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Preamble

Since the early history of man, the sky and its celestial objects always attracted attention and
fascination to the human eye and it became a great task for mankind to explore and understand
their secrets over ages. This task is not over - rather the opposite is true. The first optical
instruments made it possible to explore the sky and to investigate its objects in more detail.
This smoothed the way for systematic studies of the optical sky and, as result, the beginning
awareness of the great variety of its physical phenomena.

In the thirties, Karl Jansky established the possibility to study the sky beyond the visible light
and thus opened the view of astronomy to the whole electromagnetic spectrum. It soon turned
out, that early optical astronomy is only one step towards the even more complicated, mysterious
and fascinating task to obtain an overall picture of the universe as nowadays observed across the
whole electromagnetic spectrum.

A class of objects, which today are classified as ‘active galaxies’ or more generally called Active
Galactic Nuclei (hereafter AGN) form one part of this overall picture. This kind of discrete
astronomical objects were the first to be observed outside the visible part of the spectrum -
strong extragalactic radio sources. Nowadays, a whole ‘zoo’ of different types of objects are
known to be active galaxies, which exhibit very peculiar and often extreme properties compared
to their ‘non-active’ counterparts. These properties involve extreme energetic phenomena in
the innermost core regions of these galaxies, which can not be linked to a stellar (i.e. fusion
powered) origin. A common characteristic is their broad spectral energy distribution (SED):
they usually exhibit extremely high luminosities across all wavelengths (from radio up to γ-
ray). A further characteristic is the often observed strong variability in their intensity across the
whole electromagnetic spectrum. The work done in the framework of this thesis is dedicated to
an extreme form of this variability frequently observed in a subclass of AGN: IntraDay Variability
(hereafter IDV) of compact Blazar cores in the radio regime. Although discovered about 15 years
ago, radio IDV is still under hot and controversial discussion, since a complete and consistent
explanation has yet to be found. The work presented here shall provide a further contribution
to shed light upon the mechanism in operation.
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1
Introduction

1.1 Active Galactic Nuclei and
Compact Blazar Cores

In 1943, Carl Seyfert observed a new class
of optical galaxies with the host galaxy still
visible (mostly spirals), but with an unusual
bright nucleus and strong emission features
in their optical spectra. According to the
appearance of broad (∼ 1000 km s−1) and/or
narrow (∼ 100 km s−1) emission lines these ob-
jects are known today as Seyfert type I or
Seyfert type II galaxies (Sey I, Sey II), respec-
tively. This was the starting point for the
discovery of several classes of such active ob-
jects. Hey et al. (1946) discovered the first
discrete radio source, the radio galaxy Cygnus
A, and together with improved instrumenta-
tion and large radio surveys soon more radio
galaxies were found. With a better knowledge
of their positions, these sources could subse-
quently be identified with their optical coun-
terparts (mostly elliptical galaxies) and thus
were found to be extragalactic (e.g. Bolton et
al. 1949). This implied already huge energy
densities in these objects due to the high lumi-
nosities and distances involved. The physical
origin of the radio emission was soon found to
be (non-thermal) synchrotron emission of rela-
tivistic electrons, which gyrate along magnetic
field lines.

In the late fifties, a new class of strong ra-
dio sources was found to be apparently con-
nected with bright and compact stellar ob-
jects on optical plates and was called quasars
(quasi-stellar radio sources). The subsequent
detection of highly redshifted optical emission
lines proved their origin to be extragalactic as

well (e.g. Schmidt 1963). Up to now, many
quasars have been detected of which only a
small part exhibits a strong counterpart in
the radio regime. This led to the distinc-
tion between radio-loud and radio-quiet ob-
jects. 3C273 is a typical example for a radio-
loud quasar. While its brightness in the ra-
dio regime is comparable to what was already
known from radio galaxies (e.g. Cyg A), its lu-
minosity in the optical band (∼ 1046 erg s−1)
exceeds that of a whole, normal galaxy by a
factor ∼ 104.

Today, a whole ‘zoo’ of active extragalac-
tic objects has been found (e.g. Sey I and II,
Fanaroff-Riley type I and type II radio galax-
ies (FR I and FR II), steep- and flat-spectrum
quasars, BL Lacs, LINERs etc.), all show-
ing somehow different properties and types of
activity. The enormous energy requirement
(∼ 1060 erg for radio sources like Cyg A) and
small dimensions of the emitting regions (con-
strained by variability studies to several light
weeks) opened controversial discussions about
the cause of its origin. Today it is generally
accepted that the only capable physical mech-
anism behind such energies is the release of
potential gravitational energy caused by the
accretion of matter onto an extremely massive
and compact object. In the standard model
the whole ‘zoo’ of active objects is believed to
be powered by an active galactic nuclei con-
sisting of a supermassive black hole of mass
107–109M� accreting matter. Figure 1.1 gives
a schematic view of the prevailing picture of
an AGN and its basic ingredients. The accre-
tion flow forms an accretion disk (AD), where

1
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jets
NLR

BLR

BH and AD

obscuring torus

BLAZARS

Figure 1.1— A sketch of the physical structure of
an AGN. Basic ingredients are: a supermassive black
hole (BH) and an accretion disk (AD) at the center.
Two relativistic plasma jets emerge from the nucleus
perpendicular to the disk and penetrate through the
broad line region (BLR), narrow line region (NLR)
and can travel deep into the intergalactic medium. A
molecular dust torus obscures the inner part. Depend-
ing on the viewing angle, the appearance and thus clas-
sification of an AGN depends strongly on its orienta-
tion to our line of sight. In this framework, jets of
Blazars are pointing close towards the observer.

angular momentum is transported outwards
by viscous friction and matter transported in-
wards. Further components of an AGN and
its surrounding are two kinds of gas clouds.
The broad line region (BLR) consists of clouds
in the local vicinity of the black hole, which
move extremely fast in its gravitational po-
tential and produce broad emission lines in the
optical spectra of AGN (as mentioned earlier).
The narrow line region (NLR) is the exten-
sion of the BLR towards larger distances (50–
100 pc) with slower gas clouds and is the origin
of the narrow emission lines. A molecular dust
torus (possibly the outer region of the accre-

tion disk) obscures the central system and is
inferred by the presence of an infrared-bump
in the SED of several AGN. Along the spin-
axis of the black hole, the acceleration and
ejection of material occurs (most likely by the
existence of a toroidal magnetic field frozen in
the rotating disk) perpendicular to the disk
forming a relativistic twin jet. Here, the syn-
chrotron emitting plasma travels with rela-
tivistic speeds outwards from the core along
two opposite channels through the BLR, NLR
and the interstellar medium of the host galaxy.
The beams finally terminate often deep in the
intergalactic medium (up to mega-parsec dis-
tances in the most extreme cases) and form
large radio structures (lobes and hot spots).
The earlier mentioned radio galaxy Cygnus A
is a prototype for such (powerful) AGN seen
edge-on.

Within the relativistic jet model, an impor-
tant feature is relativistic Doppler boosting of
synchrotron emission into the direction of mo-
tion. Together with the presence of a torus,
which obscures the nucleus (BLR and AD)
for certain viewing angles, the appearance and
thus identification of an AGN is consequently
expected to depend strongly on its orientation
relative to our line of sight. Therefore unifica-
tion schemes try to explain the variety of AGN
types with a few intrinsic “host populations”
seen at different angles (e.g. Urry & Padovani
1995). The basic parameters in modern unifi-
cation schemes are luminosity, viewing angle,
radio loudness and age.

This thesis concentrates on two types of
radio-loud AGN: flat-spectrum (core domi-
nated) radio quasars and BLLacs, often col-
lectively addressed to blazars. Within the uni-
fication scheme, blazars are the sources, where
the relativistic jet is pointing towards the ob-
server, thus we see the jet almost face on (see
Figure 1.1). Their host populations are most
likely the lower luminosity FR I (BL Lacs) and
powerful FR II radio galaxies (quasars). The
overall SED of blazars is usually non-thermal
and consists of two spectral components, the
first peaking in the IR through X-ray band
and the second in the γ-ray domain. The
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latter extends sometimes even into the TeV
band. While the first peak is produced via
synchrotron emission of the relativistic parti-
cles, the second peak is likely caused by in-
verse Compton scattering of soft photons by
the same electron population responsible for
the synchrotron emission. Among other char-
acteristic features (flat or inverted radio spec-
trum; unusual emission lines etc.), blazars are
extremely compact on milli-arcsecond (mas)
scale with a morphology dominated by the
strongly boosted and compact core emission.
Observed with Very Long Baseline Interfer-
ometry (VLBI), blazars usually appear unre-
solved, slightly resolved or show a core-(bent)
jet structure. Important characteristics are
their outstanding activity/variability across
the whole electromagnetic spectrum and su-
perluminal motion in their jets.

1.2 Variability of AGN

Since the discovery of quasars, variability
studies have proven to be an important tool
to investigate the emission process in AGN1.
Matthews & Sandage (1963) made the first
size estimates of the emitting regions apply-
ing causality arguments to the time scales
of variable optical intensities. Time scales
(known at that time) of weeks led directly to
small source sizes of only several light weeks
and immediately discarded a stellar origin of
the optical emission. The subsequent dis-
covery of month to year time scale varia-
tions in the radio regime by Dent (1965) and
Sholomitskii (1965) suggested similar small
source structures in radio sources and there-
fore high brightness temperatures and pho-
ton densities - higher than allowed by catas-
trophic cooling beyond the inverse Compton
limit. This led to the idea of bulk relativis-
tic motion in the jets of AGN (Rees 1967).
The subsequent development of VLBI could
confirm both, relativistic speeds in the jets
due to the detection of apparent superluminal

1Interestingly, the first radio source Cygnus A was
recognized by Hey et al. (1946) due to its radio vari-
ability. Later, this variability could be attributed to
scintillation in the Earth’s atmosphere.

motion, and compact source structures. As a
result, the ’brightness temperature problem’
could be solved in the framework of relativistic
Doppler boosting and the variability proved
to be intrinsic. Furthermore, long-term VLBI
studies revealed a close relation between struc-
tural changes in AGN (on pc-scale) and the
observed changes in their measured intensi-
ties.

Early observations in other regimes (e.g.
optical, X-ray, γ-ray) already revealed even
more rapid (days to hours) variability in
AGNs. This can be usually attributed to an
source-intrinsic origin. Heeschen (1984) un-
dertook very systematic studies to search
for short-term variations also at radio wave-
lengths. Low amplitude changes on time
scales of weeks (7–21 days) at 3.3 GHz were
detected in about 50 % of a large sample
of sources. This variability was found to
be limited to flat-spectrum sources, whereas
steep-spectrum sources did not show what was
called flickering. The conclusion was drawn
that sources with a flat spectrum are more
compact than those exhibiting a steep spec-
trum. In subsequent studies the origin of
the variations could be proven to be source-
extrinsic (Heeschen & Rickett 1987): due to
its galactic latitude dependence flickering is
most likely to be produced by scattering of
the radio emission in the galactic, interstellar
medium (ISM).

Intensive studies with the Effelsberg 100 m
telescope in the mid-eighties (and later with
the Very Large Array, VLA) by A. Witzel, D.
Heeschen and their collaborators established
the discovery of radio variability in blazars
on even shorter time scales of about one day
(Witzel et al. 1986, Heeschen et al. 1987).
Such intraday variability was found to be
present in about 30 % of these objects (Quir-
renbach et al. 1992, Kraus et al. 2003) and re-
vealed extremely tiny dimensions of the emit-
ting core regions. If the rapid variability is
intrinsic to the source, causality implies phys-
ical sizes of light days. With the recent detec-
tion of even faster sources (∼ 0.5 hours, e.g.
Kedziora-Chudczer et al. 1997), intrinsic IDV
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reveals even light hour physical sizes or nano-
arcsecond angular sizes. For that reason, IDV
poses fundamental problems to any theoreti-
cal interpretation due to excessive brightness
temperatures. Hence, the cause of the vari-
ations seen in IDV sources (hereafter IDVs)
is still controversial with major claims being
made for either (i) a source intrinsic or (ii) ex-
trinsic origin due to scattering in the ISM sim-
ilar to the phenomenon of flickering or pulsar
scintillation.

1.3 Scope of this Thesis

Although radio IDV was already discovered
about 15 years ago and intensive observa-
tional and theoretical studies were performed
to provide a complete description of the phe-
nomenon, it still asks for a final explanation.
The present situation suggests a complicated
mixture of both, source intrinsic and extrin-
sic effects. However, there is increasing ev-
idence for interstellar scintillation (ISS) to
play the major role at least in the “extreme”
IDV sources. One has to note, that the in-
volved sizes of blazar cores are sufficiently
small to scintillate in the ISM. For this rea-
son scattering can be expected to be always
present. Hence, the main questions in the con-
text of radio IDV can be summarized as: (i) is
there an intrinsic contribution to radio IDV at
all ? (ii) can we clearly identify ISS in all IDV
sources and thus confirm the extrinsic origin
and model all features of IDV with ISS ? (iii) if
IDV is indeed a mixture of both effects, can we
disentangle those and find a consistent combi-
nation of both to fully explain the observed
phenomenae ?

The work presented here should be regarded
as a further contribution to shed some light
on the physical mechanism in operation. In
order to find (to some extent) answers to the
questions above, a few new approaches have
been followed in this work.

The first part of this thesis is dedicated to
a new phenomenon in IDV studies. In the
most extreme IDVs, the annual modulation of
the radio variability has attracted a lot of at-
tention. A scattering model, which takes the

Earth’s motion with respect to the scattering
medium into account, can nicely explain this
feature and clearly identifies ISS as origin of
the IDV seen in these sources. In order to
detect such seasonal cycles also in “normal”
IDV sources, a new Effelsberg monitoring pro-
gram over a period of about two years was
carried out. Three sources were examined for
this purpose, while our studies concentrated
on the quasar 0917+624 where such effect was
already suggested earlier (Rickett et al. 2001,
Jauncey & Marquart 2001). Parallel to the
Effelsberg observations, a VLBI monitoring of
this source was performed aiming the investi-
gation of intrinsic structural changes and their
influence on the IDV behavior.

