or extrapolations from lower fre-
quencies to augment the Kühr sample.

4 Available at http://www.nrao.edu /2cmsurvey.
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While we attempted to be complete for flat-spectrum, core-
dominated sources that met our selection criteria, we also
included a number of other sources of special interest as
follows:

1. Six compact steep-spectrum (CSS) sources as indicated
in Table 1. These sources generally have steep radio spectra
and angular sizes smaller than �100 on the sky.

2. Four lobe-dominated sources with core components that
would satisfy our criteria if they did not also have strong ex-
tended steep-spectrum structure. Two other sources, NGC 1052
(0238�084) and 3C 120 (0430+052), also have prominent
double-lobe structure, but since they are core dominated on
arcsecond scales at 15 GHz, they met our spectral index se-
lection criterion.

3. Ten gigahertz-peaked spectrum (GPS) sources, some of
which have two-sided jet structure (Lister et al. 2002; M. L.
Lister et al. 2004, in preparation). However, many of the GPS
sources we observed turned out to be merely flat-spectrum
sources whose spectrum was temporarily dominated by a
bright, synchrotron self-absorbed component in the jet. Our
‘‘peaked’’ classification in Table 1 is given only to sources that
to our knowledge have always met the GPS spectral criteria
given by de Vries et al. (1997). For a few sources, our classi-
fication differs from that previously published (e.g., O’Dea
1998); however, we believe that our classification is more ro-
bust (Kovalev 2004; Y. Y. Kovalev et al. 2004, in preparation).

Table 1 summarizes the properties of each source discussed
in this paper. All of these sources were introduced in Papers I
and II; however, 37 sources included in Papers I and II are not
discussed now because they were observed only once or twice.
These have subsequently been observed and will be discussed
in a separate paper (E. Ros et al. 2004, in preparation). One
source listed in Paper I is gravitationally lensed (0218+357), so
we have chosen not to include it in our statistical discussion.
Eight other sources had no detectable jet above our sensitivity
limit. They are labeled as ‘‘naked cores’’ in Table 1, and we
report no motions for these sources. Three sources, 0316+162,
1328+254, and 1328+307 reported in Papers I or II, are not
discussed here as they have complex structure that we could
not adequately image.

Columns (1) and (2) of Table 1 give the IAU source des-
ignation and, where appropriate, a commonly used alias.
Column (3) indicates whether or not the source is a member
of the representative flux density–limited sample that we
describe in x 2.2. The optical classification and redshift as
given mainly by Véron-Cetty & Véron (2001) are given in
columns (4) and (5), respectively. In column (6) we give a radio
spectral classification for each source based on RATAN-600
telescope observations of broadband instantaneous spectra
from 1 to 22 GHz as described by Kovalev et al. (1999).
These spectra are available on our web site. For a few sources
not observed at the RATAN-600 telescope, we used published
(nonsimultaneous) radio flux densities taken from the litera-
ture. We consider a radio spectrum to be ‘‘flat’’ if any portion
of its spectrum in the range 0.6–22 GHz has a spectral index
flatter than �0.5 and ‘‘steep’’ if the radio spectral index is
steeper than�0.5 over this entire region. Column (7) shows the
parsec-scale radio morphology taken from Papers I and II,
column (8) shows the largest total flux density seen on any
of our VLBA images, and column (9) gives an indication of
whether or not the radio source is associated with a gamma-
ray detection by EGRET.

2.2. The Representative Flux Density–limited Subsample

The full sample of sources described in the previous section
is useful for investigating jet kinematics in a cross section of
known AGN classes. However, in order to compare with the
theoretical predictions of relativistic beaming models, a well-
defined sample selected on the basis of beamed (not total) flux
density is needed. Past surveys (e.g., Taylor et al. 1996; Lister
2001) have attempted to accomplish this by means of a
spectral flatness criterion. However, we found that this method
eliminates some lobe-dominated active galaxies such as those
described in x 2.1. We also found that the extrapolated 15 GHz
flux density based on nonsimultaneous lower frequency mea-
surements was often grossly in error because of spectral cur-
vature or variability.

We have therefore assembled a flux density–limited sub-
sample from the full 15 GHz VLBA survey by using our
measured VLBA flux densities as the main selection criterion.
All sources that had a total CLEAN VLBA flux density ex-
ceeding 1.5 Jy (2 Jy for southern sources) at any epoch since
1994 are included in this subsample. We excluded any sources
that were observed on at least four occasions and never
exceeded this limit. For survey sources with fewer than four
VLBA epochs, we estimated the VLBA flux density at vari-
ous epochs during this period using the source compactness
and data from the flux density monitoring programs at the
RATAN-600 radio telescope (Kovalev et al. 1999) or the
University of Michigan Radio Astronomy Observatory5 (Aller
et al. 1992, 2003).

It is important to note that this subsample, although flux
density–limited, is not complete; that is, there are additional
compact sources that fulfill our selection criteria. This is partly
due to the lack of a complete all-sky survey at 15 GHz and also
to the variable nature of AGNs. We have therefore identified a
list of candidate sources from other recent high-frequency radio
surveys, made since our original list was compiled in 1994.
These include the WMAP survey (Bennett et al. 2003), the
VLBA calibrator survey (Beasley et al. 2002), RATAN-600
observations (Kovalev et al. 1999), and the high-frequency
peaker survey (Dallacasa et al. 2000). We have made new
VLBA observations of these sources in order to assemble a
complete flux density–limited, core-selected sample. There are
133 sources in this complete flux density–limited sample, but
so far we have multiepoch observations and derived speeds for
only 71 of these sources, which we define as the representative
subsample. For the purposes of the statistical analysis presented
here, we consider our present subsample to be representative of
a complete sample, since the general properties of the missing
sources should not be substantially different from the whole.
We have compared the 15 GHz luminosity distributions of our
representative subsample and the missing sources from the full
sample using a Kolmogorov-Smirnov (K-S) test and find no
significant difference between the two samples.

Although our subsample selection method is somewhat
complex, it is based on the directly measured compact flux
density and does not use an often unreliable spectral index
criterion. In addition, since the survey membership is not
determined from a single ‘‘snapshot’’ epoch, we are not ex-
cluding potentially interesting or highly variable sources
simply because they happened to be in a low state at the time
of the original investigation. This increases the size of the

5 See http://www.astro.lsa.umich.edu /obs/radiotel /umrao.html.
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TABLE 1

General Source Properties

IAU Name

(1)

Alias

(2)

Subsample Member

(3)

Optical Class

(4)

Redshift

(5)

Radio Spectrum

(6)

Radio Morphology

(7)

SVLBI
(Jy)

(8)

EGRET ID

(9)

0003�066 ............... NRAO 005 Y B 0.347 Flat CJ 2.84 N

0007+106 ................ III Zw 2, Mrk 1501 Y G 0.0893 Flat N 1.29 N

0016+731 ................ Y Q 1.781 Flat CJ 0.98 N

0026+346 ................ N Ga 0.517 Flat CJ 0.65 N

0035+413 ................ N Q 1.353 Flat CJ 0.53 N

0048�097 ............... Y B . . . Flat N 1.65 N

0055+300 ................ NGC 315 N G 0.0165 Flat CJ 0.82 N

0106+013 ................ Y Q 2.107 Flat CJ 2.97 N

0112�017................ N Q 1.365 Flat CJ 0.82 N

0119+041 ................ N Q 0.637 Flat CJ 1.28 N

0133+476 ................ DA 55 Y Q 0.859 Flat CJ 4.95 N

0149+218 ................ N Q 1.320 Flat CJ 1.42 N

0153+744 ................ N Q 2.341 Flat CJ 0.37 N

0202+149 ................ 4C +15.05 Y Qb 0.405 Flat CJ 2.29 Y

0202+319 ................ Y Q 1.466 Flat CJ 2.27 N

0212+735 ................ Y Q 2.367 Flat CJ 2.69 N

0218+357c ............... N Ba 0.96 Flat CJ 0.70 N

0234+285 ................ CTD 20 Y Q 1.213 Flat CJ 4.04 Y

0235+164 ................ Y Bd 0.940 Flat N 1.62 Y

0238�084 ............... NGC 1052 Y G 0.00490 Flat 2S 2.48 N

0316+162e ............... CTA 21 N G . . . Peaked CJ 0.34 N

0316+413f ............... 3C 84 Y G 0.01756 Flat CJ 10.59 N

0333+321 ................ NRAO 140 Y Q 1.263 Flat CJ 2.24 N

0336�019 ............... CTA 26 Y Q 0.852 Flat CJ 3.44 Y

0355+508 ................ NRAO 150 N U . . . Flat CJ 7.11 N

0415+379 ................ 3C 111 Y G 0.0485 Steep CJ, LD 5.98 N

0420�014 ............... Y Q 0.915 Flat CJ 10.60 Y

0430+052 ................ 3C 120 Y G 0.033 Flat CJ 4.41 N

0440�003 ............... NRAO 190 N Q 0.844 Flat CJ 1.20 Y

0454+844 ................ N B . . . Flat CJ 0.34 N

0458�020 ............... Y Q 2.286 Flat CJ 2.33 Y

0528+134 ................ Y Q 2.070 Flat CJ 7.95 Y

0552+398 ................ DA 193 Y Q 2.363 Peaked N 5.02 N

0602+673 ................ N Q 1.970 Flat N 0.97 N

0605�085 ............... Y Q 0.872 Flat CJ 2.80 N

0607�157 ............... Y Q 0.324 Flat CJ 7.26 N

0615+820 ................ N Q 0.710 Flat N 0.48 N

0642+449 ................ OH 471 Y Q 3.408 Peaked CJ 4.31 N

0707+476 ................ N Q 1.292 Flat CJ 0.63 N

0710+439 ................ N G 0.518 Peaked 2S 0.61 N

0716+714 ................ Y B . . . Flat CJ 1.25 Y

0727�115................ Y Qa 1.591 Flat CJ 5.30 N

0735+178 ................ Y B . . . Flat CJ 1.64 Y

0736+017 ................ Y Q 0.191 Flat CJ 2.58 N

0738+313 ................ OI 363 Y Q 0.630 Flat CJ 2.87 N

0742+103 ................ Y Ga
. . . Peaked CJ 1.50 N

0745+241 ................ N Qb 0.409 Flat CJ 0.95 N

0748+126 ................ Y Q 0.889 Flat CJ 3.25 N

0754+100 ................ Y B 0.266 Flat CJ 1.83 N

0804+499 ................ Y Q 1.432 Flat CJ 1.14 N

0808+019 ................ Y B . . . Flat CJ 1.34 N

0814+425 ................ Y B 0.245 Flat CJ 1.28 N

0823+033 ................ Y B 0.506 Flat CJ 1.40 N

0829+046 ................ Y B 0.180 Flat CJ 1.35 Y

0850+581 ................ N Q 1.322 Flat CJ 0.61 N

0851+202 ................ OJ 287 Y B 0.306 Flat CJ 4.12 Y

0859�140 ............... N Q 1.339 Steep CJ, CSS 1.58 N

0906+015 ................ 4C +01.24 Y Q 1.018 Flat CJ 2.73 N

0917+449 ................ N Q 2.180 Flat CJ 1.43 P

0923+392 ................ 4C +39.25 Y Q 0.698 Flat CJ 12.68 N

0945+408 ................ Y Q 1.252 Flat CJ 1.59 N

0953+254 ................ N Q 0.712 Flat CJ 1.31 N

1012+232 ................ 4C +23.24 N Q 0.565 Flat CJ 1.16 N
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TABLE 1—Continued

IAU Name

(1)

Alias

(2)

Subsample Member

(3)

Optical Class

(4)

Redshift

(5)

Radio Spectrum

(6)

Radio Morphology

(7)

SVLBI
(Jy)

(8)

EGRET ID

(9)

1015+359 .................. N Q 1.226 Flat CJ 0.82 N

1049+215 .................. 4C +21.28 N Q 1.300 Flat CJ 1.45 N

1055+018 .................. 4C +01.28 Y Q 0.888 Flat CJ 5.30 N

1055+201 .................. 4C +20.24 N Q 1.110 Flat CJ 0.38 N

1101+384 .................. Mrk 421 N B 0.031 Flat CJ 0.53 Y

1127�145.................. Y Q 1.187 Flat CJ 3.39 N

1128+385 .................. N Q 1.733 Flat CJ 1.13 N

1155+251 .................. N Ga 0.202 Flat CJ 0.24 N

1156+295 .................. 4C +29.45 Y Q 0.729 Flat CJ 2.36 P

1219+285 .................. W Comae N B 0.102 Flat CJ 0.60 P

1226+023 .................. 3C 273 Y Q 0.158 Flat CJ 41.40 Y

1228+126 .................. M87 Y G 0.0044 Steep CJ, LD 2.97 N

1253�055 ................. 3C 279 Y Q 0.538 Flat CJ 24.89 Y

1302�102 ................. N Q 0.286 Flat CJ 0.71 N

1308+326 .................. Y Q 0.997 Flat CJ 3.98 N

1323+321 .................. 4C +32.44 N Ga 0.370 Peaked 2S 0.65 N

1328+254e ................. 3C 287 N Q 1.055 Steep CJ, CSS 0.09 N

1328+307e ................. 3C 286 N Q 0.846 Steep CJ, CSS 1.23 N

1334�127 ................. Y Q 0.539 Flat CJ 8.87 Y

1345+125 .................. 4C +12.50 N G 0.121 Peaked 2S 0.99 N

1404+286 .................. OQ 208, Mrk 668 N G 0.077 Peaked 2S 1.20 N

1413+135 .................. Y B 0.247 Flat 2S 1.72 N

1424+366 .................. N Q 1.091 Flat N 0.61 P

1508�055 ................. N Q 1.191 Steep CJ, CSS 0.73 N

1510�089 ................. Y Q 0.360 Flat CJ 2.93 Y

1532+016 .................. N Q 1.420 Flat CJ 0.76 N

1546+027 .................. Y Q 0.412 Flat CJ 2.83 N

1548+056 .................. 4C +05.64 Y Q 1.422 Flat CJ 2.92 N

1606+106 .................. 4C +10.45 Y Q 1.226 Flat CJ 1.93 Y

1611+343 .................. DA 406 Y Q 1.401 Flat CJ 4.52 Y

1633+382 .................. 4C +38.41 Y Q 1.807 Flat CJ 4.28 Y

1638+398 .................. NRAO 512 Y Q 1.666 Flat N 1.61 N

1641+399 .................. 3C 345 Y Q 0.594 Flat CJ 8.73 N

1642+690 .................. 4C +69.21 N Qb 0.751 Flat CJ 1.34 N

1652+398 .................. Mrk 501 N B 0.033 Flat CJ 0.90 N

1655+077 .................. Y Q 0.621 Flat CJ 2.09 N

1656+053 .................. N Q 0.879 Flat CJ 0.69 N

1656+477 .................. N Q 1.622 Flat CJ 1.14 N

1730�130 ................. NRAO 530 Y Q 0.902 Flat CJ 10.97 Y

1749+096 .................. 4C +09.57 Y Bd 0.320 Flat CJ 5.58 N

1749+701 .................. N B 0.770 Flat CJ 0.79 N

1758+388 .................. Y Q 2.092 Peaked CJ 1.75 N

1800+440 .................. Y Q 0.663 Flat CJ 1.50 N

1803+784 .................. Y Bd 0.680 Flat CJ 2.54 N

1807+698 .................. 3C 371 N B 0.050 Flat CJ 1.38 N

1823+568 .................. 4C +56.27 Y Bd 0.663 Flat CJ 2.31 N

1828+487 .................. 3C 380 Y Q 0.692 Steep CJ, CSS 2.01 N

1845+797 .................. 3C 390.3 N G 0.057 Steep CJ, LD 0.47 N

1901+319 .................. 3C 395 N Q 0.635 Steep CJ, CSS 1.35 N

1921�293 ................. N Q 0.352 Flat CJ 14.39 N

1928+738 .................. 4C +73.18 Y Q 0.303 Flat CJ 3.92 N

1957+405 .................. Cygnus A Y G 0.056 Steep 2S, LD 1.68 N

2005+403 .................. Y Q 1.736 Flat CJ 2.79 N

2007+777 .................. N B 0.342 Flat CJ 1.16 N

2021+317 .................. 4C +31.56 Y U . . . Flat CJ 2.16 N

2021+614 .................. Y Qb 0.227 Flat CJ 2.73 N

2113+293 .................. N Q 1.514 Flat CJ 0.94 N

2128�123 ................. Y Q 0.501 Flat CJ 3.18 N

2131�021 ................. 4C �02.81 Y Bd 1.285 Flat CJ 2.21 N

2134+004 .................. Y Q 1.932 Peaked CJ 6.34 N

2136+141 .................. OX 161 Y Q 2.427 Flat CJ 2.75 N

2144+092 .................. N Q 1.113 Flat CJ 0.81 N

2145+067 .................. 4C +06.69 Y Q 0.999 Flat CJ 10.37 N

2200+420 .................. BL Lac Y B 0.069 Flat CJ 5.67 Y
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sample and the robustness of statistical tests on source prop-
erties. Of the 71 sources in our representative subsample, there
are 53 quasars, 12 BL Lac objects, and six galaxies.

3. THE OBSERVATIONS AND ANALYSIS

Our observations were made during 29 separate observing
sessions between 1994 and 2001. Typically, we obtained
images of each source at three to seven epochs over this 7 yr
period. Sources were usually observed at 6–18 month inter-
vals. Those with known rapid motion were observed more
frequently, while those with no observed jet or with only small
observed motions were observed less often. Each observing
session lasted between 8 and 24 hr. In general we tried to
observe only at elevations above 10

�
to minimize the effect of

tropospheric absorption, phase errors, and excessive ground
radiation. Except for sources at low declinations, where the
hour angle coverage is restricted, we observed each source
once per hour for 6–8 minutes over a range of 8 hr in hour
angle. In general, all 10 VLBA antennas were used for each
observation, except when restricted by elevation. We rarely
used less than eight antennas. Papers I and II, as well as our
Web site, give logs of the observations.

Some additional observations were made in 1998 and 1999
by L. I. Gurvits et al. (2004, in preparation) as part of a dif-
ferent program to compare 15 GHz source structure measured
with the VLBA to the 5 GHz structure measured using the
Japanese HALCA space VLBI satellite (Hirabayashi et al.
1998). We have used these data to supplement our own as the
observations were made using the same observing and data
reduction procedures as used for the present program. These
images are also available on our Web site.

Data reduction was done using a combination of AIPS and
DIFMAP as described in Paper I. Each image was analyzed
using the AIPS task JMFIT or MAXFIT to determine the rel-
ative positions of each definable feature at each epoch, and
these positions were then used to calculate velocities relative to
a presumed core component. We have assumed that the bright

unresolved feature typically found at the end of so-called core-
jet sources is the stationary core. Generally, the choice of the
core is clear because of its high brightness temperature and
location. However, in a few cases, the location of the core is
ambiguous, particularly in some sources where the component
motions appear two-sided about a centrally located core. As an
aid in identifying components from one epoch to the next, we
examined each image for continuity in position, flux density,
and structure. Usually, this procedure is more reliable than
fitting independent models to the (u, v) data at each epoch, and
with the possible exception of a few isolated cases, we believe
that we have correctly cross-identified features as they evolve
from epoch to epoch. However, for those sources where the jet
is barely resolved from the VLBA core, we fit models to the
data in the (u, v)-plane in order to exploit the full interfer-
ometric resolution of the VLBA.
In Figures 1 and 2 we show the angular motion in the jets of

the 120 sources for which we have been able to determine
motions with three or more epochs of observation. Of these
120 sources, there are 110 sources with good-quality data and
measured redshifts for which we have been able to determine
the linear velocity of at least one jet feature. These comprise
13 active galaxies, 79 quasars, and 18 BL Lac objects. In all,
we have been able to determine reliable values for 208 sep-
arate features found in these 110 jets.
We have determined the radial angular speed, �, of each

definable jet feature using a linear least-squares fit to the
measured component positions, relative to the presumed core.
Our measured values of � are given in Table 2. In Figures 1 and
2 the slope of the line corresponds to the best-fitting least-
squares fit to the speed, which is shown in column (6) of
Table 2. Figure 1 shows the plots for the one-sided jets and
Figure 2 the two-sided ones. For well-defined components the
formal uncertainty in the relative position is small, generally
less than 0.02 mas. Frequently, however, the jets have a
complex brightness distribution with regions of enhanced
intensity that can brighten and fade with time. In some sources,

TABLE 1—Continued

IAU Name

(1)

Alias

(2)

Subsample Member

(3)

Optical Class

(4)

Redshift

(5)

Radio Spectrum

(6)

Radio Morphology

(7)

SVLBI
(Jy)

(8)

EGRET ID

(9)

2201+315 ............... 4C +31.63 Y Q 0.298 Flat CJ 3.28 N

2209+236 ............... Y Qa 1.125 Flat CJ 1.62 Y

2223�052 .............. 3C 446 Y Q 1.404 Flat CJ 6.57 N

2230+114 ............... CTA 102 Y Q 1.037 Flat CJ 4.86 P

2234+282 ............... CTD 135 N Q 0.795 Flat CJ 1.44 N

2243�123 .............. Y Q 0.630 Flat CJ 2.56 N

2251+158 ............... 3C 454.3 Y Q 0.859 Flat CJ 12.08 Y

2345�167 .............. Y Q 0.576 Flat CJ 2.54 N

Notes.—Col. (1): IAU name (B1950.0). Col. (2): Other name. Col. (3): Indicator for the flux density–limited subsample (see x 2). Col. (4): Optical classification
according to the Véron-Cetty & Véron (2001) catalog, where Q = quasar, B = BL Lac object, G = active galaxy, and U = unidentified. Col. (5): Redshift from Véron-
Cetty & Véron (2001) (the redshifts for 0026+346, 0727�115 and 1155+251 are from Paper II, that of 0202+149 is from Stickel et al. 1996, that of 0218+357 is
from Lawrence 1996, that of 0754+100 is from Carangelo et al. 2003, and that of 2209+236 is from Sowards-Emmerd et al. 2003). Col. (6): Description of radio
spectrum (see x 2). Col. (7): Radio morphology classification, where CJ = core jet, 2S = two-sided jet, N = naked core, LD = lobe dominated, and CSS = compact
steep-spectrum object. Col. (8): Strongest 2 cm total cleaned VLBA flux density at any epoch, in Jy. Col. (9): EGRET gamma-ray source identification according to
Mattox et al. (2001) and Sowards-Emmerd et al. (2003), where Y = highly probable identification, P = probable identification, N = no identification. Table 1 is also
available in machine-readable form in the electronic edition of the Astrophysical Journal.

a Source not in the Véron-Cetty & Véron (2001) catalog.
b Source classified as a galaxy in the Véron-Cetty & Véron (2001) catalog.
c The source 0218+357 is a gravitationally lensed AGN that we do not include in our statistical analysis.
d Source classified as a quasar in the Véron-Cetty & Véron (2001) catalog.
e Source has large or diffuse structures that are not adequately sampled by our observations.
f The complex source 0316+413 (3C 84) satisfies our selection criteria but was observed as part of a separate monitoring program (Walker et al. 2000). It is

included in our statistical analysis for completeness.
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D.1 Kinematics of Parsec-Scale Radio Jets

Fig. 1.—Plots showing the change in separation with time of features of one-sided jets for which we have measured a velocity from observations at three or more
epochs. An asterisk denotes sources that were model fitted in the (u, v)-plane rather than in the image plane. Different symbols are used for each component as follows:
B ( filled triangle), C ( filled five-point star), D ( filled circle), E ( filled six-point star), F (cross), G (open five-point star), H (square), I (triangle), J (circle with cross),
K (circle with dot), L (open circle). The solid lines denote the best least-squares linear fit to the data, and the slope represents the proper motion, �, tabulated in Table 2.
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Fig. 1.—Continued
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D.1 Kinematics of Parsec-Scale Radio Jets

instead of a well-collimated jet, there is a broad plume or more
complex two-dimensional structure. Not only is the centroid of
these components poorly defined, but changes in the brightness
distribution with time complicate the definition of their motion.
Some features appear to move, while others appear stationary.
Some may break up into two or more separate features, and it
is often unclear how these moving features are related to the
underlying relativistic flow. In some sources, the moving fea-
tures are not well resolved from each other, especially when
they are close to the core. These issues all affect our ability to
make a unique identification of components from epoch to
epoch. In a few cases in which there are fast moving compo-
nents, our observations may be too widely spaced in time to
uniquely define their speed. Ambiguities exist, but we believe
that most of our component identifications are robust and that
component speeds are reliably determined.

We have based our error estimates of the angular velocity
on the dispersion about the best-fit linear relation between the
measured feature positions and time. The accuracy of each fit
depends on the strength and size of the feature, the number of
epochs, and the range of time covered by the observations. We
note, however, that the measured dispersion of points about
the best-fit line will overestimate the true scatter in component
positions if there is acceleration such as observed for 3C 279
(Homan et al. 2003). Additionally, the measured radial speed
may be an underestimate of the true speed if there is a sig-
nificant nonradial component to the motion. However, we
show in x 4.2.3 that while nonradial motions are common, the
vector speeds do not differ significantly from the radial speeds,
except in the case of 1548+056.

We use the following criteria to classify the quality of each
measured velocity:

1. The component position is determined at four or more
observations.

2. The component is a well-defined feature whose position
can be unambiguously determined to a small fraction of the
VLBA beamwidth.

3. The best-fitting angular speed is determined to high ac-
curacy, defined by an uncertainty of �0.08 mas yr�1 or a
significance6 of �5 �.

We then assign a ‘‘quality code’’ to each component motion as
follows:

1. E (Excellent) denotes motions that satisfy all three of the
above criteria.

2. G (Good) denotes motions that satisfy any two of the
above criteria.

3. F (Fair) denotes motions that satisfy only one of the
above criteria.

4. P (Poor) denotes motions that do not satisfy any of the
above criteria or that the uncertainty in the fitted speed is
greater than 0.15 mas yr�1 (except for the �5 � cases described
above).

These codes and the measured proper motions are tabulated
in Table 2.

4. DISCUSSION

4.1. Superluminal Motion and Relativistic Beaming

We interpret the structural changes seen in the AGNs of our
sample in terms of the twin relativistic jet model of Blandford
& Rees (1974). In this framework, the bulk velocity of the
relativistic flow, in units of the speed of light, c, is usually
denoted as �b, and �b is the corresponding Lorentz factor
defined by �b ¼ (1� �2

b)
�1=2. For a jet flow at an angle � to

the observer’s line of sight, the Doppler factor, �, is given by
� ¼ ��1

b (1� �b cos �)
�1.

Three important observational consequences of relativistic
motion in synchrotron sources are as follows:

1. A Doppler frequency shift of the radiation, where the
ratio of observed frequency � to the emitted frequency �e is
given by

�=�e ¼ �: ð1Þ

2. A change in the observed transverse velocity due to the
apparent time compression. The apparent transverse velocity, in
units of c, is given by

�app ¼ �p sin �= 1� �p cos �
� �

; ð2Þ

where �p ¼ vp=c is the pattern velocity. We make this dis-
tinction between pattern and bulk velocities because jet fea-
tures can move with significantly different velocity than the
bulk jet flow (see, e.g., Lind & Blandford 1985; Zensus et al.
1995; Vermeulen & Cohen 1994). This could be the case, for
example, if the pattern motion is due to the propagation of
shocks. By studying 25 core-dominated quasars selected from
the literature, Vermeulen & Cohen (1994) showed that the

Fig. 2.—Same as Fig. 1, but for two-sided sources only. The points
shown for 0238�084 (NGC 1052) are the brightest four components
located on each side of the center of symmetry. No central component is
visible for these sources, so the measured component positions are re-
ferred to a virtual center of symmetry as discussed by Vermeulen et al.
(2003b).

6 The �5 � requirement is necessary to accommodate nearby sources with
very high angular speed features that may have large absolute uncertainties.
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TABLE 2

Proper Motions

Object

(1)

Component

(2)

N

(3)

Rh i
(mas)

(4)

#h i
(deg)

(5)

�r

(mas yr�1)

(6)

�app

(7)

t0
(yr)

(8)

Distinct Component

(9)

Rating

(10)

0003�066a ................. Bb 5 1.1 �72 �0.05 � 0.09 �1.1 � 2.0 . . . Y G

C 4 3.0 �77 0.01 � 0.02 0.3 � 0.4 . . . Y E

D 5 6.2 �78 �0.02 � 0.06 �0.3 � 1.3 . . . Y E

0016+731a .................. Bb 4 0.8 �50 0.074 � 0.003 5.7 � 0.2 1987.2 � 0.5 N G

0026+346 ................... B 5 10.4 �124 0.03 � 0.23 0.9 � 7.0 . . . N P

Cb 5 12.2 �129 0.15 � 0.12 4.7 � 3.8 . . . Y G

E 5 14.7 56 �0.16 � 0.12 �4.8 � 3.6 . . . Y G

F 4 15.8 56 �0.02 � 0.02 �0.6 � 0.6 . . . Y E

G 5 18.2 59 0.02 � 0.05 0.5 � 1.5 . . . Y E

0035+413 ................... Bb 5 1.5 104 0.10 � 0.02 6.3 � 1.5 1982.6 � 3.5 Y E

0055+300 ................... Bb 5 0.9 �54 0.14 � 0.03 0.16 � 0.03 1991.0 � 1.1 N G

C 6 3.7 �51 0.00 � 0.04 0.00 � 0.05 . . . Y E

D 6 6.0 �51 0.03 � 0.03 0.03 � 0.03 . . . Y E

0106+013a .................. Bb 4 2.4 �119 0.28 � 0.04 23.3 � 3.6 1988.3 � 1.4 Y E

C 5 2.1 �113 0.27 � 0.03 22.3 � 2.7 1990.9 � 1.0 N G

0112�017................... Bb 5 1.2 118 0.02 � 0.03 1.0 � 1.8 . . . Y E

0119+041 ................... Bb 5 0.4 124 0.01 � 0.04 0.5 � 1.6 . . . N G

0133+476a .................. Bb 5 2.7 143 0.04 � 0.01 2.0 � 0.7 . . . Y E

0149+218 ................... B 3 2.8 �13 0.03 � 0.18 1.9 � 11.7 . . . Y P

C 6 5.0 �22 0.29 � 0.03 18.4 � 1.9 1980.8 � 1.8 Y E

Db 6 8.8 �12 0.27 � 0.07 16.8 � 4.6 1964.9 � 9.0 Y E

0153+744 ................... Bb 6 10.4 152 0.01 � 0.02 1.0 � 1.5 . . . Y E

0202+149a .................. B 3 0.8 �67 0.25 � 0.06 6.2 � 1.6 1994.7 � 1.0 N F

Db 4 5.1 �59 �0.01 � 0.01 �0.2 � 0.3 . . . Y E

0202+319a .................. Bb 3 7.2 �2 0.06 � 0.03 3.9 � 2.0 . . . Y G

0212+735a .................. Bb 4 2.4 104 0.08 � 0.01 7.0 � 1.0 1966.1 � 4.5 Y E

C 4 14.0 92 �0.01 � 0.04 �1.1 � 3.8 . . . Y E

0234+285a .................. Bb 6 3.5 �13 0.23 � 0.05 13.5 � 2.9 1982.0 � 3.4 Y E

0238�084a, c .............. E08 7 . . . . . . 0.68 � 0.10 0.23 � 0.03 1967.7 � 4.5 Y E

E17 8 . . . . . . 0.75 � 0.12 0.25 � 0.04 1991.4 � 0.9 Y E

E20b 7 . . . . . . 0.79 � 0.12 0.26 � 0.04 1992.7 � 0.7 Y E

E23 8 . . . . . . 0.76 � 0.12 0.25 � 0.04 1994.1 � 0.5 Y E

W07 7 . . . . . . 0.82 � 0.13 0.27 � 0.04 1984.7 � 2.0 Y E

W10 7 . . . . . . 0.72 � 0.11 0.24 � 0.04 1991.2 � 1.0 Y E

W14 7 . . . . . . 0.75 � 0.12 0.25 � 0.04 1993.4 � 0.7 Y E

W16 6 . . . . . . 0.80 � 0.12 0.27 � 0.04 1995.4 � 0.4 Y E

0316+413a, c ............... Bb 3 . . . . . . 0.19 � 0.05 0.2 � 0.1 1960.0 � 5.0 Y E

0333+321a .................. Bb 9 2.7 123 0.18 � 0.01 11.0 � 0.5 1982.7 � 0.7 Y E

C 9 4.9 126 0.20 � 0.03 12.0 � 1.7 1972.5 � 3.5 Y E

D 3 7.2 128 0.40 � 0.07 24.5 � 4.5 1980.0 � 3.3 Y G

E 4 11.1 131 �0.08 � 0.13 �4.7 � 8.1 . . . N F

0336�019a ................. Bb 5 1.4 67 0.22 � 0.04 10.1 � 2.0 1991.8 � 1.4 Y E

C 4 1.6 46 0.21 � 0.08 9.7 � 3.9 . . . Y G

0355+508 ................... Bb 5 3.2 46 0.09 � 0.03 . . . . . . Y E

0415+379a .................. B 4 2.3 65 1.29 � 0.32 4.2 � 1.0 1994.5 � 0.5 Y P

C 3 4.2 70 0.90 � 0.53 2.9 � 1.7 . . . Y P

Db 6 3.3 66 1.52 � 0.05 4.9 � 0.2 1996.7 � 0.1 Y E

0420�014a ................. Bb 5 1.6 �163 0.03 � 0.07 1.5 � 3.6 . . . N G

C 5 3.1 170 0.29 � 0.14 14.2 � 6.6 . . . Y G

0430+052a .................. Bb 10 4.7 �111 1.77 � 0.06 3.9 � 0.1 1995.0 � 0.1 Y E

C 8 6.1 �106 1.80 � 0.19 4.0 � 0.4 1993.7 � 0.4 Y E

D 3 6.1 �110 1.36 � 0.35 3.0 � 0.8 1991.8 � 1.2 Y P

G 9 3.0 �112 1.59 � 0.11 3.5 � 0.2 1996.5 � 0.2 Y E

I 3 1.7 �125 1.51 � 0.44 3.4 � 1.0 1999.0 � 0.4 Y P

H 5 2.6 �118 2.08 � 0.24 4.6 � 0.5 1998.2 � 0.2 Y E

0440�003 .................. Bb 4 1.1 �120 0.03 � 0.03 1.1 � 1.4 . . . Y E

0454+844 ................... Bb 5 1.3 162 �0.10 � 0.05 . . . . . . Y E

0458�020a ................. Bb 3 1.5 �43 0.10 � 0.04 8.9 � 3.3 . . . Y G

C 3 2.8 �51 0.11 � 0.05 9.4 � 4.1 . . . Y G

0528+134a .................. Bb 3 4.0 23 0.077 � 0.002 6.4 � 0.2 1946.0 � 1.6 Y G