The search for an intrinsic contribution to
the IDV pattern is a further subject of this
thesis. Here, high frequency observations are
of particular importance. Due to its frequency
dependence, ISS should vanish with increas-
ing frequency and an intrinsic contribution (if
present) should show up in the mm- and sub-
mm regime. In September 1998, the BL Lac
0716+714 showed 20 % peak-to-peak varia-
tions during 48 hours of observations with Ef-
felsberg at 32 GHz (Krichbaum et al. 2002,
Kraus et al. 2003). This was the first detec-
tion of IDV at mm-wavelengths. Motivated by
these findings, a new project has been started
to search for IDV at 32 and 345 GHz in a small
sample of IDV sources. In this framework,
the multi-frequency results for one particular
source, J1819+3845, are investigated in view
of ISS.

A totally new approach is the attempt to di-
rectly detect the required scattering material
in front of intraday variables. The presence of
a screen of ionized material in the ISM of our
Galaxy responsible for ISS had been suggested
many years ago. Until now, only indirect hints
do exist and no attempts were performed to
directly detect the medium along the line of
sight. The possibility of a direct search for the
required material is introduced. Along with
the investigation of a possible connection be-
tween source positions and particular ISM fea-
tures, first spectral line observations towards
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IDV sources are presented.
This thesis is structured as follows. The

subsequent chapter gives an introduction to
IDV and the theoretical models proposed to
explain the phenomenon. It shall provide a
short summary of the present situation. The
following chapters are organized in three ma-
jor parts: Chapters 3 to 5 are dedicated
to our annual modulation studies contain-
ing a description of the model, our long-
term IDV monitoring with Effelsberg and the
parallel VLBI-monitoring of the main target
0917+624. In Chapter 6, the high-frequency
approach is presented. The attempt to search
for the scattering medium in the local ISM is
the subject of Chapter 7. Along with sugges-
tions for future work, Chapter 8 summarizes
the results and the conclusions.

1.4 Conventions

The following conventions were followed
throughout this thesis:
(i) A spatially flat universe was assumed
with the cosmological parameters measured by
the Wilkinson Microwave Anisotropy Probe
(WMAP) of H0 = 71 km s−1 Mpc−1, Ωm =
0.27, and ΩΛ = 0.73 (e.g. Bennett et al.
2003).
(ii) The spectral index α is defined as S ∝
ν−α.
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2
Introduction to IDV - Theory versus

Observations
In the radio regime, the flickering of extra-
galactic radio sources on time scales of weeks
was addressed to interstellar scattering in our
Galaxy (Heeschen & Rickett 1987). In con-
trast, flux density outbursts on time scales of
months to years have been observed in the ra-
dio as well as other regimes (e.g. mm, optical)
since decades. Such flares are often clearly
accompanied by the ejection of new VLBI
components in the innermost regions of these
sources. Shock-propagation in the jets emerg-
ing from the nucleus is generally believed to
be the origin of such activity (e.g. Valtaoja et
al. 1992).

The situation for the observed rapid intra-
day variations is somehow more complicated
and still under debate (see Wagner & Witzel
1995 for a review). Here, intrinsic as well as
extrinsic explanations were proposed, whereas
the observational situation suggests a compli-
cated mixture of both effects. The follow-
ing chapter shall provide a short introduction
to intraday variability in the radio regime.
The observational properties of the IDV phe-
nomenon will be presented in comparison with
the theoretical models trying to explain IDV.

2.1 Observational Appearance of
Intraday Variability

Radio intraday variations could be established
as a frequent phenomenon in compact radio
cores through independent observations with
different telescopes or truly simultaneous ob-
servations of constant calibrators. These ob-

servations have clearly demonstrated the reli-
ability of IDV, showing changes in amplitude
and polarization on time scales of hours to
two days (e.g. Witzel et al. 1990). More
detailed investigations revealed two types of
IDV. They are classified by the so-called first-
order structure function SF (τ) of the ob-
served light curves (Heeschen et al. 1987).
Such time series analysis led to the distinc-
tion between changes on scales significantly
longer than ∼ 50 hours (type I - IDV) and vari-
ability with time scales less than ∼ 50 hours
(type II - IDV). Observations of a larger sam-
ple of sources deduced from the S5-radio cat-
alog (Kühr et al. 1981a, 1981b) led to the sta-
tistical conclusion that about 30 % of compact
blazar cores can be expected to exhibit the
faster type II - IDV (Quirrenbach et al. 1992,
Krichbaum et al. 1992, Quirrenbach et al.
2000, Kraus et al. 2003).

The type of the observed object is impor-
tant for the occurrence of IDV. Nearly with-
out exception, intraday variations appear only
in compact, flat-spectrum BL Lacs and core-
dominated quasars containing at least ∼ 80 %
of their source total flux in the central region.
The more extended, typical core-jet, steep-
spectrum sources do not show such rapid vari-
ations. Due to the small viewing angles to-
wards these objects this indicates that com-
pactness plays an important role in the IDV
phenomenon.

The appearance of IDV in the observed light
curves can be summarized as follows: radio

7
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Figure 2.1— A typical example: IDV in the quasar 0917+624 at 5 GHz (Kraus 1997). From top to bottom are
shown total and polarized intensity and polarization angle. Note the short time scale of 0.3 days of the variations
and the anti-correlation of total and polarized flux density (top, center). In polarized light the variability amplitude
exceeds a factor of 2, whereas in total intensity the relative variability is 10−15 %. The polarization angle displays
strong variations on scales of up to 80◦.

IDV reveals rapid flux density variability as
well as strong variations in the polarization of
the emission. An important quantity is the
modulation or variability index m I,P of total
power I and polarized flux P

mI, P [%] = 100 × σS

< SI, P >
, (2.1)

which can be directly derived from the ob-
served light curves. σS is the rms flux den-
sity variation and < SI, P > the average of
the total flux density I or polarized flux den-
sity P over time, respectively. The variabil-
ity amplitudes appear to differ from source

to source. While mI typically ranges between
5−10 % (e.g. Quirrenbach et al. 2000, and ref-
erences therein), the variability index mP in
polarized light is more pronounced and can ex-
ceed 100 %. The polarization angles typically
vary by up to a few ten degrees, but occasion-
ally can show ‘flips’ by 180◦. For most known
IDV sources, the intensity and polarization
variations are correlated and appear as ‘quasi-
periodic’ oscillations. A typical example for a
source showing pronounced IDV is displayed
in Figure 2.1. During this period in June
1993, the light curves of the quasar 0917+624
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showed variability on time scales of 0.3 days
and amplitudes of 10−15 %, while also higher
values were observed at other epochs. The
variations of total power and polarization plot-
ted in Figure 2.1, however, appear to be anti-
correlated. The largest amplitudes in the S5-
radio sample were found in 0804+499. Here,
Quirrenbach et al. (1992) reported variations
on a 35 %-level at 6 cm wavelength.

An important observational result in view of
theoretical interpretations is the fact that mI

varies over a broad range of radio frequencies.
Figure 2.2 displays multi-frequency observa-
tions of 0917+624 in May 1989 during a co-
ordinated campaign with the Effelsberg 100 m
and the participation of the Very Large Array
(VLA) (Witzel et al. 1990). The data mea-
sured between 2 and 20 cm wavelengths reveal
strong variations in all wave bands. Individ-
ual maxima and minima are visible through-
out all frequencies without substantial time
lag. In addition, changes in variability am-
plitude are clearly seen. Here, mI peaks at
λ11 cm and decreases systematically towards
both, higher and lower frequencies. The small-
est amplitude appears at λ2 cm and is reduced
by a factor of ∼ 3. At these shorter wave-
lengths more fine structure is seen. Such be-
havior (also with different peak-frequencies at
different epochs) was observed in other sources
and sometimes with an additional increase of
the variability amplitude towards higher fre-
quencies. This behavior is of particular inter-
est in order to discriminate between different
theoretical models trying to explain IDV.

Examples of sources with the highest am-
plitudes found today are the “extreme” IDV
sources PKS0405−385, PKS1257−326 and
J1819+3845 (e.g. Kedziora-Chudczer et al.
1997, Bignall et al. 2003, Dennett-Thorpe &
de Bruyn 2000). Variations by a factor of three
or more on time scales of only ∼ 0.5 hours are
common in these extremely compact (point-
like) quasars. Due to such extraordinary prop-
erties they may form a new, the most extreme
class of IDV- type objects.

Not only the strength of variability varies
depending on source, observing date and fre-

Figure 2.2— Multi-frequency observations of the
quasar 0917+624 during a coordinated campaign with
the Effelsberg 100 m RT and the VLA (plot by A.
Kraus, priv. comm.). From top to bottom (note the
different scale): total power at 20 cm (VLA), 11 cm
(Effelsberg), 6 cm (Effelsberg), 3.6 cm (VLA) and 2 cm
(VLA). All bands show marked variability with no in-
dication of substantial time lags between the individ-
ual extrema at different wavelengths. Note the pro-
nounced variability amplitude at λ11 cm and the de-
crease of mI towards both, higher and lower frequen-
cies.

quency. Also the variability time scale tvar

appears to vary. Transitions between differ-
ent IDV modes at the same observing fre-
quency and between different wavebands were
observed: in the case of the BLLac object
0716+714, a transition from a mode of daily to
weekly variations (∆t = 1 → 5 days) occurred
simultaneously in the radio and optical regime
(Quirrenbach et al. 1991, Wagner et al. 1993).
Furthermore a strong correlation between ra-
dio spectral index and optical flux is observed.
Figure 2.3 displays the mentioned observing
campaign. In the 4.8 GHz light curve a four
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Figure 2.3— Correlated radio-optical IDV in the
BL Lac object 0716+714 (taken from Wagner & Witzel
1995). Top: Variations at 5 GHz are shown, below at
R-band. Note the increase of the variability amplitude
from about 10 % in the radio to 40 % in the optical and
the mutual transition from a fast quasi-periodic vari-
ability mode to slower variations after J.D. 2447929.
Bottom: The fast variability mode in 0716+714 dur-
ing TJD=7925-7929. This is an enlargement of the
previous figure. From top to bottom the variations at
5 GHz, 8 GHz, of the spectral index α5/8 GHz and the
optical R-band are shown. The good correlation of ra-
dio spectral index with optical flux density is evident.

day period of daily quasi-periodic variability
is accompanied by a jump to slower varia-
tions after J.D. 2447929. Similar changes in
the time scale were observed also in other
sources. For example, the fast and rapid vari-
ations of the quasar PKS0405−385 were ob-
served to be episodic (Kedziora-Chudczer et
al. 1997). In 0917+624, variability (time scale
0.8−1.6 days) was seen at cm-wavelengths over
many years (1986−1998). The variations sud-
denly slowed down in September 1998, but the

previous fast variability mode was recovered in
February 1999 (Kraus et al. 1999)1.

Also in the most extreme IDV sources,
PKS1257−326 and J1819+3845, similar
changes of tvar are seen during the last years.
Here, the variability time scale shows a mod-
ulation with the observing day throughout a
year. More detailed investigations of such
‘seasonal cycles’ are part of this thesis and will
be presented in Chapters 3−5.

Attempts to directly relate flux density vari-
ations with structural variations in the source
itself on VLBI-scales were performed in a few
cases. While total intensity maps of IDV
sources do not show evidence for convincing
changes on such short time scales, polariza-
tion IDV seems to be more common: Gabuzda
et al. (2000a, 2000b) reported daily polariza-
tion variations (polarized flux and polarization
angle) in the VLBI structure of 0716+714,
0917+624 and 0954+658. Here, the locations
of the polarization variations in the sources
are different, either in the VLBI-core itself
or in the innermost VLBI jet. However, up
to now only structural position variations of
VLBI components on time scales of weeks have
been observed. New space-VLBI observations
of the type I IDV source 2007+77 by Krich-
baum et al. (2000) show structural changes
on a two weeks time scale. This leads to ap-
parent velocities in the innermost region of up
to 21 c (see Figure 2.4). In the framework of
intraday variability the detection of such high
or even higher velocities are of particular im-
portance to relax the intrinsic ’high brightness
temperature problem’ discussed later.

Further observational constraints on the dif-
ferent interpretations for IDV come from cor-
related or anti-correlated rapid variations in
the images of gravitational lens systems. Here,
Biggs et al. (2001) detected flux changes on
a time scale of a few days correlated in both
images of the lens system B0218+357.

The detection of time delays between the
variability patterns observed simultaneously

1More recently (in the framework of this thesis),
even a stop of strong IDV was observed in this source
(Fuhrmann et al. 2002, see Chapter 4).
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Figure 2.4— Structural variation in 2007+77 at
5 GHz. Displayed are 3 different epochs observed
with VSOP (Krichbaum et al. 2000). The first two
epochs are separated by two weeks, the last two by
1.5 years. Depending on the identification of the com-
ponents the derived apparent velocity is given within
7c≤ βapp ≤ 21c

at different telescopes has proven to be an
important tool to investigate the ISS ori-
gin of IDV. For the highly variable sources
PKS0405−385 and J1819+3845 (Jauncey et
al. 2000a, Dennett-Thorpe & de Bruyn 2002)
significant time lags were found which were
used to determine the transverse velocity of
the scattering medium.