0605�085a ................. B 3 1.6 123 0.10 � 0.21 4.5 � 9.8 . . . N P

Cb 3 3.8 110 0.18 � 0.02 8.6 � 0.8 1977.9 � 2.0 Y G

0607�157a ................. Bb 4 2.4 88 0.17 � 0.04 3.5 � 0.8 1984.1 � 3.3 Y E
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TABLE 2—Continued

Object

(1)

Component

(2)

N

(3)

Rh i
(mas)

(4)

#h i
(deg)

(5)

�r

(mas yr�1)

(6)

�app

(7)

t0
(yr)

(8)

Distinct Component

(9)

Rating

(10)

0642+449a .................. Bb 3 0.2 92 0.01 � 0.02 0.9 � 2.0 . . . N F

0707+476 ................... Bb 4 3.5 5 �0.04 � 0.03 �2.8 � 1.7 . . . Y E

C 3 6.3 24 �0.11 � 0.05 �7.1 � 3.3 . . . Y G

0710+439 ................... Bb 4 13.3 3 0.01 � 0.13 0.2 � 3.9 . . . Y G

C 4 14.4 3 �0.05 � 0.07 �1.4 � 2.0 . . . N G

D 4 15.8 4 0.00 � 0.02 0.0 � 0.5 . . . Y E

G 4 24.4 1 0.00 � 0.01 0.0 � 0.3 . . . Y E

0716+714a .................. Db 4 2.4 14 0.65 � 0.04 . . . 1994.2 � 0.3 N G

E 3 1.8 11 0.51 � 0.04 . . . 1995.5 � 0.3 N F

0727�115a ................. Bb 3 2.7 �52 0.44 � 0.01 31.2 � 0.6 1990.7 � 0.1 Y G

0735+178a .................. Bb 4 0.7 72 0.17 � 0.02 . . . 1992.5 � 0.7 N G

C 3 1.2 59 0.64 � 0.16 . . . 1994.2 � 0.5 N P

D 5 4.0 64 �0.18 � 0.03 . . . . . . Y E

0736+017a .................. B 6 4.2 �70 0.93 � 0.02 11.5 � 0.2 1993.5 � 0.1 Y E

D 5 10.0 �88 0.39 � 0.06 4.8 � 0.8 1972.7 � 4.1 Y E

Eb 5 2.1 �68 0.85 � 0.10 10.5 � 1.3 1996.1 � 0.4 Y E

0738+313a .................. Bb 8 2.8 179 0.06 � 0.01 2.3 � 0.4 1953.8 � 8.0 Y E

C 7 3.1 170 0.07 � 0.10 2.4 � 3.8 . . . N F

0742+103a .................. Bb 6 2.0 �5 0.03 � 0.01 . . . . . . N G

C 6 0.7 �38 �0.02 � 0.02 . . . . . . N G

0745+241 ................... Cb 8 3.1 �63 0.32 � 0.05 7.9 � 1.3 1988.2 � 1.6 Y E

D 8 0.6 �64 0.003 � 0.022 0.1 � 0.6 . . . N G

0748+126a .................. Bb 6 1.7 120 0.12 � 0.01 5.9 � 0.5 1983.5 � 1.1 Y E

C 3 4.7 111 0.274 � 0.004 13.1 � 0.2 1980.8 � 0.2 Y G

0754+100a .................. Bb 5 4.0 15 0.70 � 0.12 11.9 � 2.1 1991.3 � 1.0 Y E

C 6 0.9 17 0.05 � 0.07 0.8 � 1.2 . . . N G

0804+499a .................. Bb 4 0.8 134 0.13 � 0.06 8.5 � 4.2 . . . N G

0808+019a .................. Bb 3 0.4 �175 0.11 � 0.01 . . . 1993.1 � 0.5 N F

C 3 4.8 �173 �0.20 � 0.18 . . . . . . Y P

0814+425a .................. Bb 6 0.9 90 0.18 � 0.02 2.9 � 0.3 1993.2 � 0.5 N G

C 5 1.7 129 0.32 � 0.11 4.9 � 1.7 . . . N F

0823+033a .................. C 6 2.4 14 0.48 � 0.04 14.4 � 1.1 1993.3 � 0.4 N G

Db 6 1.1 32 0.31 � 0.06 9.5 � 1.8 1994.8 � 0.8 N G

E 3 0.7 32 0.41 � 0.01 12.3 � 0.4 1998.2 � 0.1 N F

0829+046a .................. B 4 1.3 66 0.30 � 0.04 3.5 � 0.4 1994.0 � 0.6 N G

Cb 5 3.0 66 0.13 � 0.06 1.5 � 0.7 . . . Y E

0850+581 ................... B 3 0.8 174 0.05 � 0.11 3.0 � 7.1 . . . N P

Cb 4 2.5 152 0.04 � 0.01 2.5 � 0.5 1935.6 � 12.5 Y E

D 4 7.0 151 0.20 � 0.07 12.7 � 4.1 1963.5 � 11.3 Y E

0851+202a .................. C 5 1.0 �92 0.52 � 0.04 9.9 � 0.9 1994.7 � 0.2 N G

Db 5 0.9 �102 0.37 � 0.06 7.1 � 1.1 1994.9 � 0.4 N G

E 4 0.6 �116 0.31 � 0.02 6.0 � 0.4 1995.7 � 0.1 N G

0859�140 .................. B 3 1.1 160 0.16 � 0.04 10.1 � 2.8 1990.3 � 1.9 N F

Cb 4 3.2 �155 0.03 � 0.01 1.9 � 0.6 1889.8 � 32.2 Y E

D 3 7.0 158 0.26 � 0.15 16.3 � 9.4 . . . Y F

0906+015a .................. Cb 4 0.9 38 0.10 � 0.07 5.1 � 3.9 . . . N G

D 4 1.4 40 0.12 � 0.07 6.4 � 3.5 . . . N G

E 4 2.8 45 0.22 � 0.07 11.8 � 3.9 1986.3 � 4.3 N G

0917+449 ................... Bb 6 1.2 178 0.07 � 0.01 5.8 � 0.9 1979.8 � 2.6 Y E

0923+392a .................. Bb 6 1.9 �78 0.07 � 0.03 2.9 � 1.0 . . . Y E

C 7 2.5 �79 0.01 � 0.03 0.2 � 1.2 . . . N G

0945+408a .................. Bb 5 0.1 �83 0.03 � 0.04 2.0 � 2.4 . . . N G

C 3 8.3 119 0.37 � 0.20 22.5 � 12.1 . . . N P

0953+254 ................... B 3 1.2 �108 0.31 � 0.01 12.4 � 0.4 1992.4 � 0.1 N F

Cb 5 1.0 �129 0.09 � 0.01 3.5 � 0.4 1986.1 � 1.3 N G

D 3 1.6 �104 0.301 � 0.001 12.09 � 0.04 1994.17 � 0.02 N F

E 3 0.4 �124 0.06 � 0.02 2.4 � 0.7 1992.0 � 2.2 N F

1012+232 ................... Bb 5 2.2 110 0.27 � 0.02 9.0 � 0.6 1989.9 � 0.5 Y E

1015+359 ................... Bb 6 1.3 �172 0.20 � 0.04 12.4 � 2.2 1991.0 � 1.2 N G

C 5 3.1 �178 0.04 � 0.04 2.6 � 2.2 . . . Y E

D 7 4.7 �178 0.16 � 0.04 9.9 � 2.5 1969.4 � 7.1 Y E

1049+215 ................... Bb 6 1.1 106 0.01 � 0.07 0.9 � 4.4 . . . N G

C 6 7.4 112 0.14 � 0.04 8.8 � 2.6 1944.7 � 16.1 Y E

1055+018a .................. Bb 5 1.7 �49 0.04 � 0.03 1.7 � 1.6 . . . Y E
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TABLE 2—Continued

Object

(1)

Component

(2)

N

(3)

Rh i
(mas)

(4)

#h i
(deg)

(5)

�r

(mas yr�1)

(6)

�app

(7)

t0
(yr)

(8)

Distinct Component

(9)

Rating

(10)

1055+201 ................... Bb 7 1.2 �10 0.02 � 0.02 0.9 � 1.1 . . . N G

C 7 3.0 �5 0.18 � 0.08 10.0 � 4.3 . . . Y E

1101+384 ................... B 5 2.2 �40 0.40 � 0.15 0.8 � 0.3 . . . N F

C 7 1.4 �39 0.22 � 0.02 0.46 � 0.04 1991.5 � 0.5 N G

Db 6 0.8 �30 0.17 � 0.03 0.4 � 0.1 1993.8 � 0.7 N G

E 3 0.3 0 0.07 � 0.03 0.1 � 0.1 . . . N F

F 3 5.7 �44 �0.02 � 0.30 0.0 � 0.6 . . . N P

1127�145a ................. B 6 2.3 82 0.05 � 0.06 3.0 � 3.5 . . . Y E

Cb 7 4.1 83 0.09 � 0.01 5.4 � 0.8 1952.5 � 6.9 Y E

1128+385 ................... Bb 5 0.3 �168 0.01 � 0.01 1.1 � 0.5 . . . N G

C 5 1.0 �155 0.004 � 0.008 0.3 � 0.6 . . . N G

1155+251 ................... B 3 10.2 8 0.02 � 0.17 0.2 � 2.2 . . . N P

C 3 10.2 20 �0.17 � 0.14 �2.2 � 1.9 . . . N P

D 3 8.0 14 0.00 � 0.33 0.0 � 4.3 . . . N P

Eb 3 3.4 21 0.03 � 0.03 0.3 � 0.4 . . . Y G

F 3 4.5 �83 �0.06 � 0.20 �0.7 � 2.5 . . . N P

G 3 3.0 �51 0.01 � 0.02 0.1 � 0.3 . . . N F

I 3 1.2 �24 �0.03 � 0.04 �0.4 � 0.6 . . . N F

1156+295a .................. Bb 8 3.8 �2 0.22 � 0.08 8.9 � 3.4 . . . Y G

1219+285 ................... B 6 0.8 101 0.08 � 0.08 0.5 � 0.6 . . . N F

C 7 2.5 107 0.02 � 0.08 0.1 � 0.5 . . . Y E

Db 7 11.0 107 0.48 � 0.03 3.2 � 0.2 1974.5 � 1.4 Y E

1226+023a .................. Bb 11 6.1 �113 1.05 � 0.04 10.8 � 0.5 1992.1 � 0.3 Y E

C 7 9.6 �120 1.36 � 0.11 14.1 � 1.1 1991.3 � 0.6 Y E

D 8 10.8 �119 0.83 � 0.20 8.6 � 2.0 1984.3 � 3.1 Y P

E 10 3.3 �116 1.27 � 0.07 13.1 � 0.8 1995.0 � 0.2 Y E

F 6 18.7 �123 0.79 � 0.15 8.2 � 1.6 1974.6 � 4.6 Y E

G 4 2.3 �122 0.41 � 0.39 4.2 � 4.0 . . . Y P

I 4 1.4 �122 0.88 � 0.32 9.1 � 3.3 . . . Y P

1228+126a .................. B 9 6.0 �76 0.14 � 0.07 0.04 � 0.02 . . . N G

Cb 10 1.5 �78 �0.01 � 0.08 0.00 � 0.02 . . . N G

1253�055a ................. Bb 10 3.3 �116 0.28 � 0.01 8.9 � 0.4 1986.2 � 0.6 Y E

1302�102 .................. Bb 3 1.5 30 0.31 � 0.05 5.6 � 0.9 1992.3 � 0.8 N F

1308+326a .................. Bb 3 0.8 �80 0.313 � 0.002 16.3 � 0.1 1995.08 � 0.01 Y G

1323+321 ................... C 3 56.4 �51 0.04 � 0.03 0.9 � 0.8 . . . N F

D 3 58.0 �50 0.142 � 0.001 3.25 � 0.02 1588.5 � 1.4 N F

E 3 14.6 �46 �0.86 � 0.35 �19.7 � 8.0 . . . N P

F 3 10.8 �41 �0.54 � 0.28 �12.3 � 6.5 . . . N P

G 3 4.8 �35 �0.10 � 0.12 �2.2 � 2.8 . . . N P

Ib 3 55.0 �50 �0.15 � 0.03 �3.4 � 0.7 . . . N F

1334�127a ................. Bb 3 2.5 156 0.05 � 0.03 1.7 � 1.0 . . . N F

1345+125 ................... B 5 1.1 168 0.09 � 0.02 0.7 � 0.2 1986.8 � 3.2 Y E

C 5 2.0 164 0.15 � 0.02 1.2 � 0.1 1985.7 � 1.5 Y E

D 5 7.1 171 �0.07 � 0.09 �0.6 � 0.7 . . . Y G

Eb 5 9.8 162 0.03 � 0.01 0.2 � 0.1 . . . Y E

F 5 20.6 156 0.16 � 0.23 1.3 � 1.9 . . . Y P

G 5 44.5 155 �0.01 � 0.01 �0.06 � 0.05 . . . Y E

I 5 52.4 161 0.02 � 0.05 0.1 � 0.4 . . . Y E

J 5 66.1 177 0.03 � 0.08 0.2 � 0.6 . . . Y E

1404+286 ................... Bb 10 3.3 53 0.04 � 0.02 0.2 � 0.1 . . . Y E

C 9 2.0 62 0.06 � 0.03 0.3 � 0.2 . . . Y E

D 10 3.3 �127 0.00 � 0.02 0.0 � 0.1 . . . Y E

E 10 4.4 �111 0.03 � 0.02 0.1 � 0.1 . . . Y E

1413+135a .................. Bb 6 2.1 �113 0.25 � 0.08 3.9 � 1.2 1989.8 � 2.7 Y E

C 4 3.8 �111 0.37 � 0.15 5.8 � 2.4 . . . Y P

F 3 6.6 �109 0.45 � 0.15 7.1 � 2.4 1984.9 � 4.9 Y F

1508�055 .................. Bb 7 1.7 85 0.10 � 0.02 6.2 � 1.2 1981.9 � 3.2 Y E

C 5 4.9 83 0.53 � 0.30 31.4 � 18.1 . . . Y P

1510�089a ................. Bb 5 2.8 �26 0.85 � 0.05 18.9 � 1.0 1994.6 � 0.2 Y E

C 3 2.3 �32 0.57 � 0.03 12.8 � 0.7 1995.0 � 0.2 N F

1532+016 ................... Bb 6 1.1 130 0.21 � 0.01 13.7 � 0.9 1992.6 � 0.4 Y E

D 6 6.6 143 0.06 � 0.03 4.1 � 1.9 . . . N G

1546+027a .................. Bb 3 1.2 175 0.05 � 0.03 1.3 � 0.8 . . . N F

1548+056a .................. Bb 5 4.4 10 0.052 � 0.004 3.5 � 0.3 1912.6 � 7.0 Y E
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TABLE 2—Continued
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1606+106a .................. Bb 5 0.9 �58 0.30 � 0.02 18.4 � 1.4 1994.8 � 0.3 N G

C 4 1.2 �53 0.38 � 0.03 23.2 � 2.1 1994.0 � 0.3 N G

D 3 1.5 �52 0.36 � 0.02 21.6 � 1.3 1991.9 � 0.2 N F

E 3 2.1 �40 0.50 � 0.03 30.1 � 1.6 1991.9 � 0.2 N F

F 3 0.6 �61 0.196 � 0.001 11.8 � 0.1 1996.16 � 0.00 N F

1611+343a .................. Bb 5 2.9 173 0.06 � 0.04 4.2 � 2.6 . . . Y E

1633+382a .................. Bb 8 1.5 �86 0.15 � 0.03 11.5 � 2.0 1987.5 � 1.8 Y E

C 7 2.6 �82 0.10 � 0.03 7.3 � 2.6 . . . N G

1641+399a .................. Bb 9 1.7 �95 0.49 � 0.03 17.0 � 0.9 1993.9 � 0.2 Y E

C 5 0.9 �101 0.37 � 0.03 12.8 � 1.0 1995.4 � 0.2 Y E

1642+690 ................... Bb 5 2.2 �162 0.38 � 0.04 16.0 � 1.8 1991.9 � 0.7 Y E

D 4 9.9 �166 �0.04 � 0.05 �1.6 � 2.3 . . . Y E

1652+398 ................... B 5 2.7 142 0.06 � 0.26 0.1 � 0.6 . . . Y P

Cb 6 7.5 109 0.09 � 0.05 0.2 � 0.1 . . . Y E

1655+077a .................. B 5 3.7 �38 0.43 � 0.03 15.3 � 1.0 1988.9 � 0.6 Y E

Cb 5 8.0 �44 0.07 � 0.03 2.4 � 0.9 . . . Y E

1656+053 ................... Bb 4 0.7 72 0.09 � 0.02 4.4 � 0.8 1990.0 � 1.4 N G

1656+477 ................... Bb 5 1.1 0 0.04 � 0.04 2.8 � 3.0 . . . N G

C 5 7.0 �19 0.06 � 0.06 4.5 � 4.6 . . . Y E

1730�130a ................. Bb 4 5.0 17 0.48 � 0.12 23.3 � 5.6 1987.5 � 2.5 Y G

1749+096a .................. B 4 4.6 29 0.06 � 0.07 1.2 � 1.3 . . . Y E

Cb 4 0.7 34 0.15 � 0.03 3.1 � 0.5 1993.5 � 0.8 N G

1749+701 ................... Bb 6 2.3 �66 0.01 � 0.03 0.4 � 1.1 . . . Y E

C 3 3.2 �58 �0.084 � 0.003 �3.6 � 0.1 . . . N F

D 3 1.3 �76 0.08 � 0.06 3.4 � 2.6 . . . N F

1758+388a .................. Bb 4 0.4 �98 0.002 � 0.013 0.2 � 1.1 . . . N G

1800+440a .................. Bb 5 2.6 �163 0.49 � 0.05 18.5 � 2.0 1992.5 � 0.6 Y E

C 4 4.4 �155 0.56 � 0.14 21.2 � 5.3 1989.1 � 2.0 Y G

1803+784a .................. Bb 6 1.4 �94 �0.01 � 0.01 �0.5 � 0.4 . . . Y E

1807+698 ................... Bb 7 2.5 �96 0.01 � 0.04 0.0 � 0.1 . . . Y E

C 8 5.2 �94 0.12 � 0.04 0.4 � 0.1 . . . Y E

D 3 6.8 �97 0.85 � 0.47 2.9 � 1.6 . . . Y P

E 4 0.6 �97 0.26 � 0.08 0.9 � 0.3 1996.9 � 0.8 N F

1823+568a .................. Bb 7 1.7 �158 �0.003 � 0.040 �0.1 � 1.5 . . . Y E

C 7 6.7 �161 0.09 � 0.03 3.4 � 1.1 1923.0 � 23.4 Y E

1828+487a .................. B 3 1.2 �20 0.23 � 0.03 9.2 � 1.3 1993.5 � 0.7 N F

C 3 3.5 �23 0.38 � 0.15 14.8 � 5.8 . . . Y F

Db 3 9.6 �32 0.26 � 0.01 10.1 � 0.4 1961.5 � 1.6 Y G

1845+797 ................... B 9 5.5 �41 0.54 � 0.03 2.1 � 0.1 1987.2 � 0.6 Y E

Cb 10 7.2 �36 0.60 � 0.01 2.3 � 0.1 1985.7 � 0.3 Y E

1901+319 ................... Bb 7 0.8 122 0.03 � 0.02 0.9 � 0.7 . . . N G

C 7 15.8 120 0.00 � 0.01 0.0 � 0.5 . . . Y E

1921�293 .................. B 4 5.7 24 0.19 � 0.06 4.2 � 1.3 1968.9 � 8.9 Y E

C 4 2.3 �1 0.17 � 0.06 3.7 � 1.2 1984.7 � 4.5 N G

Db 4 0.5 �29 0.01 � 0.01 0.2 � 0.2 . . . N G

1928+738a .................. Bb 8 2.1 165 0.29 � 0.03 5.6 � 0.6 1990.3 � 0.7 Y E

C 6 3.6 161 0.30 � 0.08 5.8 � 1.5 1984.7 � 3.1 Y E

E 5 0.8 156 0.12 � 0.06 2.3 � 1.1 . . . Y E

1957+405a .................. B 5 6.0 �78 0.12 � 0.02 0.5 � 0.1 1950.6 � 8.0 N G

D 8 3.0 �79 0.18 � 0.02 0.7 � 0.1 1981.4 � 1.6 N G

E 8 2.2 �80 0.19 � 0.03 0.7 � 0.1 1986.0 � 1.6 N G

F 6 1.7 �79 0.22 � 0.03 0.8 � 0.1 1990.3 � 1.1 N G

Gb 8 1.2 �79 0.16 � 0.03 0.6 � 0.1 1990.0 � 1.6 N G

I 7 0.8 �79 0.10 � 0.02 0.4 � 0.1 1990.6 � 1.6 N G

J 5 0.5 �123 0.05 � 0.02 0.2 � 0.1 1989.6 � 3.1 N G

K 7 6.6 109 0.00 � 0.14 0.0 � 0.5 . . . Y G

L 8 3.0 115 0.05 � 0.03 0.2 � 0.1 . . . Y E

2005+403a .................. Bb 5 3.2 120 0.16 � 0.04 12.3 � 3.0 1978.2 � 4.8 Y E

2007+776 ................... Bb 8 1.4 �92 0.00 � 0.03 0.0 � 0.6 . . . Y E

D 6 6.8 �91 �0.04 � 0.23 �0.8 � 4.9 . . . Y P

2021+317a .................. Bb 5 3.4 166 0.14 � 0.05 . . . . . . Y E

C 3 1.0 �172 0.02 � 0.02 . . . . . . N F

2021+614a .................. B 6 3.9 34 0.04 � 0.04 0.6 � 0.5 . . . Y E

Cb 6 3.1 �149 0.05 � 0.04 0.8 � 0.6 . . . Y E
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simplest model, which has only one value of � that is the same
in all sources and also has �b ¼ �p in all sources, is not ten-
able. They showed that either there must be a distribution of �
among the sources, or �b 6¼ �p. Most likely, there is both some
distribution of � and also a difference between �p and �b.

The apparent transverse velocity of an approaching com-
ponent with a pattern Lorentz factor �p reaches a maximum
apparent speed �p�p when the component moves at an angle
sin � ¼ 1=�p to the line of sight. For the corresponding com-
ponent in the receding jet, the observed velocity is �p/2.

3. A change in the apparent flux density, S, of a moving
component over its stationary value, S0, by a factor

S=S0 ¼ �x�� ; ð3Þ

where � is the spectral index and x has a value of 2 for a
continuous jet or 3 for discrete components (see, e.g., Urry &
Padovani 1995).

The Doppler factor is sharply peaked along the direction of
motion, so sources with highly relativistic jets that happen to
be pointed close to the line of sight will appear strongly
boosted and hence are likely to be selected in a flux-limited
sample. Although the jets may be intrinsically two-sided,
unless they are very close to the plane of the sky, they

will appear highly asymmetric (i.e., one-sided) since the ra-
diation from the receding jet is highly beamed away from the
observer.
Equation (3) has the important consequence that the

strongest, most compact radio sources we observe tend to
have highly relativistic jets that are aligned close to the line of
sight, and they will therefore likely display superluminal
motion. The most probable angle for sources selected on the
basis of beamed flux density alone is close to (2�)�1, where
�app � �=2 (Vermeulen & Cohen 1994). The distribution of
observed speeds and flux densities is dependent on the dis-
tributions of �, redshift, and the intrinsic luminosity function.
This is illustrated in Figure 3, where we show the predicted

distribution of apparent velocities for three different models.
If the effect of Doppler boosting is ignored, for example, if
the observed motions are due to the propagation of shocks
rather than actual bulk motion, then most jets will lie close to
the plane of the sky and have apparent speeds �app close to �p.
If we take into account the effect of Doppler boosting, then,
in a flux-limited sample, with a single Lorentz factor, most
sources are found to lie close to the line of sight and have an
apparent velocity �app � �p�. In the typical situation that we
consider, where �p �1, in the absence of Doppler boosting
most sources appear to have an apparent velocity close to c,

TABLE 2—Continued
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2113+293 .................... Bb 5 0.3 177 0.02 � 0.01 1.4 � 0.3 1985.1 � 3.2 N G

2128�123a .................. Bb 3 3.7 �143 �0.07 � 0.01 �2.0 � 0.2 . . . Y G

2131�021a .................. Cb 4 0.8 105 0.12 � 0.03 7.7 � 1.6 1991.9 � 1.4 N G

2134+004a ................... Bb 6 1.9 �99 0.02 � 0.02 1.5 � 1.7 . . . Y E

2136+141a ................... Bb 6 0.3 �72 0.02 � 0.01 1.8 � 1.4 . . . N G

2144+092 .................... Bb 3 0.6 83 0.03 � 0.04 1.5 � 2.0 . . . N F

2145+067a ................... B 8 0.3 �95 �0.01 � 0.01 �0.6 � 0.4 . . . N G

Cb 8 0.6 �119 0.027 � 0.003 1.4 � 0.2 1974.2 � 2.3 N G

D 8 1.0 �118 0.03 � 0.01 1.4 � 0.4 1960.4 � 9.6 N G

2200+420a ................... Bb 7 2.4 �172 1.41 � 0.13 6.5 � 0.6 1995.1 � 0.2 Y E

C 5 2.5 �171 1.12 � 0.22 5.2 � 1.0 1995.6 � 0.5 Y E

D 4 2.7 �172 0.99 � 0.18 4.5 � 0.8 1996.7 � 0.5 Y E

E 3 1.9 �161 1.09 � 0.37 5.0 � 1.7 . . . Y P

2201+315a ................... Bb 6 2.8 �145 0.34 � 0.02 6.3 � 0.5 1989.7 � 0.6 Y E

2209+236a ................... Bb 4 1.5 18 0.04 � 0.04 2.3 � 2.4 . . . N G

2223�052a .................. Bb 6 1.9 102 0.49 � 0.09 32.5 � 6.0 1994.0 � 0.8 Y E

C 7 5.2 98 0.31 � 0.03 20.4 � 1.9 1981.4 � 1.6 Y E

2230+114a ................... Bb 8 1.9 143 0.03 � 0.04 1.4 � 2.1 . . . Y E

C 6 4.6 166 �0.05 � 0.03 �2.7 � 1.6 . . . Y E

D 5 6.5 156 0.00 � 0.01 0.0 � 0.8 . . . Y E

E 3 17.8 141 �0.23 � 0.37 �12.3 � 19.9 . . . N P

2234+282 .................... Bb 5 1.2 �97 0.12 � 0.05 5.1 � 2.2 . . . Y E

2243�123a .................. Bb 4 2.7 15 0.29 � 0.03 10.7 � 1.1 1988.7 � 0.9 Y E

C 3 10.3 25 �0.14 � 0.05 �4.9 � 1.9 . . . Y G

D 4 11.3 33 0.11 � 0.10 4.1 � 3.5 . . . Y G

2251+158a ................... Bb 8 5.2 �86 0.04 � 0.04 1.9 � 2.1 . . . Y E

2345�167a .................. Bb 5 1.7 124 0.03 � 0.05 1.0 � 1.6 . . . Y E

Notes.—Col. (1): IAU name. Col. (2): Component identifier. Col. (3): Number of epochs with measured position. Col. (4): Mean radial position, relative to
the core. Col. (5): Mean structural position angle, relative to the core. Col. (6): Angular radial speed and 1 � uncertainty. Col. (7): Radial speed in units of the
speed of light and 1 � uncertainty, computed assuming H0 ¼ 70 km s�1 Mpc�1, �m ¼ 0:3, and �� ¼ 0:7. Col. (8): Extrapolated epoch of origin and
uncertainty. Col. (9): Does the component satisfy the second criterion in x 3, i.e., is it a well-defined feature? Col. (10): Overall quality rating. Table 2 is also
available in machine-readable form in the electronic edition of the Astrophysical Journal.

a Source is a member of the representative sample.
b Component is the brightest.
c Motions for 0316+413 that are taken from unpublished data do not appear in Fig. 1. The motions for 0238�084 are from Vermeulen et al. (2003b).

KELLERMANN ET AL.552 Vol. 609

290



D.1 Kinematics of Parsec-Scale Radio Jets

whereas in the Doppler boosted case most sources have an
apparent velocity close to �c. Note that in the absence of
Doppler boosting there are virtually no sources with apparent
speeds less than �c since this would require rare end-on ori-
entations. The randomly oriented model also drops much more
sharply with increasing � than the model with a range of
Lorentz factors.

Blandford & Königl (1979) suggested that one of the ob-
served jet components might be the stationary feature of the
approaching jet at the point where it becomes optically thin, so
that the flux density of this ‘‘core’’ component, as well as the
moving component, is Doppler boosted. The observed overall
spectrum is typically flat, whichmay be due to the superposition
of different parts of the jet, which each have different Doppler
factors, causing the synchrotron cutoff to appear at different
frequencies. Consideration of differential Doppler boosting led
to the concept of unified models (e.g., Orr & Browne 1982;
Barthel 1989; Urry & Padovani 1995), which is usually invoked
to understand the observed differences in the properties of
quasars, active galaxies, and BL Lac objects as due to the ori-
entation of the relativistic beam and an obscuring torus with
respect to the line of sight. Thus, comparison of apparent jet
speeds with optical classification is an effective test of these
unified models and also serves to refine their parameters.

4.2. Jet Kinematics

The motion statistics collected for our sample address many
physical questions related to relativistic jets. The process of
their formation, that is, the initial acceleration and collimation
of the flow, can be constrained by studying the speeds as a
function of distance from the beginning of the visible jet
(often referred to as the ‘‘core’’) and also by comparing the
times when flares occur with the back-extrapolated epochs at
which moving features appear to originate. Long-term multi-
epoch observations can show whether there are accelerations
or decelerations farther down the jets and whether radio fea-
tures follow straight or curved trajectories.

In order to discriminate between various jet models and
then to refine the relevant ones, it is important to establish
whether jets exist as predefined channels, along which mul-

tiple moving features can be seen, or whether instead suc-
cessive components follow different trajectories, at either the
same or at different speeds. Viable models of jet formation
will also need to be able to reproduce the observed Lorentz
factor distribution. The moving features may in fact be pat-
terns, caused by the propagation of shocks rather than the flow
of matter. This can be studied by comparing the Lorentz
factors inferred from the motions to the Lorentz factors esti-
mated by other means, such as variability, brightness tem-
perature, and (possibly) the presence of X-ray and gamma-ray
emission. By probing for correlations between the apparent
velocities and other quantities such as the radio or X-ray lu-
minosity, more can be learned about the physical parameters
relevant for jet formation. Finally, studying the distribution of
velocities as a function of optical host type is relevant to
constraining unification models.

Most of the jets in our study are well collimated and are
unresolved transverse to their flow, although there often is
significant curvature. In some radio galaxies with two-sided
structure, the appearance of the source is very frequency de-
pendent, suggesting free-free absorption in a disk or torus,
probably associated with the accretion disk surrounding the
central engine.

We found several jet features to have apparent negative
velocities; that is, they appear to be approaching rather than
receding from the core. Most of these apparently negative
velocities are consistent, within the errors, with no significant
motion. Observations extending over a longer time frame are
needed to determine if these inward motions are real. Ap-
parent inward motion may be produced if there is a newly
emerging jet feature that is ejected from the core and the
combination is not resolved by our beam. This would cause a
shift in the measured position of the centroid and a corre-
sponding decrease with time in the apparent separation of the
core and other jet features. It is also possible that the true core
is not seen, possibly as a result of absorption, and that the only
observed features are parts of a jet that are moving with dif-
ferent velocities. If the farthest component is moving with a
slower velocity than the one closest to the obscured core, then
they will appear to be approaching each other. The apparent
decrease in component separation from the core could also be
due to component motion away from the core along a highly
curved jet that bends back toward the line of sight, so that the
projected separation from the core appears to decrease with
time. Finally, the moving features could be only patterns in the
flow, some of which might even be moving backward. Istomin
& Pariev (1996) have discussed an electron-positron jet model
where an observer located close to the direction of motion will
see backward-moving knots. We note that any model in-
volving patterns must account for the very large numbers of
observed outward motions, as opposed to inward ones. For
this reason, many of the simplest ‘‘moving marquee’’ models
for superluminal motion have already been ruled out. In the
case of 0735+178, the most distant feature appears to be
moving inward, but this is probably an artifact of the complex
brightness distribution whose centroid shifts when the inten-
sity distribution changes.

4.2.1. Velocity Distributions

Figure 4 shows the distribution of the observed values of
�app ¼ 1:58 ; 10�2�DA(1þ z), where DA is the angular size
distance to the radio source in megaparsecs and the angular
velocity, �, is in mas yr�1. Figure 5 shows the same dis-
tributions for those jets found in the representative subsample

Fig. 3.—Predicted distributions of �app when the sample has randomly
oriented jets all with the same Lorentz factor � (dotted line), when the sample
has sources drawn from such a jet population but based on flux density that
can be enhanced by Doppler boosting (solid line), and for a Doppler boosting
with a range of Lorentz factors that favors low values of the Lorentz factor
(dashed line).
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described in x 2.2. We include in these figures only those jet
features that we have been able to measure with a quality code
of E or G and that have measured redshifts.

The middle and right panels of Figures 4 and 5 show the
motions of only one feature per source, the brightest and the
fastest, respectively. The brightest feature in each jet is defined
as the one with the largest peak flux density at the epoch for
which the source image was presented in Papers I and II,
although in nearly all cases this does not change over the
period covered by these observations. These features generally
have well-determined motions; however, in a few cases, the
brightest jet feature does not have an E or G quality code,
usually because it has a large diffuse structure. In these cases,
we have substituted the brightest component that did have an
E or G quality code. For the right panels of Figure 4, the
fastest feature within a source is simply defined as the one
with the largest (absolute) linear speed with a quality code of
either E or G.

K-S tests indicate that at a 95% confidence level there is no
difference in the distribution of the jet speeds, independent of
whether we consider the brightest, fastest, or even all the jet
features within a source. We consider the brightest feature of
each source to be the most representative for our analysis,
since in the case of sources with weak secondary features

observations having a limited sensitivity or dynamic range
might only detect the brightest jet feature.
The distributions shown in Figures 4 and 5 are also sub-

divided according to optical class. We find that the velocity
distributions for the quasars, radio galaxies, and BL Lac
objects are mostly concentrated in the same range (0 <
�app < 15). However, the quasars have a tail ranging up to
�app � 34, while jets associated with active galaxies have a
narrow range of velocities with �app � 6. A K-S test confirms
at the 98% confidence level that the quasars have a different
speed distribution than the galaxies and BL Lac objects,
while the distributions of speeds for the galaxies and BL Lac
objects are statistically indistinguishable. Examination of
Figures 4 and 5 suggests that the distribution of quasar ve-
locities may be bimodal with a minimum near �app� 5. We
have compared our observed distributions with one and two
Gaussian distributions and find in each case a significantly
lower value of reduced 	2 for the two-component distribu-
tion for all of the quasar distributions. However, we are re-
luctant to quantify this further, as the observed distributions
are clearly more complex than can be represented by two
Gaussians.
We have also compared the dispersion in the speed of dif-

ferent features within each jet with the dispersion of the av-
erage jet speeds. We find that the dispersion of the average jet
speeds among the 50 sources with two or more features with
quality factors E or G is 6.3c, whereas in all but four jets

Fig. 4.—Distribution of the apparent linear velocity in all sources with a
quality code E or G and that have measured redshifts. The left panels display
the distribution for all individual features that we have observed. Distributions
in the middle and right panels show only one feature per source, the brightest
or the fastest, respectively. Sources are divided by optical class in the second,
third, and fourth rows of the figure.