The appearance of IDV at higher radio fre-
quencies plays a key role in IDV studies in
order to discriminate between the different
theoretical models. Owing to the difficulty
of obtaining well enough calibrated flux mea-
surements in the mm-regime, the attempts
to search for IDV at these wavelengths are
sparse. Here, the main aim is to trace the
modulation index mI towards higher frequen-
cies, which holds the potential to exclude
an extrinsic origin as sole explanation for
IDV. In 1998, Wagner et al. suggested the
existence of mm-IDV for PKS0405−385 us-
ing the Swedish ESO Submillimeter Telescope
(SEST) in Chile. Figure 2.5 shows the detec-
tion of flux density variations with amplitudes
of more than 50 % at 230 GHz. New evidence
for the presence of mm-IDV comes from flux
density measurements of 0716+714 performed

by Kraus et al. (2003) (see also Krichbaum et
al. 2002) using the Effelsberg 100 m telescope.
The first clear detection of significant IDV at
32 GHz in September 1998 suggests variations
with time scales of ∼12 hours on a 20 %-peak-
to-peak level (see Figure 6.2 in Chapter 6). In
order to confirm such mm-IDV, new observa-
tions with Effelsberg (32 GHz) and the Hein-
rich Hertz Telescope (HHT) (345 GHz) were
performed in the framework of this thesis and
will be presented in Chapter 6.

Finally, important in the context with the
observational appearance of IDV are the so-
called Extreme Scattering Events (hereafter
ESEs). They show up as dramatic flux den-
sity variations at Gigahertz frequencies and
were first detected by Fiedler et al. (1987) for
the IDV-BL Lac 0954+658. Such events usu-
ally occur on time scales of weeks to months
and are characterized by a deep flux mini-
mum in the light curve often accompanied
by surrounding maxima. Fiedler et al. ex-
plained such events as due to strong scatter-
ing of the emission from the extragalactic ob-
ject by isolated structures (plasma inhomo-
geneities,“plasma lenses”) in the interstellar
medium along the line of sight. In March
2000, an even faster ESE appeared in the light
curves of 0954+658 during an IDV monitoring
project at the 100 m telescope. Here, however,
it occurred extremely rapid on a time scale of
less than two days (Cimó et al. 2002a) and
led to a related size of the refracting structure
of ∼ 0.04 AU.

2.2 Theoretical Problems of IDV

Nowadays, intraday variations are observed
throughout the whole electromagnetic spec-
trum (see Wagner & Witzel 1995 for a review).
In the optical to γ-ray bands, variations on
time scales ≤ 1 day pose no severe problem
within a source intrinsic interpretation. In the
radio bands, however, these short time scales
imply a violation of the inverse Compton limit
as described in the following.
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Figure 2.5— 230 GHz flux density variations of PKS0405-385 in July 1993 observed with SEST. Wagner et al.
1998 suggested high frequency IDV on a time scale of two days.

2.2.1 Variability and Source Size: The
Causality Argument

The main problem in understanding the phys-
ical cause of IDV comes from the short time
scales of the variations itself. Using causal-
ity arguments, these fast variations imply ex-
tremely small source sizes: If the variations
are intrinsic to the source, an upper limit for
the size of the emitting region follows from
the light-travel-time argument. An intrinsic
process (illumination) propagates through a
region with diameter d introducing a maxi-
mum in the light curve lasting for the time
∆t. Following the theory of relativity noth-
ing can travel faster than the speed of light c
and the linear size of the emitting region d is
limited to

d ≤ c∆t . (2.2)

Taking into account the relation between the
linear size d and the angular extend θ

d = DA θ =
DL

(1 + z)2
θ , (2.3)

the maximum angular extend of a variable
component can be estimated using the mea-
sured time scale. Here, z is the redshift of the
source and DA the cosmological angular diam-
eter distance. For a flat universe (Ωm + ΩΛ =
1), the cosmological luminosity distance DL

can be approximated by (Pen 1999):

DL =
c

H0
[z + (1 − 3

4
Ωm)z2 (2.4)

+ (9Ωm − 10)
Ωm

8
z3 + ... ] .

Using equations 2.2 and 2.3 leads to

θ ≤ (1 + z)2

DL
c∆t (2.5)

and the maximum angular size of a variable
component (with the observed time scale ∆t)
in useful units is given by

θmax = 0.173 [mas]
(1 + z)2 ∆t [d]

DL [Mpc]
. (2.6)

Here, the angular size θmax, the time scale
∆t and the luminosity distance DL is given
in milli-arcseconds [mas], days [d] and mega-
parsec [Mpc], respectively.

The light curve of 0917+624 shown in Fig-
ure 2.1 provides a typical example. Using the
cosmological parameters measured by WMAP
of H0 = 71 km s−1 Mpc−1 and Ωm = 0.27,
the observed time scale ∆t=0.3 days yields
a maximum angular size of only 0.03 µas
at a redshift of z =1.446. Thus, IDV stud-
ies in principle provide an angular resolution
much higher than achieved with present ra-
dio telescopes2, including Space- and mm-
VLBI. While present resolutions are accessi-
ble on scales ∼ 50−300 micro-arcsecond, vari-
ability studies nowadays offer nano-arcsecond
structures for the most IDVs, in particular, for
the extreme IDV sources. Note that even if the
variations are not intrinsic and the causality

2About 40 years ago, the discovery of variable struc-
tures on time scales of months to years and related
physical sizes of light months to light years (using the
causality argument) led directly to the development of
VLBI.
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argument does not apply, angular sizes derived
from interstellar scintillation must be smaller
than a few tens of micro-arcseconds.

2.2.2 The Brightness Temperature of a
Variable Component

The maximum angular sizes can be used to es-
timate the brightness temperature of the emit-
ting region. Taking into account an emitting
component with Gaussian brightness distribu-
tion and angular diameter θ, the brightness
temperature can be expressed as (e.g. Kraus
1997):

TB = 1.22 · 1012 S

θ2ν2
. (2.7)

Together with equation 2.6 for the maximum
angular size of a variable component, equa-
tion 2.7 yields a ’variability brightness tem-
perature’ in Kelvin [K] for a variable source
structure with variability amplitude ∆S,

TB = 4.5 · 1010∆S

(

λDL

∆t(1 + z)2

)2

, (2.8)

expressed in useful units of flux density S [Jy],
wavelength λ [cm], luminosity distance DL

[Mpc] and time scale ∆t [d]. It immediately
becomes clear that IDV time scales reveal
apparent brightness temperatures as high as
1021 K for the most extreme variable sources.
Taking the previous example of 0917+624,
equation 2.8 yields a brightness temperature
of TB = 7.79 × 1018 K for the variations seen
in Figure 2.1 (∆S=0.14 Jy).

2.2.3 The Inverse Compton Problem

Such high values of TB observed in IDV blazar
cores imply a violation of the inverse Comp-
ton (IC) limit. The involved mechanism is
the catastrophic cooling of the relativistic elec-
trons due to IC scattering beyond a maximum
brightness temperature limit of 1012 K (Keller-
mann & Pauliny-Toth, 1969): IC scattering of
the synchrotron radiation field from radio into
the X-ray regime by the emitting electrons
leads to dramatic energy losses. This effect
is strongly temperature dependent and limits

the brightness temperature of observed radio
sources to a certain value Tmax. This becomes
clear by taking the ratio of inverse Compton
radiation LC to synchrotron radiation LS into
consideration. LC/LS consists of a first order
(∼ (Tmax/10

12)5) and a second order scatter-
ing term (∼ (Tmax/10

12)10). For temperatures
of Tmax < 1011 K, the ratio LC/LS becomes
< 1. When the temperature exceeds 1012 K,
so Tmax > 1012 K, the second order scattering
term becomes important and

LC/LS ∼ (Tmax/10
11)10 . (2.9)

In such conditions, brightness temperatures in
excess of 1012 K lead to catastrophic IC cool-
ing and the brightness temperature decreases
to a value below 1012 K, where IC and syn-
chrotron losses are of the same order. For a
maximum brightness temperature of ∼ 1011 K
at 1 GHz, the half-life of the emitting elec-
trons is about 104 years. In contrast, an in-
crease of Tmax towards 1012 K leads to a half-
life of about 1 day and decreases with the −7th

power of Tmax.
The strong dependence of Compton scatter-

ing on Tmax implies that TB can not be dra-
matically higher than 1012 K except for very
short periods after an observed radio outburst
(where IC is expected to provide a signifi-
cant contribution to the X-ray flux). Here,
Slysh (1992) discussed the possibility of tran-
sient periods with TB ’s greatly exceeding the
IC limit (∼ 1015 K) due to non-stationary pro-
cesses and particle acceleration (compensation
of the IC losses). In any case, the violation
of the IC limit by several orders of magni-
tudes poses substantial problems for any theo-
retical interpretation. Each theoretical model
trying to explain IDV has to overcome this
‘high brightness temperature problem’. The
different approaches will be introduced in the
forthcoming sections with particular emphasis
on the observational situation.

2.3 Intrinsic Explanations

All attempts to explain IDV and the con-
nected high brightness temperatures intrinsic
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to the source rely mainly upon the relativistic
jet model introduced in the first chapter. The
different explanations can be divided into two
classes related to the involved radiation pro-
cess, each containing “subclasses” with differ-
ent physical assumptions.

2.3.1 Beaming in relativistic Jets

Early variability studies indicated already a
violation of the IC limit due to the high TB ’s
deduced from the months- to years variability
discovered in compact radio sources. In ad-
dition, early VLBI observations have shown
that the compact radio emission can be re-
solved into a series of discrete “knots” mov-
ing in an often only one-sided jet on pc-
scales. These knots were found to separate
from an apparently stationary, synchrotron
self-absorbed core with speeds greater than
the speed of light. This apparent superlu-
minal motion as well as the observed high
TB ’s could successfully be explained within
the (today generally accepted) relativistic jet
model. Here, the knots are relativistically
moving features in a collimated flow of syn-
chrotron emitting plasma at small angles to
the line of sight (e.g. Blandford, McKee, and
Rees 1977, Blandford & Königl 1979). An im-
portant consequence is that relativistic effects
are involved which change the appearance
of important parameters of the source. For
example, the synchrotron radiation pointing
towards the observer gets Doppler boosted,
while receding radiation gets de-boosted. The
Doppler factor

D =
1

Γ(1 − β cos θ)
, (2.10)

with the bulk Lorentz factor Γ = 1/
√

1 − β2,
the angle θ between the direction of motion
and the line of sight, and the velocity in units
of c, β = v/c, relates the quantities in the
observers frame with those in the comoving
frame (e.g. Rybicki & Lightman 1979):

Sobs =

(

D

1 + z

)3−α

· S (2.11)

νobs =
D

1 + z
· ν

tobs =

(

D

1 + z

)−1

· t

The factor D3−α with spectral index α is
strictly valid for an isotropically emitting blob
moving in the jet flow. This dependence is
reduced to D2−α for a continuous jet. The
resulting amplification (reduction) of an ap-
proaching (receding) synchrotron jet close to
the line of sight can be dramatic and natu-
rally explain the one-sidness of compact ra-
dio sources. Other quantities become Doppler
shifted as well. The frequency in the observers
frame appears higher and the observed time
scale is shortened.

Together with equation 2.8 for TB of a vari-
able component, the transformation of the flux
density given in equation 2.11 yields the rela-
tion between the observed and intrinsic bright-
ness temperature. For flat-spectrum sources
(α ' 0), it follows

T obs
B '

(

D

1 + z

)3

· TB . (2.12)

Thus, in order to explain the excessive bright-
ness temperatures of up to 1021 K deduced
from IDV, Doppler factors as high as 100–
1000 are required to bring the apparent val-
ues down to the IC limit of 1012 K. Taking
as example 0917+714, a Doppler factor of
D = 267 is needed to reduce the observed
TB = 7.79 × 1018 K to the required 1012 K.
In contrast, the superluminal speeds usually
observed in the jets of compact radio sources
allow for Doppler boosting of the order 10–
20 (e.g. Witzel et al. 1988, Kellermann et
al. 2000). Even the most extreme speeds ob-
served with VLBI so far, vapp ≈ 40 c (Marscher
et al. 2000), can only explain moderate values
of D.

The situation becomes even more extreme,
when following the arguments of Begelmann,
Rees & Sikora (1994). Relativistic jets emit-
ting with a surface brightness of 1012 K are ra-
diatively inefficient. They should carry their
high energy as bulk motion over long distances
which is not observed. Therefore, Readhead
(1994) suggested that incoherent synchrotron
jets emit at a brightness temperature where
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magnetic energy and particle energy are in
equipartition: TE ∼ 2 × 1011 K. This condi-
tions would even enlarge the values for D given
earlier by a further factor 2–3. In addition,
the maximum synchrotron emissivity of rel-
ativistic jets radiating at the inverse Comp-
ton limit sets an upper limit for the Doppler

factor: D ∼ T
−1/4
B U7/16 (Begelmann, Rees &

Sikora 1994). Here, the kinetic energy flux
requirement U becomes uncomfortably high -
comparable to the total power of the source
for Doppler factors > 100 (for T obs

B ∼ 1018 K).

In summary, relativistic Doppler boosting
alone is not able to explain IDV intrinsically.
Several models based upon relativistic jets
with additional physical assumptions were de-
veloped in order to overcome the afore men-
tioned problems. These models will be shortly
introduced in the following sections.

2.3.2 Shock-in-Jet- and Geometrical
Models

The earlier mentioned discrete “knots” found
in the jets of quasars and BL Lacs are usu-
ally interpreted as shocks propagating down
the jet. In this picture, the knots are sup-
posed to be the “hot downstream regions” of
these shocks along the jet. The often observed
month- to years variability (“outbursts”) in
the cm- and mm light curves of these sources
could successfully be explained within such
shock-in-jet models (Marscher & Gear 1985,
Valtaoja et al. 1988, Hughes et al. 1989a,
1989b). The latter authors show that both,
the appearance of VLBI maps of superlumi-
nal sources (and their components) and the
characteristics of total and polarized flux out-
bursts are likely be associated with the prop-
agation of one or a series of closely spaced
shocks. In this framework, the adiabatic com-
pression of particles and fields can lead to a
strong increase in flux density. Its spectral and
temporal evolution is characterized by three
stages, the Compton, synchrotron and adia-
batic phase. Its maximum (at the turnover
frequency) propagates from high to low fre-
quencies, whereas its amplitude increases in
the first two stages and finally decreases in

the third phase. A great success of this model
is the “natural” explanation of polarization
variations. While on kpc-scales the magnetic
fields in these jets are suggested to be slightly
ordered along the jet flow (e.g. Roberts et
al. 1990), its orientation is mostly random in-
side the jet. A strong compression due to a
passing shock front tends to order these mag-
netic fields perpendicular to the flow direction.
In addition to an outburst in synchrotron ra-
diation (and therefore in total flux density),
the compression will produce a substantial in-
crease of the polarized emission. In this frame-
work, multi-component models (two or more
close shock fronts) have been invoked to ex-
plain the often larger and more rapid variabil-
ity in polarization compared to total intensity.
Furthermore, rapid polarization angle varia-
tions can be expected for a shock changing its
orientation with respect to the jet direction
when moving in a helical jet structure (e.g.
Königl & Choudhuri 1985).