Fig. 5.—Same distributions as in Fig. 4, except that only those sources con-
tained in our representative flux density–limited subsample are included.

KELLERMANN ET AL.554 Vol. 609

292



D.1 Kinematics of Parsec-Scale Radio Jets

(92%) the dispersion in the speed of individual jet features is
smaller than this value. This suggests that there is an under-
lying flow, characteristic of each jet, that determines the speed
of individual features with the jet.

4.2.2. Apparent Speed and Apparent Luminosity

Figure 6 shows the relation between �app and apparent
VLBA core luminosity at 15 GHz. There is a distinct upper
envelope to the distribution, which is very similar to that
found at 5 GHz in the Caltech-Jodrell flat-spectrum survey by
Vermeulen (1995). In particular, the low-luminosity sources
all have slow apparent speeds. If we divide the sources at the
median luminosity of L15 < 1027:4 W Hz�1, a K-S test yields
less than a 1% probability that speed distributions for the
brightest components of the high- and low-luminosity sources
have the same parent distribution. We note that if the apparent
jet speeds that we are measuring are simply random patterns,
then no envelope would be expected in Figure 6.

As discussed by Lister & Marscher (1997), the presence
of this envelope does not necessarily imply that intrinsically
faint jets have low intrinsic speeds. As discussed in x 4.3.1, in
practice there is likely to be a spread in Lorentz factors. The
lowest luminosity sources in a flux-limited sample will tend to
lie at low redshifts, where the comoving volume element is
small. Ignoring evolutionary effects and assuming a constant
comoving space density and a steep luminosity function, these
sources will therefore be representative of the most common jets
in the parent population. The probability of any of them having
both a high Lorentz factor and a small viewing angle will be
very small, especially if the parent population is dominated by
low Lorentz factor jets [i.e., n(�) / ��1:5 as found by Lister &
Marscher 1997]. This may therefore explain why none of the
low-luminosity sources in Figure 6 are highly superluminal.

4.2.3. Nonradial and Bent Trajectories

For most of the sources in our sample we have determined
only the radial speed and position angle of the motion with
respect to the assumed core component. For those sources

with sufficiently high quality data, we also computed the full
two-dimensional vector proper motion on the sky. This was
accomplished by fitting separately for the proper motion in
both right ascension and declination. These results were
combined to form a vector velocity, determined by the speed,
�, and the direction, 
, on the sky relative to the radio core.
We are particularly interested in comparing the direction of
motion, 
, to the mean structural position angle of the jet, #h i.

Table 3 compiles the vector proper motions for all jet
components in our sample that have at least five epochs of
observation and for which the vector velocity is of at least 5 �
significance. These criteria guarantee that only the highest
quality vector motions are used in our comparison of velocity
direction to structural position angle. Of the 60 component
motions that meet these criteria, we find that 20 are significantly
‘‘nonradial,’’ meaning that the velocity direction, 
, differs by
at least 3 � from the mean structural position angle, #h i. These
nonradial motions are highlighted in bold in Table 3.

Nonradial motions do not follow a direction that extrap-
olates back to the jet origin and are by definition considered
nonballistic. The occurrence of such nonballistic motions in
approximately one-third of the highest quality motions we
examined is striking. Assuming that the observed velocities
trace the underlying jet flow, this result indicates that bends in
jet direction and/or jet collimation are common. The actual
bends may be small, only a few degrees, but the observed
bends can be large, of the order of 90

�
, since they appear

amplified by projection.
In Figure 7 we show tracks in the right ascension–declination

plane of several sources that have clearly defined nonradial
or bent trajectories. In general, the trajectories are bent toward
the next structure down the jet, whether seen directly in our
maps or in published larger scale images. This suggests that
jet features may trace out a flow in a preexisting curved
channel. Sources 1226+023 (3C 273), 1219+285, 1532+016,
and 2200+420 (BL Lac) are excellent examples of this trend.
In 1548+056, the component motion appears to be transverse
to the main jet direction that is known from lower resolution
images, and is hinted at in our images, to lie to the north.
However, the motion we observe is directed toward the small
extension toward the east, and looking back toward the core,
the jet ridgeline appears to curve into the component from the
opposite direction.

In 3C 390.3 (1845+797) the two most prominent features
appear to be moving with a similar speed of about 2.5c but
along slightly different trajectories of 27

�
and 30

�
. Neither

trajectory is aligned with the direction of the core or with the
narrow 6000 jet that points toward one of the distant hot spots
in position angle 35

�
(Alef et al. 1996). This is a clear ex-

ception to the trend identified above.
In general we do not have sufficient data to robustly detect

changes in velocity, although the high incidence of non-
ballistic motion implies that such changes must occur. How-
ever, in BL Lac, there is evidence that the moving feature
traces the curved ridgeline of the jet. Moreover, we have
previously reported an abrupt change in both speed and di-
rection in 3C 279 that occurred in 1998 (Homan et al. 2003).

4.2.4. Two-sided Sources

Seven sources in Table 2 display two-sided structure in
which the jet flow appears bidirectional away from a central
core. We have previously reported our results on the two-sided
source NGC 1052 (Vermeulen et al. 2003b), where the com-
ponent motion is close to the plane of the sky and multiple

Fig. 6.—Apparent speed of the fastest feature found in 110 jets as a func-
tion of the radio luminosity.
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TABLE 3

Vector Proper-Motion Results

Object

(1)

Component

(2)

N

(3)

Rh i
(mas)

(4)

#h i
(deg)

(5)

�

(mas yr�1)

(6)




(deg)

(7)

�app

(8)

#h i � 
j j
(deg)

(9)

0035+413 ............. B 5 1.5 � 0.0 103.7 � 0.8 0.10 � 0.02 121.8 � 8.2 6.6 � 1.2 18.1 � 8.2

0055+300 ............. B 5 0.9 � 0.0 �54.2 � 1.6 0.14 � 0.02 �52.3 � 7.3 0.2 � 0.0 1.9 � 7.5

0106+013 ............. C 5 2.1 � 0.0 �112.7 � 1.2 0.27 � 0.03 �119.6 � 7.4 22.4 � 2.1 6.9 � 7.5

0149+218 ............. C 6 5.0 � 0.1 �21.9 � 1.1 0.29 � 0.04 �26.3 � 9.9 18.7 � 2.3 4.5 � 9.9

0234+285 ............. B 6 3.5 � 0.1 �12.6 � 0.6 0.25 � 0.05 11.6 � 4.2 14.7 � 2.8 24.2 � 4.3

0333+321 ............. B 9 2.7 � 0.0 123.3 � 0.2 0.18 � 0.01 120.3 � 1.8 11.0 � 0.4 3.0 � 1.8

C 9 4.9 � 0.0 126.0 � 0.5 0.20 � 0.02 135.0 � 6.8 12.2 � 1.4 9.0 � 6.8

0336�019 ............ B 5 1.4 � 0.1 66.9 � 1.8 0.22 � 0.04 67.1 � 7.0 10.1 � 1.7 0.2 � 7.2

0415+379 ............. D 6 3.3 � 0.1 65.9 � 0.8 1.52 � 0.04 65.3 � 1.4 4.9 � 0.1 0.6 � 1.6

0430+052 ............. B 10 4.7 � 0.1 �110.8 � 0.6 1.77 � 0.06 �108.7 � 1.1 3.9 � 0.1 2.1 � 1.3

C 8 6.1 � 0.2 �105.9 � 1.1 1.81 � 0.17 �100.0 � 3.7 4.0 � 0.4 5.9 � 3.8

G 9 3.0 � 0.1 �112.0 � 1.9 1.59 � 0.10 �105.9 � 2.5 3.5 � 0.2 6.1 � 3.2

H 5 2.6 � 0.2 �118.4 � 2.6 2.08 � 0.20 �114.8 � 3.5 4.6 � 0.4 3.6 � 4.4

0735+178 ............. D 5 4.0 � 0.1 63.9 � 0.9 0.18 � 0.03 �119.1 � 12.6 . . . 177.0 � 12.7

0736+017 ............. B 6 4.2 � 0.1 �70.0 � 1.6 0.96 � 0.04 �87.3 � 4.3 11.9 � 0.5 17.4 � 4.6

D 5 10.0 � 0.1 �87.8 � 0.2 0.39 � 0.06 �86.1 � 3.1 4.8 � 0.8 1.7 � 3.1

E 5 2.1 � 0.1 �67.8 � 2.2 0.86 � 0.09 �72.0 � 3.8 10.6 � 1.1 4.2 � 4.4

0738+313 ............. B 8 2.8 � 0.0 179.4 � 0.3 0.07 � 0.01 157.7 � 7.6 2.5 � 0.4 21.6 � 7.6

0745+241 ............. C 8 3.1 � 0.1 �63.1 � 1.0 0.33 � 0.04 �50.0 � 6.5 8.2 � 1.0 13.1 � 6.5

0748+126 ............. B 6 1.7 � 0.0 120.1 � 0.4 0.12 � 0.01 129.3 � 4.5 5.9 � 0.5 9.3 � 4.5

0754+100 ............. B 5 4.0 � 0.1 14.6 � 0.9 0.76 � 0.13 �7.1 � 4.5 12.9 � 2.1 21.7 � 4.6

0814+425 ............. B 6 0.9 � 0.0 89.6 � 0.8 0.18 � 0.02 86.5 � 2.0 2.9 � 0.3 3.1 � 2.1

0823+033 ............. C 6 2.4 � 0.1 14.1 � 0.6 0.48 � 0.04 10.8 � 1.6 14.5 � 1.1 3.3 � 1.7

D 6 1.1 � 0.1 31.9 � 3.0 0.31 � 0.05 31.3 � 6.4 9.4 � 1.5 0.6 � 7.1

0851+202 ............. C 5 1.0 � 0.0 �91.9 � 1.0 0.52 � 0.04 �90.6 � 2.5 9.9 � 0.9 1.2 � 2.7

D 5 0.9 � 0.1 �102.4 � 1.5 0.38 � 0.06 �111.4 � 5.0 7.2 � 1.1 9.0 � 5.3

0917+449 ............. B 6 1.2 � 0.0 177.7 � 0.5 0.07 � 0.01 �176.1 � 5.7 5.9 � 0.8 6.2 � 5.7

0953+254 ............. C 5 1.0 � 0.0 �129.3 � 1.4 0.10 � 0.00 �96.6 � 9.5 4.2 � 0.1 32.7 � 9.6

1012+232 ............. B 5 2.2 � 0.0 109.7 � 0.4 0.27 � 0.02 111.7 � 1.8 9.0 � 0.6 2.0 � 1.8

1015+359 ............. B 6 1.3 � 0.1 �172.3 � 0.4 0.21 � 0.04 177.2 � 0.6 12.6 � 2.2 10.4 � 0.7

1101+384 ............. C 7 1.4 � 0.0 �38.8 � 1.3 0.23 � 0.02 �57.1 � 3.8 0.5 � 0.0 18.3 � 4.0

D 6 0.8 � 0.0 �30.3 � 2.8 0.17 � 0.02 �26.8 � 9.2 0.4 � 0.0 3.5 � 9.7

1127�145............. C 7 4.1 � 0.0 83.0 � 0.1 0.09 � 0.01 70.4 � 3.1 5.5 � 0.8 12.6 � 3.1

1219+285 ............. D 7 11.0 � 0.1 106.8 � 0.3 0.59 � 0.03 143.6 � 3.0 4.0 � 0.2 36.7 � 3.0

1226+023 ............. B 11 6.1 � 0.1 �112.7 � 0.4 1.05 � 0.04 �119.6 � 1.6 10.9 � 0.4 6.9 � 1.7

C 7 9.6 � 0.1 �120.2 � 0.7 1.36 � 0.08 �119.1 � 2.9 14.1 � 0.9 1.1 � 3.0

D 8 10.8 � 0.2 �119.5 � 1.0 0.83 � 0.16 �119.7 � 10.3 8.6 � 1.7 0.2 � 10.3

E 10 3.3 � 0.1 �116.1 � 1.1 1.27 � 0.07 �115.4 � 2.3 13.1 � 0.8 0.7 � 2.5

F 6 18.7 � 0.2 �123.1 � 0.6 0.83 � 0.14 �140.5 � 10.6 8.5 � 1.5 17.4 � 10.6

1253�055 ............ B 10 3.3 � 0.0 �115.9 � 0.5 0.29 � 0.01 �130.3 � 3.1 9.1 � 0.4 14.4 � 3.1

1345+125 ............. C 5 2.0 � 0.0 164.2 � 0.8 0.16 � 0.01 173.3 � 7.3 1.2 � 0.1 9.1 � 7.3

E 5 9.8 � 0.0 161.8 � 0.1 0.04 � 0.01 114.3 � 15.1 0.3 � 0.1 47.5 � 15.1

1510�089 ............ B 5 2.8 � 0.1 �26.5 � 0.9 0.85 � 0.04 �23.2 � 2.1 19.0 � 0.8 3.3 � 2.3

1532+016 ............. B 6 1.1 � 0.0 130.4 � 1.0 0.21 � 0.01 146.8 � 2.5 14.3 � 0.7 16.4 � 2.7

1548+056 ............. B 5 4.4 � 0.0 10.4 � 0.3 0.12 � 0.01 74.4 � 2.9 7.7 � 0.8 64.1 � 2.9

1606+106 ............. B 5 0.9 � 0.0 �58.0 � 2.5 0.31 � 0.02 �47.8 � 4.0 18.7 � 1.3 10.2 � 4.7

1633+382 ............. B 8 1.5 � 0.0 �86.2 � 0.5 0.15 � 0.03 �86.2 � 3.0 11.4 � 1.9 0.0 � 3.1

1641+399 ............. B 9 1.7 � 0.0 �95.0 � 0.6 0.49 � 0.02 �99.9 � 1.7 17.0 � 0.8 5.0 � 1.8

C 5 0.9 � 0.0 �100.6 � 0.7 0.37 � 0.03 �92.9 � 2.5 12.9 � 0.9 7.7 � 2.6

1642+690 ............. B 5 2.2 � 0.1 �162.4 � 1.6 0.38 � 0.04 �161.0 � 4.8 16.0 � 1.6 1.4 � 5.0

1655+077 ............. B 5 3.7 � 0.0 �38.4 � 0.6 0.43 � 0.03 �46.6 � 3.4 15.4 � 1.0 8.2 � 3.5

C 5 8.0 � 0.0 �44.2 � 0.2 0.14 � 0.02 17.1 � 6.1 4.9 � 0.9 61.3 � 6.1

1800+440 ............. B 5 2.6 � 0.1 �163.1 � 1.4 0.49 � 0.04 �155.7 � 4.3 18.6 � 1.6 7.4 � 4.5

1845+797 ............. B 9 5.5 � 0.0 �40.9 � 0.3 0.55 � 0.03 �29.9 � 2.2 2.1 � 0.1 10.9 � 2.2

C 10 7.2 � 0.0 �36.0 � 0.2 0.61 � 0.02 �26.6 � 1.0 2.3 � 0.1 9.3 � 1.0

1928+738 ............. B 8 2.1 � 0.1 165.3 � 0.7 0.29 � 0.03 158.4 � 3.2 5.6 � 0.6 7.0 � 3.3

1957+405 ............. D 8 3.0 � 0.0 �78.6 � 0.2 0.18 � 0.02 �78.2 � 2.0 0.7 � 0.1 0.4 � 2.0

E 8 2.2 � 0.0 �79.7 � 0.4 0.19 � 0.03 �75.6 � 3.1 0.7 � 0.1 4.1 � 3.1

F 6 1.7 � 0.1 �79.4 � 0.5 0.22 � 0.03 �79.5 � 1.9 0.8 � 0.1 0.1 � 2.0

G 8 1.2 � 0.1 �79.0 � 0.7 0.16 � 0.03 �80.2 � 2.9 0.6 � 0.1 1.2 � 2.9

2005+403 ............. B 5 3.2 � 0.1 119.8 � 1.4 0.20 � 0.03 83.6 � 13.6 14.9 � 2.1 36.2 � 13.7

2113+293 ............. B 5 0.3 � 0.0 177.0 � 2.2 0.04 � 0.01 �131.3 � 8.2 2.4 � 0.3 51.7 � 8.5

2145+067 ............. C 8 0.6 � 0.0 �119.4 � 0.7 0.03 � 0.01 �156.4 � 5.3 1.8 � 0.3 37.0 � 5.3
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components move in opposite directions from the core with a
velocity, �� 0:26, that is only mildly relativistic. Plots of
component position versus time for all of the two-sided jets
are shown in Figure 2. For most of these sources we were
able to identify the central component at each epoch and so
determine the motion of individual features away from the
center. In a few cases, however, such as 1404+286 (epochs
1998.83 and 1999.55), the central core was not detected at one
or more epochs, either because it was weak or because the
dynamic range was limited for that observation. In these cases
we have interpolated from the positions of the outer features,
to find the ‘‘virtual’’ center, and we have used that to deter-
mine the motion of the individual outer features. For the
source 1323+321 even that procedure was not possible since
the structure appears to be two-sided, but we do not see the
core at any epoch. Moreover, our imaging of this source is not
completely satisfactory as a result of its large angular size and
the limited interferometer spacings sampled by our data.