Owing to the success of these models for
long-term radio variability, it was natural to
apply them to IDV time scales. Many theo-
retical efforts have been made to fine-tune the
above (or similar) models and to account for
particular features seen in IDV light curves
(e.g. quasi-periodicity, (anti-) correlations
between S and P, spectral changes). Different
physical assumptions led to different kinds of
jet-based models trying to explain IDV, such
as:

(i) Interaction between relativistic shocks and
small scale inhomogeneities or turbulences in
the jet (Qian et al. 1991, Marscher 1992),
(ii) Small changes (due to a swinging or
oscillating jet) in the viewing angle of shocks
inside a relativistic jet (Gopal-Krishna &
Wiita, 1992),
(iii) Modified shock-in-jet model, where a
shock moves in a magnetically confined jet
with oscillating jet width (Qian et al. 1996),
(iv) Lighthouse effect: helical motion of
superluminal knots in highly collimated jets
(Camenzind & Krockenberger 1992),
(v) Electron-sheets propagating through
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oblique standing shocks in jets (Spada et al.
1999),
(vi) Relativistic aberration due to anisotropic
radiation of a shock moving in a slightly
curved jet (Qian et al. 2000).

In the model of Qian et al. (1991), the time
scale, tvar, of variability produced in a shock-
in-jet model is directly related to the distance
traveled by the relativistic shock along the jet
between two extrema in the light curve. In
order to scale the usually longer time scales
down to IDV time scales, this corresponds
to spacial scales of less than ∼ 0.2 pc in the
jet (for reasonable values of Γ and D of the
shock). This may reflect the inhomogeneities
in the electron density and/or magnetic field
distribution along the jet. Consequently, Qian
et al. (1991, model (i)) proposed a two compo-
nent model: a moving thin shock component
which illuminates these inhomogeneities in the
underlying, stable jet component close to the
line of sight. Using this assumption, all char-
acteristic features in the multi-frequency IDV
of 0917+624 could be explained (total and
polarized flux variability, anti-correlation and
polarization angle swing, spectral evolution).
In particular, the TB-problem is solved. The
size of the emitting region is now determined
by the shock thickness and the jet radius and
can be much larger than the source size deter-
mined by causality arguments. Thus, boost-
ing factors matching the observed values are
sufficient to reach 1012 K.

Other characteristic features seen in IDV-
light curves require modifications and/or ad-
ditional assumptions. In order to explain the
particular features seen during the correlated
radio-optical variations in 0716+714, (e.g. the
behavior of radio spectral index and optical
variations), Qian et al. (1996, model (iii))
proposed a modified shock-in-jet model with a
special geometry. Here, the shock propagates
through a magnetically confined jet with os-
cillating jet width. The authors find for small
angles to the line of sight a D5 scaling rather
than the usual D3 for TB.

Other models include modifications due to

geometrical effects (e.g. models (ii), (iv) and
(vi)). In addition to intrinsic changes of the
flux as assumed in the previous cases, intrinsic
IDV can be produced by temporal changes of
the viewing angle for θ . 1/Γ. If, for example,
the shock (or knot) moves along a curved, he-
lical or swinging jet close to the line of sight,
θ is time dependent and the Doppler factor
changes with time:

D(t) =
1

Γ(1 − β cos θ(t))
. (2.13)

This leads to temporal changes of the flux
density in the observers frame (“lighthouse
effect”). Taking into account equation 2.11,
changes of ∆θ result in changes of the observed
flux density of the order (Kraus 1997):

∆S

S
≤ mΓ∆θ , (2.14)

where m denotes the exponent of the Doppler
factor in equation 2.11. Thus, small changes
of ∆θ ∼ 0.5◦ can produce variability of a few
10 % for reasonable values of Γ.

Due to relativistic aberration, radiation
emitted in the plane of the shock with a view-
ing angle θ(t) would then appear to arrive at
the observer at a time dependent angle θ ′(t):

θ′(t) =
cos θ(t) − β

1 − β cos θ(t)
. (2.15)

In addition to the changes introduced by the
Doppler factor D(t), changes in the aberration
angle θ′ can produce strong variations, espe-
cially in the polarized emission.

In summary, small swings of the jet or mi-
nor changes in the trajectories of shocks can
lead to substantial changes in total flux, polar-
ization, polarization degree and polarization
angle on IDV time scales. By fine-tuning the
changes in θ, correlations and anti-correlations
between these quantities and even polarization
angle swings can be explained (models (ii) and
(vi)).

2.3.3 Theory vs. Observations: Pros
and Cons

The discrepancy between observed and re-
quired Doppler factors of about two orders
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of magnitude poses substantial problems for
any intrinsic interpretation. Even if a Doppler
factor of ∼ 100 would be theoretically pos-
sible, we are still left with a gap of two or
three orders of magnitude between the ob-
served and allowed TB after correcting for
Doppler boosting. For this reason, Doppler
boosting alone is not able to explain sources
radiating with apparent brightness tempera-
tures of ∼ 1018 − 1021 K.

Although shock-in-jet models allow to relax
the TB problem, the short time scales require
very thin shocks. At radio frequencies, how-
ever, radiative losses are unlikely to provide
such thin emission layers (Marscher 1992). It
is furthermore unclear, whether thin shocks
can travel long distances along a turbulent rel-
ativistic flow and produce the high duty cycle
and often self-similar variability pattern. In
addition, the opacity in the shocked material
is expected to vary due to the scanned inhomo-
geneities in the jet. This should result in time
lags between light curves at different frequen-
cies which are observed only occasionally. Fi-
nally, the proposed special source geometries
and required strong alignments to the line of
sight make such shock-in-jet explanations un-
likely to be observed in about 30 % of all flat-
spectrum sources (see also the discussion in
Beckert et al. 2002b).

However, intrinsic jet-models are able to
explain IDV in a more complete and consis-
tent manner (with reasonable model parame-
ters) for particularly well studied cases (e.g.
0917+624). Even if there is increasing evi-
dence for interstellar scintillation (see below),
several observational peculiarities support the
idea that IDV is maybe a complicated mix-
ture of intrinsic and extrinsic effects (see also
Krichbaum et al. 2002). The observed radio-
optical correlation in 0716+714, the observed
increasing strength of the variability towards
higher frequencies (and the mm-IDV seen in
0716+714 in particular), the daily polariza-
tion variations in VLBI images and the corre-
lated intraday variations in the images of the
gravitational lens system B0218+357 are ex-
amples which are hard to reconcile with ex-

trinsic interpretations.

2.3.4 Coherent Emission

A more “revolutionary” approach to overcome
the high brightness temperatures in IDVs is
a scenario where coherent emission processes
play an important role in incoherent syn-
chrotron jets (or even replace this paradigm).
However, coherent emission is a completely
new process, which was not observed in any
AGN so far.

Coherent emission can easily produce an
extremely high TB, since its intensity is due
to collective emission of all particles within
a coherent volume. The basic ingredient is
a beam of relativistic electrons moving in an
outflow away from the central source. When
the beam meets a “low-plasma density zone”,
where the beam density reaches 0.1 times the
turbulent background plasma density, collec-
tive emission arises due to scattering of the
relativistic electrons in the beam. The elec-
trons scatter coherently from concentrations
of intense electric field strength (electrostatic
plasma waves). The latter evolves from strong
turbulence in such low-density zone generated
by the passage of the beam (e.g. Benford 1985,
1992; Baker et al. 1988). Lesch & Pohl (1992)
suggested reconnecting magnetic fields in the
inner part of the accretion disk and its coro-
nal environment as formation mechanism of
the electron beam. The resulting emission is
broad-band with a bremsstrahlung-like spec-
trum and could be investigated in several lab-
oratory experiments. Although the coherent
radiation spectrum is expected to exceed the
synchrotron emission strongly and therefore
would reduce the energy requirements of the
central engine, several theoretical problems re-
main. It is not clear up to now, if the mech-
anism can explain all characteristics of IDV.
The recent detections of circular polarization
(CP) in radio sources (e.g. Wardle et al. 1998,
Macquart et al. 2000) have rekindled discus-
sions as to its origin. Since CP is predicted
for a coherent mechanism, future work has to
show if a new radiation process, as coherent
emission, is responsible.
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2.4 Extrinsic Explanations I: Inter-
stellar Scintillation

The small angular extend of a star (compared
to the larger extend of a planet) leads to opti-
cal twinkling due to our turbulent atmosphere
in front of the star. In the same way, the ra-
dio emission of compact astronomical objects
is expected to scatter through the turbulent
interstellar plasma in our Galaxy. A basic fea-
ture in this context is the dispersion of electro-
magnetic waves due to the index of refraction
in an electron-ion plasma (see e.g. Quirren-
bach 1989 for details). The latter depends on
the electron density ne in the medium and the
observing frequency. The dispersive medium
causes an excess propagation path length by
introducing a phase shift to the electromag-
netic wave. Assuming the scattering plasma
exhibits irregularities (spatial and/or tempo-
ral fluctuations) in the electron density driven
by turbulence in the ISM, the index of re-
fraction and the additional path length will
show fluctuations as well. This introduces ran-
dom phase fluctuations into the wavefront and
leads to distortions of the incoming wave pro-
ducing spatial variations in its amplitude.

Using this approach, the phenomenon of
interstellar scintillation could successfully be
established as explanation for long-term as
well as short-term variations of pulsar signals
(e.g. Sieber 1982; Rickett, Coles, and Bour-
gois 1984). Nowadays, several kinds of long-
term (months to weeks) variability found in
compact extragalactic radio sources are known
to be connected with ISS as well (e.g. Ryle et
al. 1978; Fanti et al. 1983; Codes, Ananthakr-
ishnan, and Dennison 1984; Heeschen 1984;
Rickett 1986).

In order to produce scintillations responsi-
ble for IDV, a few conditions have to be sat-
isfied. Firstly, the scattering plasma should
be located at a distance of only ∼ 10 – 300 pc,
constrained by the observed range of variabil-
ity time scales. Secondly, the IDV source has
to exhibit sufficient compact components and
the observer has to move with respect to the
medium in order to see the variations.

As shown in Section 2.2.1, IDV blazar cores
are expected to exhibit micro- or even nano-
arcsecond angular sizes. Objects of such small
angular extend must scintillate through the in-
terstellar plasma. For that reason ISS must
play an important rule also in IDV sources.
Indeed, the present situation suggests that the
discussion about the origin of IDV can be re-
duced to the question, if IDV can entirely be
explained by ISS.

2.4.1 Models for ISM-Irregularities

In order to describe the phenomenon and give
a full prediction of scintillation observables,
the knowledge of (i) the spatial density spec-
trum of the electron density fluctuations and
(ii) the distribution of the scattering mate-
rial in our Galaxy and/or local ISM is es-
sential. The “standard” model is based on a
wide-spread distribution of turbulence. Here,
the spatial power spectrum of electron density
fluctuations in the ISM along the line of sight
z̃ at wave number q is described by a power
law,

Φ(z̃, q) = C2
n(z̃)q−β (2.16)

with a large range between a lower cut-off qmin

(outer scale) and an upper cut-off qmax (in-
ner scale). C2

n is a measure for the strength
of turbulence in the direction of z̃ and can
be assumed to be proportional to n2

e (Rick-
ett 1970). One has to note, that also other
models have been suggested. “Single-scale”
models attribute the ISM irregularities to
discrete, large/small-scale structures in the
Galaxy, e.g. radio loops or single cloud struc-
tures (e.g. Shapirovskaya, 1978; Wambsganss
et al. 1989), similar to those refracting struc-
tures postulated to explain extreme scattering
events. In this framework, Qian et al. (sub-
mitted) considered a specific cloud-plasma-
lens scenario in front of the quasar 1150+812.
The observed polarization angle swing in this
source can then be explained in terms of re-
fractive focusing/defocusing caused by a small
cloud located in the Galactic Loop III at a
distance of ∼ 130 pc. They point out that a
combination of clouds with different size and
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structure could account not only for specific
“events”, but also produce normal intraday
variability.

Usually, “normal” ISS is used and the power
law index in equation 2.16 is assumed to be
of Kolmogorov form, β = 11/3 (e.g. Rickett
1986). However, pulsar scintillation studies
show evidence that a Kolmogorov spectrum is
too simple and ask for an enhancement on the
larger spatial scales (1013 − 1014 cm) relative
to the smaller (109 − 1010 cm) scales (Lam-
bert & Rickett 2000). For this reason, e.g. a
β = 4 model was discussed by the latter au-
thors (see also Armstrong, Rickett & Span-
gler 1995) which then would physically include
also a clumpy ISM consisting of discrete, dis-
continuous structures (e.g. clouds with sharp
boundaries or supernova shock fronts). Recent
structure function modeling by Beckert et al.
(2002a, 2002b) suggests even steeper spectra
with β ∼ 4.3 − 4.6 for the IDV in 0917+624.

It has been argued that the interstellar den-
sity fluctuations are highly anisotropic and
elongated along the local magnetic field con-
figuration in the medium (Desai, Gwinn, &
Diamond 1994). Thus, Chandran & Backer
(2002) discussed an anisotropic Goldreich-
Sridhar power spectrum for the ISM density
fluctuations.