4.2.5. Peaked Spectrum Sources

GPS sources are characterized by their sharp low-frequency
cutoff and general absence of prominent large-scale structure.
There is no consensus as to whether the observed spectral
cutoff in these sources is due to synchrotron self-absorption or
free-free absorption (Shaffer et al. 1999). Previous VLBI
observations have suggested that GPS sources have a simple
double-structure morphology with little or no significant
motions (e.g., O’Dea 1998). Thirteen of our sources are clas-
sified as GPS sources, of which we, so far, have observations of
eight at three or more epochs. Of these, only 1345+125 shows
superluminal motion. The mean velocity observed for the GPS
sources in our sample is only (0:5 � 1:5)c. None of the GPS
sources have �app > 1:5.

The existence of a sharp peak in the spectra of these sources
implies that the individual components each peak up at about
the same frequency. This means that the different components
probably have comparable Doppler shifts, and if the spectral
cutoff is due to synchrotron self-absorption, they should have
comparable brightness temperatures. Some GPS sources, such
as 0552+398 and 0642+449, contain a single unresolved
strong component, and so an interpretation in terms of syn-
chrotron self-absorption is required for any reasonable mag-
netic field strength. However, for other GPS sources we note
the very different appearance of the core and jet components;
nevertheless, they have a common cutoff frequency. Moreover,
many of the peaked spectrum sources included in our study
have sharply bent jet structure suggesting very different
amounts of Doppler boosting and frequency shift of the self-
absorption peak. Free-free absorption probably plays an

important role in determining the spectra of these sources.
Since many of the core-jet GPS sources show little or no
motion, we suggest that possibly the jet flow in these sources
is nonrelativistic or that these sources are seen at very large
viewing angles, rather than that the measured velocity is the
advance speed of a young double-lobe radio galaxy as sug-
gested by Owsianik & Conway (1998). Either of these sce-
narios would imply a small Doppler shift. GPS sources do not
have any extended double-lobe structure, which may be a
consequence of the slow jets that do not carry sufficient energy
to form extended radio lobes.

We note that in some cases, such as CTA 102, which had a
peaked spectrum in the past, there are large variations in the
total flux density (Kovalev et al. 2002), which probably reflects
significant relativistic boosting. Lister (2003) and Kovalev
(2004) have argued that these sources are not bona fide GPS
sources but ‘‘masquerading blazars’’ that often contain bright
transient jet features that dominate their radio spectrum.

4.2.6. Sources with Extended Double Structure

As a result of our selection criteria, most of the sources
included in our study are dominated by their flat-spectrum
compact structure; they are mostly identified with quasars.
Some quasars, however, also have extended structure with
relatively steep radio spectra, in addition to their flat-spectrum
compact core. We have included a few of these lobe-dominated
sources in our study, although they did not meet our selection
criteria. Extended structure is more common among the active
galaxies. The following sources in Table 2 have significant
double-lobe steep-spectrum extended structure: NGC 315
(0055+300), NGC 1052 (0238�084), 3C 111 (0415+379),
3C 120 (0430+052), M87 (1228+126), 3C 390.3 (1845+797),
and Cygnus A (1945+405). All are identified with galaxies
containing a relatively strong AGN. All but NGC 1052 and
3C 120 are dominated by the extended steep-spectrum double-
lobe structure even at 15 GHz. In the framework of standard
relativistic beaming models, radio galaxies and lobe-dominated
sources are presumed to lie close to the plane of the sky and thus
should show values of �app �1. However, 3C 111, 3C 120, and
3C 390.3 each show rather large apparent motions, and it is
not clear how they fit into standard unification models.

These objects are all broad-line radio galaxies (BLRGs),
although 3C 120 has also been classified as a narrow-line
radio galaxy (NLRG). The NLRGs are thought to lie at rather
large angles to the line of sight, and polarimetry shows that in
some cases they contain a central quasar and a broad-line
region that are hidden by a dusty torus. The NLRGs do not
show strong superluminal motion. Sources 3C 111, 3C 120,
and 3C 390.3 do show superluminal motion and hence must

TABLE 3—Continued

Object

(1)

Component

(2)

N

(3)

Rh i
(mas)

(4)

#h i
(deg)

(5)

�

(mas yr�1)

(6)




(deg)

(7)

�app

(8)

#h i � 
j j
(deg)

(9)

2200+420 ................. B 7 2.4 � 0.1 �171.6 � 1.6 1.41 � 0.12 �170.7 � 3.1 6.5 � 0.6 0.9 � 3.5

C 5 2.5 � 0.2 �171.4 � 1.5 1.16 � 0.22 172.8 � 3.4 5.3 � 1.0 15.8 � 3.7

2201+315 ................. B 6 2.8 � 0.0 �144.5 � 1.2 0.34 � 0.03 �142.7 � 5.3 6.3 � 0.5 1.8 � 5.4

2223�052 ................ B 6 1.9 � 0.1 102.4 � 2.8 0.50 � 0.08 107.3 � 6.4 32.9 � 5.4 4.9 � 7.0

C 7 5.2 � 0.1 98.0 � 0.3 0.31 � 0.03 90.6 � 3.3 20.6 � 1.8 7.4 � 3.3

Notes.—Sources with significant nonradial motion are shown in bold print. Col. (1): IAU name (B1950.0). Col. (2): Component identifier. Col. (3): Number of
epochs with measured position. Col. (4): Mean radial position, relative to the core. Col. (5): Mean structural position angle, relative to the core. Col. (6): Angular
velocity. Col. (7): Direction of velocity. Col. (8): Linear speed in units of the speed of light. Col. (9): Misalignment angle.
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Fig. 7.—Selected images of sources with jets that show nonballistic component motion. Measured component positions for each epoch are superimposed on the
images along with the vector motion (solid lines) in the right ascension–declination plane. Dashed lines represent the mean structural position angles, #h i, for each
component.
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be at small angles to the line of sight (less than about 11
�
for

3C 111). The BLRGs are not well understood, and they may
have a wide range of intrinsic luminosity and orientation
(Dennett-Thorpe et al. 2000).

On the other hand, the jets of other lobe-dominated sources
appear to be subrelativistic. The powerful radio galaxy
Cygnus A contains twin jets pointed toward the distant hot
spots. The approaching and receding jets appear to propagate
with velocities of 0.7c and 0.2c, respectively, and we find
relatively slow speeds of (0:16 � 0:03)c in the parsec-scale jet
of NGC 315. In the case of the radio galaxy NGC 1052, we
have reported a two-sided flow with subrelativistic jet speeds
of only 0.26c (Vermeulen et al. 2003b) on both sides of the
core. At least in these radio galaxies, the intrinsic jet flow
close to the core appears to have only moderate speeds with
�appT1. Thus, it appears that the observed distribution of
speeds and/or degree of jet asymmetry cannot be interpreted
simply in terms of the orientation of a twin relativistic jet with
� �1, unless the observed speeds do not reflect the actual jet
flow speed, or the radiation from a high-speed inner spine is
not observed as a result of a more slowly moving outer sheath
that dominates the emission at large angles from the jet di-
rection. As we show in x 4.4.1, highly relativistic jets are
relatively rare among the general population of radio jets.

4.2.7. Comparison with Other Velocity Studies

Other recent VLBA monitoring observations (e.g., Jorstad
et al. 2001a, 2001b; Britzen et al. 2001; Homan et al. 2001;
Vermeulen et al. 2003a) made at other wavelengths with dif-
ferent resolution and with different sampling intervals are
complementary to our observations and may be used to extend
the range of size and timescales over which jet kinematics may
be studied.

Jorstad et al. (2001a, 2001b) have used the VLBA to study
the motions in a sample of strong sources at 7 and 13 mm.
These observations probe the source structure and motions on
a scale about 3 times smaller than our 2 cm observations, but
as a result of the decreased surface brightness at 7 mm, they
are generally not able to trace the motions beyond a few
milliarcseconds from the core. From the comparison of the
observed motions for the sources in common to our two
studies, it is possible to trace the motions of individual com-
ponents over a wider range of scales than is possible from
either set of observations alone.

We have compared our velocities determined at 15 GHz
with those of Jorstad et al. (2001a, 2001b). There appears to
be little agreement in the individual source speeds found by
the two studies. On average, the Jorstad et al. (2001a, 2001b)
speeds appear systematically higher, possibly because their
observations were carried out at shorter wavelengths and
probed jet regions closer to the core.

Britzen et al. (1999, 2001) and Vermeulen et al. (2003a)
have discussed jet motions in a large sample of sources at
6 cm, taken from the Caltech-Jodrell CJ surveys covering
declinations greater than +35

�
. These observations have lower

angular resolution than ours and are thus more sensitive to
the lower surface brightness structure located downstream.
Vermeulen et al. (2003a) quote a mean velocity for quasar and
galaxy jets of 2.9c and 0.9c, respectively. This appears to be
less than the values of (7:3 � 0:8)c and (1:7 � 0:8)c that we
measure at 2 cm for the brightest features in each source. On
the other hand, Jorstad et al. (2001b), working primarily at
0.7 and 1.3 cm, find systematically faster velocities in those

sources where our samples overlap. These results suggest that
there is a systematic decrease in �app with increasing wave-
length, probably because the observations at different wave-
lengths sample different parts of jet structure. In a separate
paper (R. C. Vermeulen et al. 2004, in preparation) we will
discuss, in more detail, the motions of those sources in com-
mon to the 6 and 2 cm samples.

4.3. Implications for Relativistic Beaming Models

4.3.1. Ballistic Models

The simplest model to consider is a pure ballistic model with
a common flow velocity for all sources, with �p ¼ �b �1, and a
flow that is intrinsically symmetric. In this simple case,
observations of the apparent velocities, as well as the ratio of
flux densities of approaching and receding components, can, in
principle, be used to solve uniquely for � and � and thus pro-
vide a test of the hypothesis that �p ¼ �b. However, even early
VLBI data indicated that this simple model is not tenable
(Vermeulen & Cohen 1994; Lister & Marscher 1997).

In a flux density–limited sample, the combined effect of
available solid angle and Doppler boosting leads to a distribu-
tion of �app with many values close to � (Vermeulen & Cohen
1994). On the other hand, if Doppler boosting is not an
important selection mechanism, then in most cases �app �1.
Figure 3 shows the expected distribution of apparent velocities
for the case in which �p ¼ �b (see x 4.1) along with the corre-
sponding distribution for a randomly oriented sample. None of
the distributions shown in Figure 4 or Figure 5 are consistent
with either of these simple ballistic models as there is neither
evidence of the peak at �app � � characteristic of the simple
Doppler boosted models nor evidence of the sharp low-speed
cutoff at �app �1 characteristic of models that ignore Doppler
boosting.

How do we reconcile the difference between the observed
and predicted distributions? There must be either a spread in
intrinsic velocity (e.g., Lister & Marscher 1997) or a differ-
ence between the bulk flow velocity and the pattern velocity,
so that there is less Doppler bias in favor of observing beams
that are oriented close to the critical angle (Vermeulen &
Cohen 1994). In Figure 3 we plot a model with a spread of
intrinsic velocity such that n(�) / ��1:5. This model has equal
pattern and bulk velocities and reproduces the general char-
acteristics of the observed distribution of superluminal speeds.
A more detailed analysis will be discussed by M. L. Lister
et al. (2004, in preparation).

4.3.2. Randomly Oriented Samples

Based on earlier observations of apparent velocity dis-
tributions, Ekers & Liang (1990) suggested that the simple
model with no Doppler bias provided an adequate fit to the
observed distributions of �app with only a slight adjustment
needed, which was satisfied by introducing an obscuring to-
rus. However, comparison of our data with models that do not
include Doppler boosting shows poor agreement, since, as
shown in Figure 3, in the absence of Doppler boosting, most
sources are expected to lie close to the plane of the sky where
�app �1. This appears to be inconsistent with the tail of the
velocity distribution that we find extending toward larger ap-
parent velocities. Following the discussion of Cohen (1990),
a detailed analysis of the observed velocities shows that the
probability of the sources having been picked at random from
a parent population that is isotropically distributed is less than
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10�5. We therefore conclude that the sources are preferentially
aligned along the line of sight, as would be expected if
Doppler boosting is in fact important.

4.4. Comparison with Other Relativistic Velocity Indicators

While the actual observation of superluminal motion in
radio source jets remains the most direct way of establishing
the existence of relativistic motion, comparison of the ob-
served values of �app with other velocity indicators also pro-
vides important tests of beaming models and specifically the
relation between pattern and bulk flow speeds. This includes
flux density variability (Hughes et al. 1992; Lähteenmäki &
Valtaoja 1999; Lähteenmäki et al. 1999), maximum brightness
temperature (Kellermann & Pauliny-Toth 1969; Readhead
1994; Guijosa & Daly 1996), the ratio of core to extended
radio luminosity (Orr & Browne 1982), the gamma-ray lu-
minosity (von Montigny et al. 1995; Hartman et al. 1999;
Mattox et al. 1997, 2001), or observations of inverse Compton
X-rays (Ghisellini et al. 1993). Relativistic boosting also
affects the radio source counts and luminosity functions
(Padovani & Urry 1992; Wall & Jackson 1997), which pro-
vide a consistency check on beaming models.

4.4.1. Relation between Observed Velocity
and Flux Density Variations

Flux density changes are commonly seen in superluminal
sources, and their short timescale is generally taken to imply
high brightness temperatures. The variability timescale and
the timescale for apparent transverse motion are both com-
pressed as a result of the forward motion; hence, we might
expect to see a relation between �app and the flux density
variability provided that �b is related to �p. Lähteenmäki &
Valtaoja (1999) used variability data at 1.3 cm and 8 mm from
the Metsähovi Observatory to calculate a variability Doppler
factor, �var , assuming an intrinsic brightness temperature
characteristic of a self-absorbed synchrotron source in which
the particle and magnetic energy are in equilibrium. We have
recalculated their values using the cosmology given in x 1 and
for different values of intrinsic brightness temperature. Since
�var varies inversely as the cube root of the assumed intrinsic

temperature in the synchrotron plasma, T int
b , �var is relatively

insensitive to the assumed value of T int
b .

In Figure 8 we plot �app against �var for the 49 sources in
common to the Metsähovi and VLBA samples. We calculate
�var ¼ (Tvar

b =T int
b )1=3 assuming a spectral index of zero and

where Tvar
b is the apparent brightness temperature calculated

from the variability timescale, by assuming that it is limited by
the size of the source divided by the speed of light. Five
sources that only have components located at a bend in the jet
were excluded, as they probably reflect a standing shock
wave, or perhaps a stationary location in a helical jet where the
flow is closest to the line of sight and hence is boosted most
strongly. In either case the measured velocity is a poor indi-
cator of the flow velocity and not relevant in discussing rel-
ativistic effects. The sample we use contains five active
galaxies, 14 BL Lac objects, and 30 quasars. Most points lie
inside the ‘‘1/� cone’’ (�app ¼ �var) as they should for a flux
density–limited sample (Vermeulen & Cohen 1994).
Cohen et al. (2003) have compared Figure 8 with the results

of a simulation generated by randomly picking a flux-limited
sample from an isotropically distributed population with
power-law distributions of luminosity and � and for several
values of T int

b over the range 4 ; 109–1 ; 1011 K. The value
T int
b � 2 ; 1010 K gives the best fit between the measured

and simulated data. However, although there does appear to
be an upper limit to �app that is close to the expected locus
for components with � ¼ 25, the detailed distribution is not
well matched to that expected from the simulation (Lister &
Marscher 1997).
Calculations of the variability Doppler factor using values

of T int
b closer to the inverse Compton limit, �1012 K, lead to

distributions on the �app-�var plane that are very different from
those expected from the simulations. We conclude that T int

b is
perhaps an order of magnitude below the inverse Compton
limit.
For this application, we have used the fastest feature for

each source, on the grounds that these velocities should be
more representative of the true flow velocities. Slower moving
components, especially those located at a bend in the jet, may
be dominated by standing shock waves. Forward shock waves
might also exist, and trying to understand their role is a goal of
our study. Other geometries have been suggested for the jet,
including a fast ‘‘spine,’’ which we would preferentially see,
surrounded by a slower shell. In this case, the spine would
probably also control the flux variations, so that using the
fastest (spine) velocity for �app is appropriate.
We have also examined values of �var calculated from the

UMRAO database at our wavelength of 2 cm and noted a
large dispersion between Doppler factors deduced from these
data and the shorter wavelength Metsähovi data. Thus, the
robustness of the Doppler factors calculated in this way
appears to be uncertain. The Michigan data cover a longer
time span but are at longer wavelengths where individual
outbursts appear to overlap in time.
The Lorentz factor � in a superluminal jet is important

because it is intrinsic to the jet, whereas �app and �var are the
observables that depend on the jet orientation. The distribution
of � may give information on the physics of the collimation
region. From the values of �app and � shown in Figure 8 we
calculate the actual Lorentz factors, shown as a histogram in
Figure 9. We believe that the apparent deficit in the first bin
of Figure 9 for the quasars may be a selection effect or just
due to small number statistics. To be fully consistent with the
analysis above and the choice T int

b ¼ 2 ; 1010 K, the Lorentz

Fig. 8.—Apparent velocity, �app, plotted against variability Doppler factor,
�var , for the fastest component found in 49 sources calculated using the method
of Lähteenmäki & Valtaoja (1999) with an intrinsic brightness temperature
T int
b ¼ 2 ; 1010 K. The solid line shows the expected locus of points for

Lorentz factor values of 25. The dotted line represents the 1/� cone where
�var ¼ �app.
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factors should have a power-law distribution. However, the
number of objects is too small and the errors too uncertain
to make a meaningful comparison. A small Lorentz factor
implies a low velocity and small flux density variations, and
the latter especially is less likely to be measurable. However,
the calculated Lorentz factors are useful in showing that there
must be a wide range of � in the superluminal sources. The
galaxies all have rather low Lorentz factors, while the quasars
have a broad distribution up to � � 30.

4.4.2. Gamma-Ray Sources

Many of the sources included in our study have been
cataloged as strong gamma-ray sources according to mea-
surements made by the EGRET detector on board the Compton
Gamma Ray Observatory (von Montigny et al. 1995; Hartman
et al. 1999; Mattox et al. 1997, 2001; Sowards-Emmerd et al.
2003). It is generally thought that the gamma-ray emission
occurs deep within the relativistic jet. Arguments based on
size limits deduced from time variability and the cross section
for pair production suggest that the gamma-ray emission, like
the radio emission, is Doppler boosted (Dermer & Schlickeiser
1994). In fact, the gamma rays may be even more strongly
beamed than the radio emission since the former generally
have a steeper spectral index, � , and the flux density boost-
ing varies as �ð2��Þ for continuous jets. Furthermore, Dermer
(1995) has shown that if the bulk of the gamma rays are
produced by external Compton scattering off photons associ-
ated with the accretion disk, the resulting gamma-ray emission
will be boosted by an additional factor of �ð1��Þ.

If gamma-ray–loud AGNs do indeed have systematically
high Doppler factors, then we might expect to see a different
apparent speed distribution for them than for AGNs that have
not been detected in gamma rays. The situation is complicated
by the possibility that the gamma-ray–loud jets may be seen
inside the critical angle for maximizing superluminal motion
(1/�) and therefore might have slow apparent projected speeds.
However, Monte Carlo simulations based on a simple linear
relationship between radio and gamma-ray luminosity (e.g.,
Lister & Marscher 1999; Lister 1999) confirm that in a flux
density–limited radio sample, AGNs detected by EGRET
should have typically higher speeds than those that were not
detected in gamma rays.

Jorstad et al. (2001b) recently measured the apparent speeds
of 33 EGRET-detected AGNs. They found a mean value of
16c for the fastest component in each source and concluded
that the gamma-ray sources have larger Lorentz factors than
the general population of radio sources. However, Jorstad et al.

(2001b) did not have a non–gamma-ray control sample ob-
served in the same way and at the same wavelength with
which to compare their results.

We have classified our sample into EGRET and non-EGRET
sources based on the list of Mattox et al. (2001) and recently
modified by Sowards-Emmerd et al. (2003). These authors
classify gamma-ray sources from the third EGRET catalog
(Hartman et al. 1999) as ‘‘highly probable’’ and ‘‘plausible’’
AGN identifications, based on Bayesian statistics and their
proximity to bright flat-spectrum radio sources. In Figure 10
we show the distribution of measured speeds for the EGRET-
detected and nondetected sources. For the brightest jet com-
ponent found in the 18 EGRET sources in our representative
sample we found a median speed of (8:0 � 1:6)c compared
with a value of (3:9 � 1:1)c for the 53 sources with no EGRET
detections. A K-S test suggests that the difference appears sig-
nificant at the 90% level. For the purpose of this analysis we
have included the two ‘‘plausible’’ EGRET sources, 2230+114
and 1156+295, as detections. Reclassifying them as non-
detections had no effect on our results, and neither did ex-
cluding the sources with negative velocities from our analysis.

These results are consistent with the idea that the radio
emission from gamma-ray quasars is indeed more strongly
beamed than for the whole radio quasar population. However,
our samples are incomplete and may therefore be biased.

4.5. The Angular Velocity–Redshift Relation

Figure 11 shows the measured values of angular velocity �
versus redshift for the fastest E or G rated component found in
the sources in Table 2. The line represents �max, the fastest
proper motion a source can display if it has � ¼ 25. The
variables are the observables, uncontaminated by modeling,
and hence are of value in showing directly that (1) at all
redshifts, the observed velocities are not clustered near the
maximum value as expected from the simple ballistic models
with a single Lorentz factor for all sources, (2) low values of �
are seen at all z, and (3) high values of � are seen only at low
z. This is true for galaxies, BL Lac objects, and quasars and
appears inconsistent with noncosmological interpretation of
quasar redshifts as proposed by Burbidge (2004).

An early version of this plot (Cohen et al. 1988) was used to
show that the standard paradigm for superluminal motion
provided a crude upper bound to the points in Figure 11 and

Fig. 10.—Histogram of the brightest component speed in EGRET-detected
and non–EGRET-detected sources for our representative flux density–limited
sample.

Fig. 9.—Histogram of Lorentz factors for 49 sources, calculated from �app

and �var based on T int
b ¼ 2 ; 1010 K.
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that the maximum value of �app in 32 sources was about 13
(H0 ¼ 70, q0 ¼ 0:5). The �max line in Figure 11 is, similarly,
a crude upper bound to the measured points and shows that
�app;max � 25. Note that the cosmology used in this paper
makes �app somewhat larger than for a cosmology with
�m ¼ 1 and �� ¼ 0.

The data in Cohen et al. (1988) were compiled at assorted
frequencies, mostly below 15 GHz, and corresponded to
measurements made at different distances from the core,
which may explain the difference in �app;max. As we have
discussed in x 4.2.7, there is some evidence that observations
at high frequencies give higher values of � than observations
at lower frequencies.

Vermeulen & Cohen (1994) and Lister & Marscher (1997)
have shown that if Doppler boosting is important, then even
rather small samples of superluminal sources will show
�app;max near the maximum value of the distribution of �,
�max. Hence, we expect that �max � 25 for the sample shown in
Figure 11. This is marginally consistent with Figure 9,
reflecting that Lorentz factors calculated according to the
method in x 4.4.1 have rather large uncertainties.

5. SUMMARY

We have studied the kinematics of a large well-defined
sample of 110 quasar and active galaxy jets and find a dis-
tribution of apparent velocities typically between 0 and 14c
but ranging up to about 34c. There is evidence of a charac-
teristic velocity in each jet that may represent the true plasma
flow velocity. We have found that quasar jets generally have
larger apparent velocities than jets associated with BL Lac
objects and active galaxies, although the distributions overlap.
Our measured values of �app are consistent with the Doppler
factors, �var , calculated from time variability and a parent
population having a steep power-law distribution of intrinsic
Lorentz factors extending down to moderate velocities and an
intrinsic brightness temperature close to 2 ; 1010 K. This is
close to the value expected if the particle and magnetic energy
densities in the jet are comparable (Readhead 1994; Singal &
Gopal-Krishna 1985).

In approximately one-third of the well-studied jets, we find
evidence of nonballistic motion; that is, the flow is not along
the direction away from the core. In most of the jets, we find

no deviation from a constant speed, but in a few sources, we do
see evidence of changes in speed and direction of individual
features. Mostly, the flow appears to lie along the direction of
the local jet orientation. However, in some cases the flow has a
significant nonradial component, which points toward more
distant parts of the jet. This suggests that there is a continuous
flow along a preexisting channel. Contrary to the assumption of
the simple unified models, in some jets, the intrinsic flow
appears to be with speeds much less than c.
Observations made at higher frequencies sample jet features

located closer to the core, and they typically show larger ap-
parent velocities than we observe at 15 GHz, while lower
frequency observations show yet smaller speeds. Sources with
stable GPS spectra show little or no motion; the jet flow in
these sources may be nonrelativistic or lie in the plane of the
sky with a correspondingly small Doppler shift.
We find that jets of quasars that have been observed as

strong gamma-ray sources have marginally higher speeds than
those that are not gamma-ray sources. This is consistent with
models where the gamma-ray sources have more highly rel-
ativistic jets and are aligned closer to the line of sight. How-
ever, our analysis is limited by both small number statistics
and the uncertainties in the ever-changing analysis of the
EGRET catalogs. In addition, with the limited range of flux
density observed by EGRET, there is no well-defined class of
gamma-ray–loud and gamma-ray–quiet sources analogous to
the radio-loud and radio-quiet classifications. More sensitive
observations with the next generation of gamma-ray obser-
vatories, such as GLAST, combined with jet speed data for our
complete radio sample of 133 radio sources, should be very
useful for investigating gamma-ray production mechanisms in
AGN jets and relating the gamma-ray properties to the ob-
served jet outflow.
E. Ros et al. (2004, in preparation) have extended these

observations and analysis through 2001 and 2002. M. L. Lister
et al. (2004, in preparation) have defined a more complete
sample of 133 sources and are continuing the observations
of these sources including linear and circular polarization
(D. C. Homan et al. 2004, in preparation). Observations with
this new sample will allow a more robust comparison with
models, a better estimate of the distribution of intrinsic Lorentz
factors, and a start to understanding the evolution of jet mag-
netic fields.
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Fig. 11.—The �-z diagram showing the distribution of angular velocity for
the fastest component of the 110 sources that has a quality factor of G or E.
The solid line is the maximum value of �app for � ¼ 25.
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E 3C 390.3

3C 390.3 is part of the VLBA 2 cm Survey sample but does not belong to the MOJAVE
sample and as such not a member of the 2 cm-X-Sample. Here, its X-ray spectrum is
presented because of its relevance in the context of broad iron line emission from radio-
loud AGN. Sambruna et al. (1999a) reported that the ASCA spectrum of 3C 390.3 can be
significantly better approximated by a relativistic iron-line model rather than by a narrow
or broad Gaussian line component.

Here, the highest signal-to-noise X-ray spectrum of 3C 390.3 so far obtained, from a
35 ksec Chandra observation, is presented. In Fig. E.1, the X-ray spectrum of 3C 390.3
is shown together with its rich large-scale X-ray brightness distribution. Several knots in
the north-west and south-east of the nucleus can be found, some of them corresponding
to knots or hot-spots in the radio structure.

The comparably flat X-ray spectrum (Γ ∼ 1.4 for a simple absorbed-power-law fit),
is best approximated by either an absorbed broken power law or a high-energy-reflected
power-law spectrum with an intrinsic photon index of 1.6 to 1.7 in both cases. The resid-
uals (bottom panel at the top right illustration in Fig. E.1) show no obvious evidence for
excess iron-line emission. For both models the fit is not improve significantly when an ad-
ditional line component is added to the model. Thus, the CHANDRA data do not support
the relativistic iron-line scenario for 3C 390.3.
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E 3C 390.3

Figure E.1: Top: The kpc-scale radio- and X-ray structure of 3C 390.3. The 1.6 GHz
radio jet (taken from the NED archive and previously published by Leahy & Perley Leahy
and Perley (1991)) is superimposed on the integrated 0.2 keV to 8 keV X-ray brightness
distribution from a 35 ksec CHANDRA observation (PI: S. Wagner). Bottom left: The
milliarcsecond structure of the nuclear radio jet in November 1999. Bottom right: X-ray
spectrum of 3C 390.3 and residuals after subtracting a high-energy-reflected power-law
spectrum model.
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F Compact Radio Cores in
Radio-Quiet Broad-Iron-Line
Seyfert Galaxies

F.1 Introduction

The study of relativistically broadened iron lines in the X-ray regime allows the very
closest neighborhood of black holes to be explored: their accretion disks. These are
thought to provide the “fuel” for the jet production in radio-loud AGN. It is commonly
accepted that broad iron lines arise from fluorescent Kα emission when the accretion disks
of AGNs are irradiated by hard X-rays from their coronae. Due to the strong relativistic
effects in the inner disk, the iron-line profile is broadened and skewed (e.g., Fabian et
al. 2000). If measured precisely enough, it reveals properties of the accretion disk, in
particular the orientation, extent and emissivity gradient radially outward from the black
hole. Accretion events that might trigger enhanced jet-production activity are expected to
cause changes in the line profile. Thus, combined jet and broad-iron-line monitoring can
in principle disclose the physical processes in accretion disks that lead to jet production.

The apparent lack of significantly broadened iron X-ray emission lines in radio-loud
AGN (Sambruna et al. 1999, Gambill et al. 2003), has been explained by either dominant
beamed jet components, very high ionization of the disks, or optically-thin, radiatively-
inefficient accretion flows (e.g., Fabian et al. 2000a). Contrary to this expectation, in
Sect. 6.3.3 the detection of a highly relativistic, broad iron line from the nucleus of the
elliptical galaxy NGC 1052 (see Fig. F.1) has been reported. Not only is there a broad
line, but a change in the line profile coincides with an epoch of jet-plasma ejection (see
Sect. 6.3.4).

At present NGC 1052 is the only strong radio source known for which straightfor-
ward observational input can be gained from combined high-angular-resolution VLBI
observations and X-ray iron-line monitoring. Thus, it is worthwhile to review the known
radio-core properties of the so-called “radio-quiet” broad-iron-line Seyfert galaxies. In
this section it is shown that these sources are not so quiet after all at radio wavelengths
but comprise a sample suitable for coordinated X-ray and VLBI monitoring.
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F Compact Radio Cores in Radio-Quiet Broad-Iron-Line Seyfert Galaxies

Figure F.1: The kiloparsec-scale radio-jet system of NGC 1052 embedded into its ellip-
tical host galaxy.

F.2 The Compact Radio Cores in Broad-Iron-Line Seyfert
Galaxies

After the first detection of an extragalactic broad iron line associated with the Seyfert
galaxy MCG−6−30−15 (Tanaka et al. 1995) there followed a boom of follow-up ASCA
detections in other Seyfert galaxies and relativistic iron lines seemed to become a common
ingredient of Seyfert X-ray spectra. However, in several cases XMM-Newton could not
verify the broad, relativistic red wings. Firm XMM-Newton detections of broad iron lines
have been reported only for MCG−6−30−15, MCG−5−23−16, NGC 3516, Mrk 335,
and Mrk 766 (see Table 1 for references). It is not clear at present, whether insufficient
data quality from ASCA and over-simplified spectral models have led to the discrepancy
between the apparent presence of broad lines in IC 4329a, NGC 4051, NGC 4151, and
NGC 5548 or if intrinsic line variability in these sources might have played a crucial
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F.2 The Compact Radio Cores in Broad-Iron-Line Seyfert Galaxies

Figure F.2: Compact radio cores in “radio-quiet” Seyfert galaxies. Images display the
optical host galaxies (DSS2 data), while contours show the radio structure at 1.4 GHz
(FIRST and NVSS data, respectively). Integrated flux densities at λ6 cm are given in
Table 1.

role. In Fig. F.2 the arcsecond-scale radio structure1 of those Seyfert galaxies is shown
superimposed on optical images from the Digitized Sky Survey2 compiled by using Sky
View3. All sources in this sample harbor compact radio cores at their centers. Only in the
case of MCG−6−30−15 does the flux density lie below the detection limit of the NVSS.
Several authors, however, report the detection of a weak but possibly highly variable flat-
spectrum radio core in MCG−6−30−15, e.g., Ulvestad and Wilson (1984) report 1.7 mJy
at λ20 cm whilst Nagar et al. (1999) measure 4.0 mJy.

1Where available, we used radio images from the FIRST survey (http://sundog.stsci.edu),
otherwise we used images from the NVSS (http://www.cv.nrao.edu/nvss)

2The Digitized Sky Survey was produced at the Space Telescope Science Institute under U.S. Govern-
ment grant NAG W-2166. The images of these surveys are based on photographic data obtained using the
Oschin Schmidt Telescope on Palomar Mountain and the UK Schmidt Telescope. The plates were processed
into the present compressed digital form with the permission of these institutions.

3http://skyview.gsfc.nasa.gov
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F Compact Radio Cores in Radio-Quiet Broad-Iron-Line Seyfert Galaxies

Table F.1: General radio and X-ray properties of the confirmed and disputed broad-iron-
line Seyfert galaxies discussed here.

Source SVLA
6cm F(2−10) keV Broad Notes

[mJy] [erg cm−2 s−1/1011] Iron Line

Mrk 335 4.3a 1.7b Yesc Seyfert 1. Steep X-ray continuum with photon
index of ∼2.3(c). Line profile might indicate a
highly ionized, innermost region of the accretion
disk around a rotating black hole.

MCG−5−23−16d 6.0a 7.5e Yese Seyfert 1.9. Broad iron line emission, variable on
timescales of monthse. Time stable narrow fine-
scale features. VLBI-unobserved.

NGC 3516 4.3a 5.0b Yesf Narrow fine scale features indicate injection of ma-
terial with a speed of 0.25 cf .

NGC 4051 6.0a 2.0b Disputedg,h X-ray and radio variabilityi. Correlation between
the (accretion dynamics dominated) X-ray flux and
the (jet dominated) radio flux.

NGC 4151 125.0a 0.2b Disputedj XMM-Newton spectrum does not require a rela-
tivistically broadened iron line. Narrow and vari-
able Fe line, with amplitude of ∼25%. Compact
jetk,l

Mrk 766 15.8m 1.9b Yesn Broadened iron emission lines at 6.4 keV and
6.7 keV. Unconfirmed highly relativistic “red
wing”n. Blueshifted Fe absorption edge at
8.7 keV, suggesting ejected material at speeds of
15,000 km s−1 (β ∼ 0.05). Only barely resolved
with VLBIo

MCG−6−30−15 1.0a 3.8b Yesp The archetypical broad-iron-line galaxy. Broad
and variable profile, fine structureq. Compact VLA
structure. VLBI-unobserved.