For the distribution of scattering material
in the Galaxy, the models of e.g. Taylor &
Cordes (1993) and Bhat, Gupta, & Rao (1998)
provide the scattering strength C2

n along the
line of sight. Based upon pulsar scintillation
measurements, the former authors modeled its
distribution with a two component model: (i)
a locally uniform galactic disk with ∼700 pc
scale height and (ii) a more clumpy compo-
nent (spiral arms) superimposed. The model
of Bhat et al. provides details for the local
ISM with enhanced scattering material in a
shell at ∼ 50−150 pc around the Sun.

2.4.2 Scattering Regimes

The earlier mentioned phase change intro-
duced by the medium at distance L and the
resulting change in amplitude of an incoming
wavefront at wavelength λ can be described by

the Fresnel-Kirchhof integral (Narayan 1992,
Born & Wolf 1980). Let ϕ(x, y) be the phase
change introduced by a scattering screen at
transverse position (x,y), then the amplitude
of the wavefront observed at position (X,Y) in
the observers plane is

Ψ(X,Y ) =
e−iπ/2

2πr2
F

∫ ∫

exp

(

i ϕ(x, y) (2.17)

+ i
(x − X)2 + (y − Y )2

2r2
F

)

dx dy

with the Fresnel scale

rF =

√

λL

2π
. (2.18)

The second term in the integral reflects the
contribution to the phase due to the excess
path length from position (x,y) to (X,Y). For
the absence of any scattering, ϕ(x, y) = 0, the
phase is stationary at (x, y) = (X,Y ) and we
end up with a circular, coherent patch of ra-
dius

√

2rF at this position, the first Fresnel
zone. In addition to the Fresnel scale, a fur-
ther characteristic length scale is the diffrac-
tive scale rdiff . This scale denotes the trans-
verse separation over which the phase fluctu-
ation (rms phase difference) is coherent and
considered to be constant to within a specified
limit of 1 rad3. It is this length scale, which
defines the two different regimes of scattering:
(i) strong scattering at low frequencies and (ii)
weak scattering above a characteristic transi-
tion frequency.

Weak Scintillation

This regime is characterized by the condition
rdiff � rF . Here, the random phase fluctu-
ations introduced by the screen over the first
Fresnel zone are small and the Fresnel scale
keeps the relevant scale in this regime. Thus,
the amplitude Ψ(X,Y ) in equation 2.17 varies
weakly around its unscattered value of unity
resulting in only small flux variations (given
by F (X,Y ) = |Ψ(X,Y )|2).

The changes in flux can be attributed to the
effect of weak focusing and defocusing caused

3A more detailed definition can be obtained using
the “phase structure function”, see Narayan 1992.
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by the phase fluctuations with length scale
∼ rF producing a scintillation pattern (“scin-
tels”) onto the Earth’s orbital plane (see Fig-
ure 3.3, Chapter 3). An observer aligned with
a focusing region of phase fluctuation will see
the flux F (X,Y ) > 1, consequently an ob-
server aligned with a defocusing region will see
F (X,Y ) < 1. For the presence of a transverse
velocity v between scattering screen (scintilla-
tion pattern respectively) and observer, tem-
poral scintillations will be observed with a
time scale given by the Fresnel time scale:

tscint ∼ tF =
rF

v
. (2.19)

The strength of the variations described by the
modulation index m (compare equation 2.1) is
weak and is given by

m ∼
(

rF

rdiff

)5/6

< 1 . (2.20)

The discussion given here is strictly valid for
scattering of a point source as long as its an-
gular size θS is smaller than the angular size
determined by the Fresnel scale:

θF =
rF

L
=

√

λ

2πL
(2.21)

and thus θS < θF . The influence of larger
source sizes will be discussed later.

Strong Scintillation

The modulation index for weak scattering in
equation 2.20 increases with wavelength and
distance. Hence, as we go from weak scatter-
ing to greater λ or L, the modulation index
will reach about unity4. This happens, when
the diffractive and Fresnel scales are approx-
imately equal and defines the transition from
weak to strong scattering. For extragalactic
radio sources this transition is expected be-
tween 1 and 5 GHz (e.g. Walker 1998). When
rdiff becomes smaller than rF (rdiff � rF ),
we enter the regime of strong scattering and

4More precisely, m increases until it saturates at
a value greater than unity and when the scattering
becomes even stronger it decreases asymptotically to-
wards unity.

the spatial scale splits into two scales (see be-
low). Here, the random phase fluctuations in-
troduced by the scattering medium are much
stronger and change by many radians over
the Fresnel scale. Thus, the diffractive scale
takes over as the relevant scale in this regime
and displays the characteristic size of a coher-
ent patch with approximately constant phase
within 1 rad.

In the strong scattering regime one distin-
guishes between two branches5, since a further
length scale becomes important, the refractive
scale

rref =
r2
F

rdiff
� rdiff . (2.22)

The latter has its origin in the large
scale density fluctuations on length scales
∼ 1013−1014 cm and is referred to as the
branch of ‘refractive scintillation’. The
diffractive scale rdiff is connected with the
small scale fluctuations on length scales
∼ 109−1010 cm and displays the branch of
‘diffractive scintillation’.

Diffractive Scintillation (DISS): This
branch of strong scattering produces narrow-
band, high amplitude, short time scale vari-
ations and can be understood as multi-path
propagation. Each point in the observers
plane receives rays from a large number of
points on the scattering plane: a large num-
ber of coherent patches of size ∼ rdiff on the
screen scatters radiation into a cone of angle:

θscatt ∼
λ

rdiff
∼ rref

L
. (2.23)

As result, each point in the observers plane be-
comes illuminated by many rays (of different
patches) with random, uncorrelated phases
which interfere and produce a random inter-
ference pattern.

The critical angular size for a source to show
diffractive effects is given by the diffractive

5This becomes clear using the “spatial intensity
power spectrum”, which has two peaks at widely sepa-
rated length scales. See e.g. Rickett 1990 and Narayan
1992.
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scale:

θdiff =
rdiff

L
=

(

rdiff

rref

)2

θscatt . (2.24)

Thus, for a screen at distance ∼ 100 pc and
rdiff ∼ 109 cm, a source as small as ∼ 0.7µas
is required. This is the reason, why only galac-
tic pulsars are so far detected to show diffrac-
tive scintillations. For a point source with
θS < θdiff the modulation index for diffrac-
tive scattering is of order unity (100 % mod-
ulations) and the diffractive variability time
scale is given by

tscint ∼ tdiff =
rdiff

v
. (2.25)

Refractive Scintillation (RISS): This
branch is characterized by broadband, rela-
tively weak and slow variations due to elec-
tron density fluctuations on the much larger
length scales ∼ rref . Refractive effects can
be described as the focusing-defocusing action
of phase fluctuations: all cones (with θscatt)
of the coherent patches with size rdiff on the
screen are focused/defocused towards the ob-
server. Consequently, the radiation of a larger
number of coherent patches reaches the ob-
server and the flux is increased. The reverse
is true for a defocusing action. The require-
ment on the source angular size for this regime
is much less stringent. The relevant angular
size is θscatt = rref/L (equation 2.23). For a
point source with θS < θscatt the time scale for
refractive scintillations is

tscint ∼ tref =
rref

v
� tdiff , (2.26)

and for the strength of the variations follows

m ∼
(

rdiff

rF

)1/3

< 1 . (2.27)

Quenched Scintillation

The previous discussion is only valid for
sources (or source components) smaller or ap-
proximately equal than the relevant scales in
the turbulent medium. The angular size of

an extragalactic self-absorbed, incoherent syn-
chrotron source at redshift z is given as (Beck-
ert et al. 2002a)

θ = 2.1mas
(1 + z)

D

[ ν

GHz

]−1
[

Sν

Jy
· 1011 K

TB

]0.5

.

It is usually larger than the Fresnel, refractive
and in particular, diffractive angular scale
for a screen beyond the solar system and at
frequencies of a few GHz. For example, the
Fresnel angular size at a distance of 5 pc is of
the order 50 µas for an observing frequency
of 5 GHz and becomes even more stringent
with increasing distance (100 pc: ∼ 10µas).
Consequently, the amplitude of the variations
in weak and refractive strong scattering is
mostly quenched by the source size and
diffractive effects even disappear entirely by
averaging over the large source size. The
extended source acts as a spatial filter of size
LθS and the scintillation time scale increases
while the modulation index decreases. The
scalings are as follows (Narayan 1992):

weak scattering (θS > θF ):

tscint ∼ tF

(

θS

θF

)

> tF (2.28)

m ∼ mP

(

θF

θS

)7/6

< mP < 1 .

refractive strong scattering (θS > θscatt):

tscint ∼ tref

(

θS

θscatt

)

> tref (2.29)

m ∼ mP

(

θscatt

θS

)7/6

< mP < 1 ,

whereas the index P denotes the quantity for
the case of a point source (equations 2.19−2.20
and 2.26−2.27).

2.4.3 Theory vs. Observations: Pros
and Cons

There is increasing evidence for ISS to play an
important role in the IDV phenomenon. On
the one hand, due to the involved small source
sizes, IDV sources must scintillate and there-
fore ISS should at least partly contribute to
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the observed variations. On the other hand,
recent observations clearly suggest that ISS is
the sole origin for the extreme rapid IDV seen
in the sources PKS0405−385, PKS1257−326
and J1819+3845. Here, the detected time
lags between the simultaneous light curves ob-
served at two distant telescopes can not be of
intrinsic origin. The same is true for the detec-
tion of an annual modulation in the variabil-
ity time scale which can nicely be explained
within an ISS interpretation.

The flickering of radio sources could be es-
tablished as ISS due to its galactic latitude
dependence (stronger variability towards the
enhanced scattering material in the galactic
disk). For IDV, such dependence is not ob-
served and often cited as argument against an
ISS explanation for IDV. However, such de-
pendence is not necessarily to be expected,
since IDV probes more local (∼ 15 − 100 pc)
regions of enhanced scattering material in con-
trast to the former sources. Such local, con-
crete features and components of the ISM in
front of IDVs should not reflect a galactic lat-
itude dependence.

The observed frequency dependence of the
modulation index and the variability time
scale (compare Figure 2.2), where, for exam-
ple, m is often strongest around 5 GHz and
weaker towards both lower and higher fre-
quencies, is expected for the transition be-
tween strong and weak ISS. Although this
applies to several sources, it is not gener-
ally observed and intrinsic “source evolution”
has probably to be taken into account. The
episodic variations in PKS0405−385, for ex-
ample, complicate the situation, since the
screen is not expected to “vary” on such time
scales (Kedziora-Chudczer et al. 1998).

Scintillation induced, anti-correlated polar-
ization and in particular, polarization angle
variations can only be explained taking two
or more component models into account. The
observed variability in polarization is then the
result of the vector sum of the polarized com-
ponents which can produce anti-correlations
and polarization angle variations. Although
such source models can fit the observations

quantitatively very well (e.g. Rickett et al.
1995, Rickett et al. 2002), the complicated
polarization and polarization angle variations
have not been fully reproduced by ISS until
now.

In addition, the observed brightness tem-
perature derived from ISS scales only lin-
early with the Doppler factor. Although al-
ready strongly reduced, the often high val-
ues of TB ∼ 1013 − 1014 K still require quite
high Doppler boosting (∼ 10−100) depending
on the assumed screen distance. Similar to
the argument given earlier against an intrin-
sic origin, even for ISS this provides prob-
lems. It implies an uncomfortable large frac-
tion of sources which are beamed extremely
close towards us. In particular, de Bruyn
(priv. comm.) recently reported the discov-
ery of diffractive scintillation in J1819+3845.
If confirmed, the size of the scintillating com-
ponent is as small as . 1µas. This imme-
diately suggests brightness temperatures of
order 1016 K and again, boosting factors of
D & 104 are needed.

Moreover, the observed features presented
in Section 2.3.3, e.g. the radio-optical corre-
lation and the increase of m towards higher
frequencies are hard to reconcile with ISS.
Towards higher frequencies m should vanish:
in the weak scattering regime, both a point
source (equation 2.20) and an extended source
(equation 2.28, here depending on the fre-
quency behavior of the source size) should
show decreasing scintillations. This is the rea-
son why ISS can not explain variability at high
frequencies and in particular in the optical
regime.

2.5 Extrinsic Explanations II: Mi-
crolensing

For this type of propagation effect trying to
explain IDV, more “cons” than “pros” do ex-
ist. Already in the sixties, Barnothy (1965)
suggested the possibility of variability in the
flux density of a background source due to the
presence of a large mass distribution (inter-
vening galaxy or single stars) along the line
of sight. Here, relative velocities between ob-
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server, source and lens system lead to a vari-
able magnification with time and thus to vari-
ability in the observed flux.

Several observational findings suggest that
microlensing can be excluded as general expla-
nation for IDV (e.g. “special geometry” not
observed, absence of a redshift dependence,
similar problems with TB and high Doppler
factors, frequency dependence of IDV not in
agreement with such achromatic effect). For
this reason, the effect of microlensing as ori-
gin of IDV will not be discussed in further de-
tail here (see e.g. Quirrenbach 1989, Gopal-
Krishna & Subramania 1991 and Kraus 1997
for a detailed discussion).
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Part I: Seasonal Cycles due to the
orbital Motion of the Earth
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3
Annual Modulations in Intraday Variable

Blazar Cores
The first major part of this thesis is dedicated
to a pretty new phenomenon in the field. In
2000, Dennett-Thorpe & de Bruyn reported a
dependence of the variability time scale on the
day of the year in the quasar J1819+3845. In
order to explain this behavior, they suggested
an ISS scenario, where the changing relative
velocity between Earth and scattering screen
over the course of a year produces a seasonal
cycle in the variability time scale of the scin-
tillations.