IC 4329a 31.5m 8.3b Disputedr Disk possibly truncated shortly before reaching
the innermost stable orbit around the central black
holes. VLBI-unobserved.

NGC 5548 10.5m 6.0t Disputedt Soft excess varies more strongly than the high-
energy continuumu. The spectrum shows reflec-
tion and fluorescence from neutral iron distant
from the central sourcet. Rapid radio variabilityv.

a Ulvestad and Wilson (1984); b HEASARC website: http://heasarc.gsfc.nasa.gov/; c Gondoin et al. (2002); d see
Fabian et al. (2000a) for a review; e Dewangan et al. (2003); f Turner et al. (2002); g Wang et al. (1999); h Pounds et al. (2004); i

McHardy et al. (2004, & priv. comm.); j Schurch et al. (2003); k Ulvestad et al. (1998); l Mundell et al. (2003); m Rush et al. (1996);
n Pounds et al. (2003b); o Lal et al. (2004); p Fabian et al. (2002); q Wang et al. (2004); r Gondoin et al. (2001); s Done et al. (2000);
t Pounds et al. (2003a); u Done et al. (1995); v Wrobel (2000)

Figure F.3 displays the positions in the radio-flux-density vs. X-ray-flux plane4 of the
undisputed broad-iron-line Seyfert galaxies MCG−6−30−15 (Fabian et al. 2002; Wilms
et al. 2001), MCG−5−23−16 (Dewangan et al. 2003), NGC 3516 (Turner et al. 2002),
Mrk 335 (Gondoin et al. 2002), and Mrk 766 (Pounds et al. 2003a). In addition, the
sources IC 4329a (Gondoin et al. 2001; McKernan and Yaqoob 2004), and NGC 4151

4Fluxes are taken from Fomalont et al. (2000), Giovannini et al. (2001), Gregory and Condon (1991),
Morganti et al. (1999), Rush et al. (1996), Sambruna et al. (1999a), Stickel et al. (1994), Ulvestad and
Wilson (1984), and the HEASARC website.
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(Schurch et al. 2003) are shown, in which ASCA detected broad iron lines which could
not be confirmed by XMM-Newton or are disputed. Finally, the radio-loud sources 3C 120
(Ogle et al. 2005), 3C 273 (Page et al. 2004; Yaqoob and Serlemitsos 2000), 3C 382 (Sam-
bruna et al. 1999a), 3C 390.3 (Sambruna et al. 1999a and Sect. E), and NGC 1052 (see
Sect. 6.3) are also plotted. Figure F.3 shows that not only the radio-loud AGN are acces-
sible by VLBI, but also the so-called radio-quiet Seyfert galaxies. In particular, the EVN
with its large antennas provides enough sensitivity to image, e.g., the parsec-scale struc-
ture of the possibly most interesting broad-iron-line Seyfert galaxy MCG−6−30−15,
given that it harbors a compact nucleus on milliarcsecond scales.

The qualification of an object being radio-loud or radio-quiet depends crucially on the
definition of the actual considered “source” of the radio emission. While, e.g., the inte-
grated single-dish radio flux of NGC 4151 indicates a borderline object, the comparably
marginal flux being emitted from the core of the parsec-scale jet of only ∼1 mJy reveals
a very radio-quiet nucleus. On the other hand, the radio emission of NGC 1052 at 6 cm
wavelength is totally dominated by the nuclear radio emission being emitted on milliarc-
second scales. Even the core component of the eastern jet of the nuclear twin-jet system
alone is bright enough to make the active galactic nucleus in NGC 1052 radio-loud, while
the more classical radio-loudness criterion of Kellermann et al. (1989) that compares the
radio with the optical luminosity (including all the star light from the well resolved and
nearby host galaxy of this low-luminosity AGN) classifies NGC 1052 as a radio-quiet
or at most borderline object. Again, this consideration underlines the importance of a
careful sample definition if one aims to investigate statistically the characteristic X-ray
peculiarities of jet-forming radio-loud AGN.
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Figure F.3: Radio and X-ray fluxes of confirmed and disputed broad-iron-line AGN
systems. The radio-loud/quiet dividing line follows the definition of Terashima and
Wilson (2003). The arrows indicate the range from integrated (single-dish: filled cir-
cles) flux density to VLBI-core flux density (open circles). Only integrated (VLA) flux
densities are given for the radio-quiet objects (marked by an asterisk). The arrow for
MCG−6−30−15 indicates that the flux density of the compact core component might
be well below the integrated (although compact on VLA scales) value. Approximate
sensitivity limits for the EVN, the VLBA, and XMM-Newton are shown. The EVN
and VLBA limits correspond to deep 5 hour integrations with 1024 Mbps (EVN) and
256 Mbps and a 7σ detection of an unresolved image feature. The XMM-Newton limit
at 10−12 erg cm−2 s−1 corresponds to the minimal source flux for which a 1000-photon
spectrum can be obtained in a 10 ksec pointing.
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G Glossary of Acronyms

Many of the acronym explanations are taken from the HEASARC (see below) website
(http://heasarc.gsfc.nasa.gov/).

• AO – 1. (e.g., AO 0235+16) This name prefix indicates sources originally discov-
ered by Arecibo occultation studies (see, e.g., Argue et al. 1973); 2. Anouncement
of Opportunity to apply for observing time with an astronomical facility. Com-
monly used in the case of X-ray telescopes (compare CfP).

• ARF – Ancillary Response File. Common file extension for data files containing
the combined telescope/filter/detector areas and efficiencies as a function of energy
averaged over time. Sometimes combined with a RMF file into a single response
file (RSP).

• ASCA – Advanced Telescope for Cosmology and Astrophysics. See Tanaka et al.
(1994). Japan’s fourth X-ray Astronomy mission (1993 – 2001).

• ACIS – Advanced Camera for Imaging and Spectroscopy. (Formerly AXAF CCD
Imaging Spectrograph). Detector type onboard Chandra. Contains two arrays:
a square for imaging (ACIS-I) and a narrower strip, primarily for readout of the
diffraction gratings (ACIS-S), particularly the HETG.

• Astro A – The pre-launch name for Hinotori (Launch: 1981), Japanese for “phoenix”.
A Japanese satellite, launched to investigate X-rays from the Sun. In this sense,
not(!) Japan’s first X-ray Astronomy mission, which was Hakucho.

• Astro B – The pre-launch name for Tenma.

• Astro C – The pre-launch name for Ginga.

• Astro D – The pre-launch name for ASCA.

• Astro E – Planned fifth Japanese X-ray Astronomy mission, which was lost after
launch in February 2000. Due to a problem with the first stage of the carrier rocket,
Astro-E could not obtain the necessary altitude for a proper orbit. As a result, the
satellite was declared unusable.

• Astro E2 – Japan’s fifth X-ray Astronomy mission. Recovery mission from the
original ASTRO-E mission. The pre-launch name for Suzaku.
See http://heasarc.gsfc.nasa.gov/docs/astroe/ and links on that

website.
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G Glossary of Acronyms

• AXAF – Advanced X-ray Astrophysics Facility. The pre-launch name for Chandra.

• BeppoSax – Italian/Dutch X-ray astronomy mission (1996 – 2002). See Boella
et al. (1997a).

• CfP – Call for Proposals. Commonly used in the case of radio astronomical facility
(compare AO)

• Corsa B – The pre-launch name for Hakucho.

• Chandra – NASA X-ray astronomy mission (1999 – present).
See http://chandra.harvard.edu/.

• Einstein – NASA X-ray astronomy mission (1978 – 1981).

• EPIC – European Photon Imaging Camera. CCD detectors onboard XMM-Newton.
There are two MOS and one PN detector.

• EVN – European VLBI Network. The EVN is a collaboration of the major radio
astronomical institutes in Europe, Asia and South Africa.
See http://www.evlbi.org/.

• Ginga – Japan’s third X-ray Astronomy mission (1987 – 1991). Japanese for
“galaxy”.

• GIS – Gas Imaging Spectrometer. See Ohashi et al. (1996). A type of detector on
ASCA. There are two GISs called GIS2 and GIS3.

• GSPC – Gas Scintillation Proportional Counter.

• Hakucho – Japan’s first X-ray Astronomy mission (1979 – 1985). Japanese for
“swan”.

• HEAO 1 – The first of NASA’s three High Energy Astrophysical Observatories
(1977 – 1979).

• HEAO 2 – The second of NASA’s three High Energy Astrophysical Observatories.
Pre-launch name for Einstein.

• HEAO 3 – The third of NASA’s three High Energy Astrophysical Observatories
(1979 – 1981). Survey mission operating in the hard X-ray and gamma-ray band.

• HEASARC – High Energy Astrophysics Science Archive Research Center. The
primary archive for high-energy astronomy missions, in the extreme ultraviolet, X-
ray and gamma-ray wavelengths.

• HET/HETG – High Energy Transmission Grating (Spectrometer) on Chandra.
The dispersed spectrum is normally read out by the ACIS-S.

• HEXTE – High Energy X-ray Timing Experiment. A type of detector on RXTE.
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• HRC – High Resolution Camera onboard Chandra. Contains two arrays: a square
for imaging (HRC-I) and a narrower strip, primarily for readout of the diffraction
gratings (HRC-S) especially LETG, and for high time resolution observations using
the central element of HRC-S only.

• LECS – Low Energy Concentrator Spectrometer. A type of detector on BeppoSax.
See Parmar et al. (1997).

• LET/LETG – Low Energy Transmission Grating (Spectrometer) on Chandra. The
dispersed spectrum is normally read out by the HRC-S.

• MECS – Medium Energy Concentrator Spectrometer. A type of detector onboard
BeppoSax. See Boella et al. (1997b).

• MERLIN – The Multi Element Radio Linked Interferometer Network is operated
by Jodrell Bank Observatory. See http://www.jb.man.ac.uk/merlin/.

• MOS – Metal Oxide Silicon. Two of the three EPIC detectors onboard XMM-
Newton are of the MOS type.

• NFI – Narrow Field Instruments onboard BeppoSax.

• Non-Thermal Emission – Emission with a spectral distribution that does not re-
produce the expected shape from a plasma in thermal equilibrium. Examples: syn-
chrotron emission, inverse-Compton emission,...

• OM – Optical Monitor onboard XMM-Newton.

• PCA – Proportional Counter Array. A type of detector on RXTE.

• PDS – Phoswich Detection System. A type of detector on BeppoSax. See Frontera
et al. (1997).

• PN – Detector type onboard XMM-Newton. A fully depleted PN CCD.

• PSPC – Position Sensitive Proportional Counter. A type of detector on ROSAT.

• RGS – Reflection Grating Spectrometer onboard XMM-Newton.

• RMF – Redistribution Matrix File. Common file extension for data files containing
information on the non-perfect detector properties. Neccessary to translate detec-
tor channels into energy bins. Sometimes combined with a ARF file into a single
response file (RSP).

• ROSAT – From the German word Röntgensatellit. German/British/US X-ray ob-
servatory (1990 – 1999). See http://wave.xray.mpe.mpg.de/rosat/ and
links on that website.

• RXTE – Rossi X-ray Timing Explorer (1995 – present).
See http://heasarc.gsfc.nasa.gov/docs/xte/.

• SAX – Italian for Satellite per Astronomia X. The pre-launch name for BeppoSax.
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• SIS – Solid-state Imaging Spectrometer. See Gendreau (1995). A type of detector
on ASCA. There are two SISs called SIS0 and SIS1.

• SNR – Signal-to-noise ratio.

• Suzaku – Japan’s fifth X-ray Astronomy mission. Recovery mission from the
ASTRO-E mission. Launched in 2005. Red sparrow like bird in Chinese mythology.

• Tenma – Japan’s second X-ray Astronomy mission (1983 – 1985). Japanese for
“Pegasus”.

• Thermal Emission – Emission from a Plasma that can be fully described by its
temperature. See Sect. 2.1.1, Page 15.

• VLA – Very Large Array (Napier et al. 1983). See http://www.vla.nrao.edu/.

• VLBA – Very Long Baseline Array. The VLBA is a national research facility,
funded by the National Science Foundation. See http://www.vlba.nrao.edu/.

• VLBI – Very Long Baseline Interferometry. See Kellermann and Moran (2001)
for a review on the history of VLBI

• Warm Absorber — This term, introduced by Halpern (1984), denote X-ray ab-
sorption by partially ionized, optically thin material, along the line of sight to AGN.
Most prominent are often the O VII and O VIII absorption edges at rest energies of
0.74 keV and 0.87 keV, respectively.

• XMM-Newton – X-ray Multi-Mirror Mission. ESA X-ray observatory (1999 –
present). See http://xmm.vilspa.esa.es/.

• XTE – The pre-launch name of RXTE.

• WFC – Wide Field Camera onboard BeppoSax.
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Agudo, I., Gómez, J. L., Gabuzda, D. C., Alberdi, A., Marscher, A. P., Jorstad, S. G.,
2002, Multi-frequency VLBI observations of the BL Lac 0735+178, in Proceedings of
the 6th EVN Symposium, p. 115

Akritas, M. G., Siebert, J., 1996, A test for partial correlation with censored astronomical
data, Monthly Not. Roy. Astron. Soc., 278, 919–924

Alef, W., Preuss, E., Kellermann, K. I., Gabuzda, D., 1998, Sub-milliarcsec Structure of
3C 111 at 0.7 and 3.6 CM, in ASP Conf. Ser. 144: IAU Colloq. 164: Radio Emission
from Galactic and Extragalactic Compact Sources, p. 129

Aller, M. F., Aller, H. D., Hughes, P. A., Latimer, G. E., 1999, Centimeter-Wavelength
Total Flux and Linear Polarization Properties of Radio-loud BL Lacertae Objects, As-
trophys. J., 512, 601–622

Aller, M. F., Aller, H. D., Hughes, P. A., 2003, Survey of Variability, in Astronomical
Society of the Pacific Conference Series, p. 159

Antonucci, R. R. J., 1986, Deep radio maps of BL Lacertae and 3C 446, Astrophys. J.,
304, 634–636

Argue, A. N., Kenworthy, C. M., Stewart, P. M., 1973, Optical Positions for 24 Radio
Sources, Astrophys. Let., 14, 99

Arshakian, T. G., Chavushyan, V. H., Ros, E., Kadler, M., Zensus, J. A., 2005, Radio-
optical scrutiny of the central engine in compact AGN, Memorie della Societa Astro-
nomica Italiana, 76, 35

Aschenbach, B., 1985, X-ray telescopes, Reports of Progress in Physics, 48, 579–629

Bach, U., Krichbaum, T. P., Ros, E., Britzen, S., Tian, W. W., Kraus, A., Witzel, A.,
Zensus, J. A., 2005, Kinematic study of the blazar S5 0716+714, Astron. & Astrophys.,
433, 815–825

315



Bibliography

Baker, J. C., Hunstead, R. W., Brinkmann, W., 1995, Radio and X-ray beaming in steep-
spectrum quasars, Monthly Not. Roy. Astron. Soc., 277, 553–560

Ballo, L., Maraschi, L., Tavecchio, F., Celotti, A., Fossati, G., Ghisellini, G., Pian, E.,
Raiteri, C. M., Tagliaferri, G., Treves, A., Urry, C. M., Villata, M., 2002, Spectral
Energy Distributions of 3C 279 Revisited: BeppoSAX Observations and Variability
Models, Astrophys. J., 567, 50–57

Bania, T. M., Marscher, A. P., Barvainis, R., 1991, Observations of local interstellar CO
toward four compact extragalactic radio sources, Astron. J., 101, 2147–2150

Bechtold, J., Siemiginowska, A., Aldcroft, T. L., Elvis, M., Dobrzycki, A., 2001, Chandra
Detection of X-Ray Absorption Associated with a Damped Lyα System, Astrophys. J.,
562, 133–138
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J., Strüder, L., Tiengo, A., Trifoglio, M., Trümper, J., Vercellone, S., Vigroux, L., Villa,
G., Ward, M. J., Whitehead, S., Zonca, E., 2001a, The European Photon Imaging Cam-
era on XMM-Newton: The MOS cameras : The MOS cameras, Astron. & Astrophys.,
365, L27–L35

335



Bibliography

Turner, T. J., George, I. M., Madejski, G. M., Kitamoto, S., Suzuki, T., 1995, ASCA and
ROSAT observations of NRAO 140 and IX Persei, Astrophys. J., 445, 660–665

Turner, T. J., Nandra, K., Turcan, D., George, I. M., 2001b, Tartarus-An ASCA AGN
database, AIP Conf. Proc. 599: X-ray Astronomy: Stellar Endpoints, AGN, and the
Diffuse X-ray Background, 599, 991–994

Turner, T. J., Mushotzky, R. F., Yaqoob, T., George, I. M., Snowden, S. L., Netzer, H.,
Kraemer, S. B., Nandra, K., Chelouche, D., 2002, Narrow Components within the Fe
Kα Profile of NGC 3516: Evidence of the Importance of General Relativistic Effects?,
Astrophys. J., 574, L123–L127

Ulrich, M., Maraschi, L., Urry, C. M., 1997, Variability of Active Galactic Nuclei, Annu.
Rev. Astron. Astrophys., 35, 445–502

Ulvestad, J. S., Wilson, A. S., 1984, Radio structures of Seyfert galaxies. VI - VLA
observations of a nearby sample, Astrophys. J., 285, 439–452

Ulvestad, J. S., Roy, A. L., Colbert, E. J. M., Wilson, A. S., 1998, A Subparsec Radio Jet
or Disk in NGC 4151, Astrophys. J., 496, 196
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