In view of ISS this idea is not new and was
suggested already for the low-frequency vari-
ability of extragalactic radio sources by Bondi
et al. (1992). The new point is its application
to IDVs and the possibility to use its detec-
tion as further proof for ISS being responsible
also for intraday variability. Consequently, the
confirmation of such seasonal cycles in IDV
sources holds the potential to disentangle be-
tween an intrinsic or extrinsic origin of IDV.
As by-product, it will constrain both, proper-
ties of the interstellar medium (e.g. distance,
velocity dispersion and anisotropy) and source
parameters (e.g. source structure and size of
the scintillating compact component).

3.1 Introduction

In the ISS model described in the previous
chapter no special consideration was given to a
possible influence of the change in the Earth’s
velocity vector relative to the screen.

Bondi et al. (1992, 1994) observed a large
sample of low frequency variable sources at

408 MHz and reported the discovery of an an-
nual variability in the time scales for these
slowly variable sources. They interpreted this
effect as due to the changing Earth’s velocity
vector along its orbit around the Sun through-
out a year. Such explanation is based on the
standard ISS model (e.g. Rickett et al. 1995),
but takes into account the difference between
the motion of the observer and the scattering
medium. It turns out that, if these velocities
are comparable in magnitude, the relative ve-
locity will change as the Earth moves parallel
with, and six months later, against the mo-
tion of the scintillation pattern projected onto
the solar system. In the former case the rel-
ative velocity is low, in the latter, high. The
ISS time scale depends on the observers mo-
tion through the spatial scintillation pattern.
Consequently, in the first case the variability
time scale will be lengthened, in the latter it
will be shortened.

At present, such seasonal cycles have been
clearly detected only in the two most extreme
IDV sources: J1819+3845 (Dennett-Thorpe
& de Bruyn 2000, 2003) and more recently
in PKS1257−326 (Bignall et al. 2003). In
the framework of this thesis, new observations
were performed in order to identify seasonal
cycles also in “normal” IDV sources. Hence,
the first part of the thesis (Chapter 3 to 5)
is dedicated to a deeper investigation of this
effect: Chapter 3 will give an overview and
develop model predictions for the variability
time scale with emphasis on three particular

27
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sources. Chapter 4 will present our new Ef-
felsberg flux-density-monitoring program of a
small IDV sample performed during 2000 and
2003 in order to (i) confirm a similar effect also
in other IDV sources and (ii) to investigate the
predictions of such annual modulation model
in more detail. Finally, Chapter 5 will focus on
the VLBI monitoring of 0917+624 performed
in parallel to the flux density monitoring. This
part will try to connect intrinsic structural
changes in the source with the outcome of a
possible seasonal effect in our data.

3.2 Annual Modulations in IDV

Westerbork observations of the quasar
J1819+3845 during a period of 12 months
have clearly demonstrated a variation of the
IDV time scale. In particular, a slow-down
of the variability near day 280 was detected.
Figures 3.1 and 3.2 display the situation.
While the variability remains almost constant
and extremely fast over the course of the
year, between July and December (days
∼ 200−350) a prolongation of the variability
time scale by up to a factor of ∼ 10 becomes
visible. In the following year this prolongation
was observed again (Dennett-Thorpe & de
Bruyn 2003, Figure 3.1) strongly supporting
ISS as cause of the intraday variations in this
source. In addition to the Earth’s motion with
respect to the Local Standard of Rest (LSR),
the best fit with an ISS model requires a
medium velocity of ∼ 25 km s−1 at a distance
of about 20 pc (see Figure 3.2). For quasar
PKS1257−326, the best reproduction of the
data yields a LSR velocity of ∼ 5 km s−1 for a
screen at a distance of ∼ 10−15 pc (Bignall et
al. 2003).

In the standard ISS model, the Earth - and
by this, the observer - moves through a scin-
tillation pattern projected onto the Earth’s
orbital plane. The variability time scale is
then determined by two quantities: the spa-
tial scale of the “scintles” and the observers
velocity projected onto the scintillation pat-
tern. In order to explain the seasonal cycles
of the variability time scale in terms of ISS,
the relative motion of the Earth with respect
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Figure 3.1— Light curves of J1819+3845 over a 15
months period between 2000 and 2001 observed with
Westerbork at 4.9 GHz (taken from Denneth-Thorpe &
de Bruyn 2003). Note the high amplitudes and often
sinosoidial variability pattern. While the variability is
usually extremely fast (∼ 15 minutes), a ’slow down’
period between July and December with much longer
time scales (∼ 120 minutes) is clearly visible.

to the scattering medium (and its change in
particular) has to be taken into account1. This
relative motion is composed of three different
velocities2:

1. the velocity of the Earth’s orbital motion
around the Sun: V⊕

2. the velocity of the Sun in the LSR
frame:V�

3. the velocity of the scattering medium
with respect to the LSR: Vo

Figure 3.3 shows an illustration of the situa-
tion. The Earth and the solar system moves

1The proper motion of the extragalactic radio
source itself is negligible.

2In the following, boldface letters denote vectors.
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Figure 3.2— Scintillation time scales of
J1819+3845 throughout one year deduced from
the Westerbork observations between May 1999 and
May 2000 (taken from Dennett-Thorpe & de Bruyn
2000). The highly variable quasar J1819+3845 shows
a clear prolongation of the variability around day
280. The solid line displays the best χ2-fit to the
data for a screen velocity of v(RA) = −5 km s−1 and
v(Dec) = 25 kms−1. The dash-dotted line represents
the predictions for a screen moving at rest in the LSR.

through the pattern produced by a galactic
screen in front of an IDV source. The differ-
ent velocities involved are indicated by differ-
ent vectors. These velocity vectors have to be
combined to the total velocity V giving the
“true” relative velocity vector between Earth
and scattering screen:

V = V� + V⊕ −Vo . (3.1)

In order to make predictions for the ISS time
scale, which then can be tested directly by
observations, each velocity component has
to be calculated and subsequently combined
through equation 3.1. This will be done in
the following using the known relations from
spherical trigonometry:

cos a = cos b cos c + sin b sin c cos A (3.2)

and

sin a

sinA
=

sin b

sinB
=

sin c

sinC
(3.3)

for a nautical triangle with angles A, B, C and
sides a, b, c.

3.2.1 Earth’s Motion around the Sun

We first have to define an appropriate refer-
ence frame. Following Qian & Zhang (2001),
we assume an equatorial coordinate system
with its zero-point fixed at the center of the
Sun. The x-axis points towards the equinox,
the y-axis towards the terrestrial equator at
right ascension 6h and the z-axis in direction
to the north pole. In this case, the relations
between the coordinates x, y, z and the equa-
torial coordinates of a source, α, δ, are given
by

cos x = cos α cos δ

cos y = cos δ sinα

cos z = sin δ (3.4)

using the trigonometrical relations given in
equations 3.2 and 3.3. In such a reference
frame, the right ascension and declination of
the Earth (α⊕, δ⊕) are:

α⊕ = α∗
� + 180◦

δ⊕ = −δ∗� , (3.5)

where α∗
� and δ∗� denote the Sun’s right as-

cension and declination in the usual geocentric
equatorial coordinate system. Taking the As-
tronomical Almanac (1999) and defining the
relations

k = 180◦/π (3.6)

t = tan2 (0.5ε) (3.7)

we are able to calculate the Sun’s coordinates

α∗
� = λ − ft sin 2λ +

+ 0.5ft2 sin 4λ ,

δ∗� = arcsin (sin ε sinλ) (3.8)

throughout a year using the following rela-
tions:

L = 280.46◦ + 0.985647n (3.9)

g = 357.528◦ + 0.9856003n (3.10)

n = day of year − 1.5 (3.11)

λ = L + 1.915◦ sin g +

+ 0.02◦ sin 2g (3.12)

ε = 23.439◦ . (3.13)
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Velocity Vector
IDV Source

Scattering Screen

Earth Orbital Plane

Focused and De−Focused Light

Earth

Scintillation Pattern

Sun

Figure 3.3— A sketch of the annual modulation model: the screen produces bright and dark patches onto the
earth orbital plane by focusing and de-focusing the light from the IDV source. The Earth and the solar system
moves through this spacial scintillation pattern producing the observed flux density variations. The time scale of
the scintillations depends upon the relative velocity of the Earth with respect to the scattering screen. Hence, all
velocity vectors (Sun, Earth and screen; blue vectors) have to be taken into account.

Here, L is the longitude of the Sun, g the
anomaly, λ the ecliptic longitude and ε the
angle of the ecliptic with respect to the Sun’s
plane, respectively. The spatial velocity of the
Earth’s orbital motion around the Sun can
then be calculated by

V⊕ = −V⊕

sin δ⊕
sin ε

· X0 (3.14)

+ V⊕ cos α⊕ cos δ⊕ cos ε · Y0

+ V⊕ cos α⊕ cos δ⊕ sin ε · Z0 ,

where X0, X0 and Z0 correspond to the
unit vectors of the coordinate system X,Y,Z.
The velocity of the Earth is given by V⊕ =
29.8 kms−1.

3.2.2 Sun’s Motion in the LSR Frame

The second velocity component involved is the
Sun’s motion with respect to the LSR. The so-
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lar system is known to move in the LSR frame
with a velocity of V� = 16.6 km s−1 in the di-
rection towards the solar apex (Gilmore & Zei-
lik 2000). The equatorial coordinates (B 1950)
of this direction are

αapex = 267.0◦

δapex = 28.0◦ . (3.15)

Using equations 3.4 and the coordinates 3.15
of the solar apex direction, the Sun’s velocity
in the LSR frame can be expressed as

V� = V� cos αapex cos δapex ·X0

+ V� sinαapex cos δapex ·Y0

+ V� sin δapex · Z0 . (3.16)

3.2.3 The Screen Velocity

The third velocity component required to cal-
culate the total velocity in equation 3.1 is the
LSR velocity of the scattering screen in front
of the scintillating source. Neglecting the pos-
sibility that the scintillations are produced by
multiple layers with different velocities at dif-
ferent distances, we assume the scattering to
occur in one single screen. As result, the en-
tire scattering medium can be described by
one distinguished velocity at a certain dis-
tance. Since the important quantity in the
ISS model is the observer’s transverse veloc-
ity through the scintillation pattern, the mo-
tion of the screen along the line of sight can
be neglected. The velocity components of the
scattering material can then be assumed to be
a composition of its motion in right ascension
Vαo and declination Vδo along the source posi-
tion. We can write

Vo = Vαo + Vδo . (3.17)

The two components can be calculated to be

Vαo = −Vαo sinαo · X0 + Vαo cos αo · Y0 ,

Vδo = −Vδo cos αo sin δo · X0

− Vδo sinαo sin δo ·Y0

+ Vδo cos δo · Z0 , (3.18)

where αo and δo denote the position of the
screen in front of the source (usually the posi-
tion of the IDV source).

3.2.4 The Earth’s transverse Velocity
through the Scintillation Pattern

Finally, all velocity components (equations
3.14, 3.16 and 3.18) have to be combined to
determine the total velocity using equation
3.1. The components (Vx, Vy, Vz) of this rela-
tive Earth speed with respect to the scattering
medium are then given by

Vx = −V⊕

sin δ⊕
sin ε

+ V� cos αapex cos δapex

+ Vαo sinαo + Vδo cos αo sin δo ,

Vy = V⊕ cos α⊕ cos δ⊕ cos ε

+ V� sinαapex cos δapex − Vαo cos αo

+ Vδo sinαo sin δo ,

Vz = V⊕ cos α⊕ cos δ⊕ sin εV� sin δapex

− Vδo cos δo . (3.19)

The relevant velocity for the ISS model is the
transverse motion of the Earth through the
scintillation pattern. For this reason the rel-
ative velocity projected perpendicular to the
source direction has to be calculated using
equations 3.19. Assuming θ to be the angle
between the total velocity V and the line of
sight towards the IDV source, the transverse
speed through the pattern is

V⊥ = V · sin θ (3.20)

with

V =
√

V 2
x + V 2

y + V 2
z . (3.21)

The term sin θ is equal (1− cos2 θ)
1
2 and cos θ

can be expressed as

cos θ =
Vx

V
cos αo cos δo +

Vy

V
sinαo cos δo

+
Vz

V
sin δo . (3.22)

Using the known values of (i) the source coor-
dinates, (ii) the velocities V�, V⊕ of Sun and
Earth, respectively and (iii) the Earth’s coor-
dinates given in 3.5 (using the Sun’s coordi-
nates defined in 3.8), we are able to calculate
the relative velocity between Earth and scintil-
lation pattern projected perpendicular to each
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individual source direction. This can be done
for any assumed screen LSR velocity (Vαo ,Vδo)
at any day of the year. It turns out that, for
sources like 0917+624, the velocity due to the
Earth’s orbital motion around the Sun nearly
cancels the projected velocity of the Sun rela-
tive to the LSR near day 280. As a result, the
predicted relative velocity projected perpen-
dicular to the source direction shows a large
annual modulation throughout the year from a
maximum of ∼ 40 km s−1 to a deep minimum
of only a few km s−1. If the medium is as-
sumed to exhibit a velocity with respect to
the LSR, then the time for minimum velocity
can change substantially. Examples of our re-
sults will be given in the forthcoming sections
(e.g. Figure 3.6).

3.2.5 Predictions for the Variability
Time Scale

On its path around the Sun, the Earth “scans”
the bright and dark patches (scintles) pro-
duced by the scattering screen. As result
we observe intensity fluctuations in our light
curves. As described in Chapter 2, the vari-
ability time scale for ISS is proportional to
the length scale of the scintillation pattern
s0 divided by the relative motion of the ob-
server through the pattern transverse to the
line of sight, tISS = s0/V⊥. Consequently,
an annual modulation is expected also in this
parameter. It is important to note, that in
principle not only the amplitude of the ve-
locity contributes to changes in the variabil-
ity time scale. The length scale of the pat-
tern may change with orientation due to either
an elongated source structure or anisotropy in
the scattering plasma. Such configuration re-
sults in an asymmetric (elliptical) scintillation
pattern and the length scale in tISS depends
on the direction of V as the Earth revolves
around the Sun.

Anisotropy in the scattering medium is sup-
ported by e.g. the elongations found in scatter-
broadened images of radio sources and the
ISS modeling of the variability/annual mod-
ulation seen in the intra-hour variables (e.g.
Desai & Fey 2001; Rickett, Kedziora-Chudczer

& Jauncey 2002; Bignall et al. 2003). In
the quenched scattering regime effects due to
anisotropy become negligible, since the scale
of the pattern is then dominated by the angu-
lar size of the source itself. In order to pro-
duce first predictions for the variability time
scale we make the simplification of an isotropic
medium and neglect any possible asymmetry
in the source structure (Gaussian source).

The length scale of the pattern, s0, depends
on the distance D to the screen and the angu-
lar size of the scintillating source. Following
Goodman (1997), the characteristic time scale
for interstellar scintillation can be written as

tISS = 0.58 · θeff · D/V⊥ (3.23)

in units of tISS - day, D - kpc, θeff - 10 µas
and V⊥ - 30 km s−1. The angular scale, θeff ,
depends on the true angular size of the source
θS, the angular scale of the first Fresnel zone
θF and the scattering angle θd at frequency ν:

θeff = [θ2
S + (0.71θd)

2 + (0.85θF )2]
1
2 , (3.24)

where

θF = 0.257ν−0.5D−0.5 (3.25)

and

θd = 0.293ν−2.2SM0.6 . (3.26)

The exponent −2.2 results from the assump-
tion that the inhomogeneities in the medium
follow a Kolmogorov scaling (e.g. Armstrong,
Rickett & Spangler 1995). The scattering
measure SM describes the cumulative effect
of these irregularities along the line of sight l:

SM =

∫ l

0
C2

ndl ≈< C2
n > ·l . (3.27)

The structure constant C2
n measures the local

scattering properties of the ISM. In order to
produce first predictions of the variability time
scale the assumption l = 0.5 · D will be used.

3.3 A possible Candidate: The Case
of 0917+624

The quasar 0917+624 is one of the sources in
the original IDV sample, which showed vari-
ability on time scales shorter than one day
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(Heeschen et al. 1987). Since then, the source
was regularly monitored over the last 15 years
and generally was found to be strongly vari-
able with amplitude variations of 10 − 20%
on time scales of 0.8− 1.6 days. Furthermore,
faster variability was detected in the polar-
ized flux and the polarization angle. Here,
larger amplitude variations (up to a factor of
2) are common and once a 180◦-swing in the
polarization angle was observed (Quirrenbach
et al. 1989). The pronounced IDV in this
source seems to be directly correlated in the
wavelength range 2 ≤ λ ≤ 11 cm (compare
Figure 2.2). The polarized flux density is ob-
served to be usually anti-correlated with the
total flux density (Kraus et al. 2003, com-
pare Figure 2.1). On milliarcsecond-scales
(Standke et al. 1996), the source is dominated
by a compact core with a jet pointing in north-
south direction (see Figure 3.4). The latter ex-
hibits a more compact feature out to 10 mas,
but seems to extend outwards up to 30 mas as
diffuse, extended structure. As origin of the
rapid variations both, intrinsic (e.g. Qian et

B

C

D

A

Figure 3.4— The quasar 0917+624 on mas-scale
observed with VLBI at 2 GHz (Standke et al. 1996).
The source exhibits the typical core-jet structure with
a bright, compact core component and a jet oriented
towards north-south direction. Diffuse, extended jet
emission is visible out to 30 mas from the core.

al. 1991) as well as scintillation effects (e.g.
Rickett et al. 1995) were suggested.

In September 1998, Kraus et al. (1999) de-
tected a remarkable change in the variability
properties: the rapid variability stopped and
only a slow, monotonic increase of 7% in flux
density over the 5 day observing session was
observed (Figure 3.5). Observations in Febru-
ary 1999 then showed 0917+624 to be variable
again on a time scale of 1.3 days. Kraus et al.
(1999) interpreted the slow-down in Septem-
ber as probably due to either a disappearance
of the scintillating compact component or an
increase in its angular size: the ejection of a
new jet component temporarily could lead to a
core size much larger than the scattering size
(set by the ISM) and a reduction of the ob-
served interstellar scintillation (quenched ISS,
Chapter 2).

An alternative possibility to explain the be-
havior of 0917+624 within an ISS model was
given by Rickett et al. 2001 (see also Jauncey
and Macquart 2001). They suggested that the
observed change in the variability time scale
depends on the time of the year and thus re-
flects the orbital motion of the Earth relative
to the ISM. Hence, using an ISS model for
0917+624 (Rickett et al. 1995) together with
the orbital motion scenario presented in Sec-
tion 3.2, the prolongation in September 1998
could be explained.

In order to investigate this idea in more
detail, we will use the results of our calcu-
lations presented in Section 3.2. In Figure
3.6 (left) the velocity of the Earth relative to
the LSR projected perpendicular to the direc-
tion of 0917+624 is displayed versus day of
the year. Near day number 285 the velocity
of the Earth’s orbital motion nearly cancels
versus the projected velocity of the Sun rela-
tive to the LSR. Consequently, the predicted
time scales in Figure 3.6 (right) remain nearly
constant over a large fraction of the year and
show a substantial prolongation in September
and October (days 250−330).

In Figure 3.6 (right) we overplot the pre-
dicted and observed time scales and find a gen-
eral agreement between the observations and
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Figure 3.5— Flux density measurements at λ6 cm of 0917+624 by Kraus et al. (1999) between December 1997
and February 1999. From top to bottom: total flux density I, polarized flux density P and polarization angle χ

plotted against time. Note the remarkable prolongation of the variability time scale in September 1998 and the
return to fast variability in February 1999.

the predictions. The data point in Septem-
ber from Kraus et al. (1999) lies in the pe-
riod of the predicted increase. The other data
points come from observations performed dur-
ing 1989−2000 with the Effelsberg telescope
and the VLA at 6 cm wavelength (Quirrenbach
1989, Kraus 1999, Quirrenbach et al. 2000,
Cimó 2003, Kraus et al. 2003). We use the
6 cm data as the wavelength most commonly
observed. The time scales were estimated us-
ing a structure function analysis on each time
series (Heeschen et al. 1987). The errors of the
obtained time scales are usually high (∼ 50%)
due to the often low number of observed vari-
ability cycles per epoch. A detailed discussion
of the time scale analysis and the connected
errors will be given in the context of our new
observing campaigns (Chapter 4).

The model predictions were calculated for
suitable values of (i) the distance D to the
screen, (ii) the source size θS and (iii) the
strength of scattering < C2

n > (Rickett et al.
1995, Rickett et al. 2001, Qian et al. 2001).

The parameters which were used are summa-
rized in Table 3.3.

Since we have only one data point during
the highly interesting time period (September
and October), a new monitoring program was
required in order to confirm the annual modu-
lation in this source. These new observations
will be presented in Chapter 4.

3.4 Applications to the Medium and
the Source Structure

As in the case of J1819+3845 (Figure 3.2),
a good sampling of the variability time scale
throughout a year allows us to detect a clear
presence of the annual cycle and the short-
term variations can be identified as due to
interstellar scintillation. In turn, this con-
strains important parameters of both the
source structure and the screen properties. In
general, a large difficulty in modeling the ob-
served IDV parameters (variability strength
and time scale) via ISS is the inaccurate
knowledge of (i) the distance D to the screen,
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Source αJ2000 δJ2000 D θS < C2
n >

[hh mm ss.ss] [±dd mm ss.s] [kpc] [µas] [10−3.5m−20/3 kpc]

0716+714 07 21 53.45 +71 20 36.4 0.35 70 0.5
0917+624 09 21 36.23 +62 15 52.2 0.15 70 0.5
0954+658 09 58 47.25 +65 33 54.8 0.15 70 0.5

Table 3.1— Coordinates and ISM parameters for each source direction used in the calculations of the relative
velocity and variability time scale.
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Figure 3.6— Left: the velocity of the Earth relative to the LSR projected perpendicular to the direction of
0917+624 versus day of the year for 4 different velocities of the screen (Vα, Vδ). Note the strong decrease near
day 285. Right: resulting prolongation in the predictions of the variability time scale. We overplot the predicted
and the observed time scales and find a good agreement (see text).

(ii) the source size and (iii) the relative veloc-
ity V to the scattering material.

The observed time scales throughout the
year together with the better model for the
relative velocity (as given in Section 3.2) thus
jointly constrain both size of the scintillat-
ing component and screen distance – a larger
source size requires a smaller distance and vice
versa (distance-diameter constraint).

The scattering medium exhibits a few addi-
tional free parameters which have to be taken
into account when modeling the annual cy-
cle. As shown earlier, an offset of the screen
velocity from the LSR introduces two addi-
tional parameters (the screen LSR velocities
in RA and Dec). As can be seen from Figure
3.6 for 0917+624, the velocity of the medium
is not expected to exhibit a large offset from
the LSR, since the prolongation in September
1998 occurred close to the prediction based on
the assumption that the medium is stationary

in the LSR (Vα,Vδ =0, 0). This suggests an
upper bound on the range of velocities in the
ISM of about 10 km s−1 (thin lines in Figure
3.6). Future observations of the full annual cy-
cle will help us to determine the velocity dis-
tribution in the scattering medium more pre-
cisely.

In addition, the detection of seasonal cycles
opens the possibility to explore anisotropy in
both the source structure and the scattering
medium. Two additional model parameters
occur: (i) the axial ratio of the elliptical scin-
tles and (ii) the orientation of the anisotropy.
In such a scenario the orientation of the ve-
locity vector relative to the major axis of the
scattering ellipse varies throughout a year pro-
ducing an additional variation in the spatial
scale over 6 months. Together with the chang-
ing Earth’s velocity, the latter can produce
multiple periods of prolongation in the time
scale plots. Figure 3.7 displays an example for
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0917+624 (B. Rickett, priv. comm.). The dif-
ferent predictions are calculated for the same
source and ISS model: a screen at rest in the
LSR with Kolmogorov spectrum at a distance
of 200 pc and a Gaussian source of 0.05 mas
(FWHM) in size. An anisotropic scintillation
pattern with axial ratio 0.25:1 has been as-
sumed. The different curves correspond to
different orientations of the scattering ellipse
(from 0◦ to 150◦ as labeled). For example, an
orientation of 150◦(dashed curve) creates two
periods with slower variations near day 120
and day 290.

In summary, a good sampled annual cycle
over the course of a year allows to (i) con-
firm the ISS origin of the variations and (ii)
model the ISS and constrain various ISS pa-
rameters. For e.g. PKS1257−326, the best
fit to the annual cycle yields a scattering dis-
tance of ∼ 10−15 pc, an anisotropic pattern
with axial ratios < 0.5, screen velocities of
v(RA) = 5 km s−1, v(Dec) = 0 km s−1 and a
source size of 30−37 µas (Bignall et al. 2003).
In particular, a time offset (which itself shows
an annual cycle) is observed between the IDV

90°
120°

150°
0°

30° 60°

Figure 3.7— Model predictions of the variabil-
ity time scale for 0917+624 adopting an anisotropic
medium scenario (B. Rickett, priv. comm.). All curves
are calculated for a Kolmogorov screen at 200 pc at rest
in the LSR and a single Gaussian source with FWHM
of 0.05 mas. The axial ratio of the scattering ellipse
is assumed to be 0.25:1 for all curves and the orien-
tation of the ellipse is varied for each plot between
0◦and 150◦as labeled. The predicted time scales are
only plotted up to ∼ 50 hours for better illustration.

patterns at each observing frequency (4.8 and
8.6 GHz). The authors interpreted this as an
offset between the scintillating components at
each frequency due to opacity effects within
the source on a scale of ∼ 10 µas 3.

3.5 Model Predictions vs. Observa-
tions for two other IDVs

Until now, only two sources were found
to show a clear seasonal dependence of
the variability time scale: J1819+3845 and
PKS1257−326. Besides a confirmation for
0917+624, the detection of an annual variabil-
ity in more sources is indispensable to estab-
lish the effect as a common feature in cm-radio
IDV.

In the following we will apply the results
of our calculations presented in Section 3.2 to
two other IDV sources and compare the pre-
dictions with the observations. The individual
parameters used for the modeling are given in
Table 3.3. The variability time scales were
deduced from observations of the earlier men-
tioned authors.

3.5.1 0716+714

This source was discovered in the late sev-
enties as the optical counterpart of an extra-
galactic radio source (Kühr et al. 1981) and
later identified as a BLLac due to its feature-
less optical spectrum and high linear polar-
ization (Biermann et al. 1981). Various at-
tempts to find its redshift failed and only a
lower limit of z ≥ 0.3 was suggested from
its starlike appearance and the absence of a
host galaxy (Stickel et al. 1993, Wagner et al.
1996).

Nowadays 0716+714 is known to be one of
the most variable radio sources in the sky.
Variability throughout the whole electromag-
netic spectrum on long as well as extremely
short (∼hours) time scales is reported. The
optical and radio investigation of its long-term
behavior reveals several outbursts in both
regimes over decades, but with quite different

3Again, variability studies in principle provide an
angular resolution much higher than achieved today
with any other instrumentation.
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Figure 3.8— Left: the velocity of the Earth relative to the LSR projected perpendicular to the direction of
0716+710 versus day of the year for 4 different velocities of the screen (Vα, Vδ). Note the strong decrease near
day 285. Right: resulting ’slow-down-peak’ in the predictions of the variability time scale. Superimposed are the
observed time scales resulting from IDV sessions at λ6 cm between 1989−2000. A clear agreement is not visible
(see text).

appearance and without any clear correlation
(Raiteri et al. 2003). On shorter time scales,
the source has shown pronounced variations
in both total intensity and polarization at all
radio bands (e.g. Wagner et al. 1993). Often
extremely fast variations (∼ 2 hours) are ob-
served to be accompanied with variations on
longer time scales (∼ 1−3 days) indicating the
presence of more than one discrete time scale
in the light curves (Kraus et al. 2003).

Claims are being made for both an intrinsic
origin of the IDV in this source (e.g. due to
the observed radio-optical correlation, Qian et
al. 1996) as well as an origin due to interstellar
scintillation (e.g. Qian 1995). The detection
of a seasonal cycle in this source would be of
particular importance to clarify the situation.

0716+714 is one of the most frequently ob-
served IDV sources and therefore makes it
suitable to test the annual modulation model.
Figure 3.8 shows the outcome of our calcula-
tions for the Earth’s relative velocity and the
variability time scale for different screen ve-
locities with respect to the LSR. The distance
to the screen has been assumed to be 0.35 kpc
to account for the often observed longer time
scales (> 1 day) compared to e.g. 0954+658.
As can be seen in Figure 3.8, the projected
velocities and time scales can vary by a factor
∼ 10 throughout a year. The slowest varia-

tions are predicted to occur around September
and October.

Even though a total of 12 measurements of
the variability time scale at 6 cm wavelength
are available, it happens that only three of
them lie in the predicted period of slow ISS.
Although these points represent variations
with longer time scales - 3.8 days (around day
255), 3.0 days (around day 260) and 3.7 days
(around day 285) - further 6 data points
with slower variations are distributed over the
whole one year period (around days 45, 125,
and 360). This contradicts the model predic-
tions, since only three data points show the
predicted shorter time scales (near day 100).
An anisotropic scenario could produce “mul-
tiple peaks” in the time scale over the year,
whereas even in this case a sudden decrease
by a factor of ∼ 3 within a few days (near day
125) seems not very reasonable (compare Fig-
ure 3.7).

3.5.2 0954+658

Another frequently observed IDV source is the
BLLac 0954+658 with a redshift of z = 0.367.
It is one of the few IDV sources in which
variability has been seen whenever it was ob-
served, here however, with weaker amplitudes
of only a few percent (Y∼ 4 %, e.g. Kraus et
al. 2003). Also for this source different expla-
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Figure 3.9— Left: the velocity of the Earth relative to the LSR projected perpendicular to the direction of
0954+658 versus day of the year for 4 different velocities of the screen (Vα, Vδ). Note the strong decrease near
day 280. Right: resulting ’slow-down-peak’ in the predictions of the variability time scale. Superimposed are 8
measurements of the variability time scale deduced from data obtained between 1989−2000. Only one data point
is available in the period of the predicted increase, but does not show an unusual slower variability time scale (see
text).

nations for its IDV were suggested. Among an
intrinsic origin due to the tentative detection
of a radio-optical correlation (Wagner et al.
1993), a sole extrinsic origin can not be ruled
out. In this context, 0954+658 is of particular
interest, since extreme scattering events were
observed in this source several times indicat-
ing the presence of an extremely turbulent and
clumpy interstellar medium along the line of
sight (e.g. Fiedler et al. 1987). The detection
of an annual cycle in its variability time scale
would strongly support this idea and favor in-
terstellar scintillation as origin of the intraday
variations.

Figure 3.9 shows the outcome of our calcula-
tions towards the direction of 0954+658. Low
relative velocities are again expected around
day 280 resulting in a prolongation of ISS dur-
ing the same time period. Depending on the
screen LSR velocities, the parameters can vary
by a factor of about 10 throughout a year.

A total of 8 measurements of the variabil-
ity time scale at 6 cm wavelength are super-
imposed in Figure 3.9. Unfortunately, only
one data point lies in the period of predicted
increase (day 255), but does not show a pro-
nounced prolongation (t =1.4 days). Other
points with comparable time scales are dis-
tributed over the rest of the year, where the

variations are predicted to be fast (e.g. day
357). Similar to 0716+714, time scales mea-
sured during the same period of the year (only
a few days apart) but in different years can be
very different. For example, the variations of
0954+658 in December 1991 (around day 357)
appeared to be slower than the model predic-
tions. In contrast, observations in December
1989 (around day 353) revealed faster variabil-
ity by a factor of ∼ 3. Such deviations from
the model predictions can be explained in the
following ways: (i) Long-term changes (over
month and years) in the inner structure of the
source strongly influence its scintillation be-
havior. As result, a seasonal effect is washed
out over the years. (ii) Taking into account
an anisotropic medium, a multi-peak struc-
ture in the time scale over the year could be
explained, but the observed sudden drop from
faster to slower variations within a few days
is hard to reconcile. Finally (iii), the varia-
tions seen in 0716+714 and 0954+658 are not
caused by interstellar scintillation and thus an
annual modulation is not observed.

3.6 A new Monitoring Project

In summary, the results presented here do not
show evidence for an annual cycle in the IDV
patterns of 0716+714 and 0954+658.
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In contrast, the remarkable slow-down
in September 1998 supports the existence
of a seasonal cycle in the variability time
scale of 0917+624. Although the case of
0917+624 (together with J1819+3845 and
PKS1257−326) was already cited as “com-
pelling evidence for ISS as the principle cause
of IDV at cm wavelength” (Bignall et al.
2003), such interpretation depends only on
one data point. A more frequent sampling of
the variability time scale throughout the year
is essential to verify the slow ISS scenario and
thus the ISS origin of IDV for this source.

Based on these findings, we started a new
monitoring project with the Effelsberg tele-
scope at 6 cm wavelength in order to test the
annual modulation model in these “normal”
IDV sources. Parallel to the Effelsberg cam-
paign, a new VLBI monitoring experiment for
0917+624 has been started to investigate the
connection between structural changes in the
compact VLBI structure of the source and its
IDV behavior. These Effelsberg as well as
VLBI observations will be presented in the fol-
lowing (Chapter 4 and 5).



40 CHAPTER 3 ANNUAL MODULATIONS IN INTRADAY VARIABLE BLAZAR CORES



4
Effelsberg 4.85 GHz Flux Density Monitoring

The new flux density monitoring program at
6 cm wavelength covers the time period from
September 2000 to October 2002 and was
carried out with the Effelsberg 100 m tele-
scope of the MPIfR. This chapter presents
the observations, data reduction and results
in view of the annual modulation model pre-
sented in the previous chapter. The simul-
taneous VLBI-monitoring of the main target
source 0917+624 will be presented in Chapter
5.

4.1 Observations and Data Reduc-
tion

During a time interval of about two years, 28
single observing sessions with a duration of a
few hours up to three days were performed
whenever a small gap in the Effelsberg ob-
serving schedule was available. In this exper-
iment, the main candidate for the presence of
an annual cycle, 0917+624, was observed with
a dense duty cycle of about 2 measurements
every 1.5 hours. In addition, two non-IDV
sources, 0951+699 and 0836+710, were always
included as secondary calibrators. Together
with 0917+624, the two further candidates,
0716+714 and 0954+658, were observed in or-
der to test the reliability of the annual modu-
lation model for “normal” IDV sources. The
monitoring program was used also to search
for new IDV as well as calibrator sources. The
IDV candidates were selected mainly accord-
ing to their compactness (flat radio spectrum
and/or compact VLBI structure) and bright-
ness (≥ 0.5 Jy) from the 1 Jy catalog (Kühr et
al. 1981). A few sources were taken on the

basis of exhibiting an interesting behavior in
earlier observations (e.g. Quirrenbach et al.
1992, Kraus et al. 2003). Hence, a total of
22 individual sources were observed at least
once during the overall 28 sessions. All ob-
served sources and their basic parameters are
summarized in Table 4.1. Details of each ob-
serving run are given in Table 6.2 (page 67).

Since all measured sources are point-like
and sufficiently strong at λ6 cm, we were
able to measure the flux densities with cross-
scans in azimuth and elevation (e.g. Heeschen
et al. 1987, Quirrenbach et al. 1992, Kraus
1997). We observed strong standard flux den-
sity calibrators like 3C286, 3C295, 3C48 and
NGC7027 frequently to be able to link the
measured fluxes to the standard flux density
scale and to adjust the focus of the telescope
between day and night time.

The standard procedures were used to re-
duce continuum multi-feed IDV data acquired
with the Effelsberg 100 m telescope. This re-
duction procedure is described in more detail
elsewhere (e.g. Quirrenbach 1989, Quirren-
bach et al. 1992 and Kraus 1997) and only a
shorter, step-by-step version will be presented
here.

4.1.1 The 4.85 GHz Multi-Feed Sys-
tem

All observing runs were performed with the
4.85 GHz double-horn receiver mounted in the
secondary focus of the 100 m telescope (com-
pare Figure 6.4 in Chapter 6). The system
consists of two horns with a feed separation
of 8.′1 along the azimuth axis. Each horn is

41
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All sources observed between 2000 and 2002

Source α1950 δ1950 S5GHz N IDV
[hh mm ss.ss] [±dd mm ss.s] [Jy]

0346+800∗ 03 46 49.41 +80 00 33.5 0.3 2 +
0403+765∗ 04 03 59.20 +76 48 52.5 2.9 2 −
J0422+535∗ 04 18 29.10 +53 38 52.0 0.4 1 +
0454+844 04 54 57.02 +84 27 53.1 0.3 1 +
0602+673 06 02 38.89 +67 21 18.3 1.0 1 +
0604+728∗ 06 04 39.19 +72 49 27.1 0.6 18 −
0615+820 06 15 32.71 +82 03 56.5 0.8 2 −
0718+793∗ 07 18 08.81 +79 17 22.7 0.8 18 −
0716+714 07 16 13.01 +71 26 15.3 0.8 26 +
0804+499 08 04 58.39 +49 59 23.1 0.7 2 +
0828+493 08 28 47.97 +49 23 33.1 0.4 2 +
J0834+551∗ 08 30 51.00 +55 24 18.0 5.4 1 +
0835+580∗ 08 35 09.99 +58 04 51.6 0.6 3 −
0917+624 09 17 40.30 +62 28 38.5 1.4 28 −
J0949+661∗ 09 45 14.84 +66 28 58.1 1.2 1 +
0954+658 09 54 57.84 +65 48 15.7 0.5 25 +
J0957+552 09 54 14.35 +55 37 16.5 2.0 1 +
1003+830∗ 10 03 25.73 +83 04 56.7 0.6 2 +
1031+567∗ 10 31 55.97 +56 44 18.1 1.2 1 −
J1814+411∗ 18 12 47.33 +41 12 06.2 0.6 1 +
J1819+385 18 17 46.80 +38 43 47.0 0.2 1 +
J1852+402∗ 18 50 51.79 +40 15 22.5 0.8 1 +

Table 4.1— A total of 22 compact sources were part of the IDV monitoring between 2000 and 2002. Their
coordinates (B 1950) as well as flux densities are given (column 2–4). N in column 5 denotes the total number of
observing epochs for the given source. The last column indicates if significant IDV was detected (results of the
χ2-test, Section 4.2). All sources labeled with a star (∗) were examined for IDV for the first time.

followed by an equal ’first stage’ unit contain-
ing a circular polarization transducer and two
High Electron Mobility Transistor (HEMT) -
amplifiers. Within this unit, the Superhetero-
dyne principle is realized: the high frequency
signal is converted down to an intermediate
frequency using a mixer connected with a lo-
cal oscillator. After this first stage process-
ing, each horn tree is followed by a separate
backend consisting of a ZF-polarimeter pro-
viding total power as well as full polarization
information of the received signal. The great
advantage of such a multi-feed configuration is
its usage as ’software-beam-switching’ system.
During an observation the ’main’ horn is cen-

tered on the source position, while the second
horn (weather horn) points towards a position
8.′1 away. In contrast to a hardware-beam-
switching system (e.g. the 32 GHz Effelsberg
receiver, Chapter 6), the two independent sig-
nals are recorded separately and subtracted in
the subsequent data reduction process. This
enables to reduce the influence of the atmo-
sphere on the astronomical signal.

4.1.2 Cross-Scan Analysis

According to the “traditional” procedure for
IDV observations with the Effelsberg tele-
scope, all measurements were done using
cross-scans. This method proved to be suc-
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cessful over years for point-like and moder-
ately strong sources. It represents the ideal
compromise between sufficient accuracy and
a high enough duty cycle (time between two
adjacent scans on the same source) compared
to other possible methods (mapping or on-off-
measurements). As a by-product, the point-
ing deviation of the telescope, which influences
precise flux density measurements1, can be de-
termined and corrected simultaneously during
the observations. One cross-scan consists of
sub-scans in two perpendicular directions (az-
imuth and elevation) across the source posi-
tion with the number of subscans matched to
the source brightness at the given frequency.
In our case, a maximum of 12 sub-scans per
scan was sufficient for the weakest sources in
the sample, while usually eight sub-scans were
used for the stronger sources (∼ 1 Jy). Each
subscan has a length of 4−5 times the Half-
Power-Beam-Width (HPBW) of the telescope
in order to determine the noise level (baseline)
at the left and right side of the source position.
With a HPBW of 143′′ at 4.85 GHz this yields
an overall scan duration of ∼ 4−6 minutes.

The measured source brightness is a convo-
lution of the point-like brightness distribution
of the source with the antenna beam. Hence,
as first step in the data reduction (after sub-
traction of main and weather horn), a Gaus-
sian profile is fitted to each sub-scan using the
program CONT2 within the MPIfR software
package TOOLBOX. The amplitude of these
Gaussians is a measure of the flux density of
the source. The fitting yields the following
parameters: flux density proportional to the
amplitude of the Gaussian fit, pointing off-
set from the center position and the HPBW.
Figure 4.1 shows an example of a cross-scan
observation on 0917+624 and the subsequent
Gauss-fit analysis.

As next step, obviously bad sub-scans are
flagged. The cross-scans are usually influenced
by e.g. changing weather conditions (clouds or
rain on the line of sight), temperature gradi-
ents (which often are accompanied with tele-

1Details are presented in Chapter 6 in the context
of our 32 GHz observations

scope distortions), wind or interference. The
flagging procedure for each sub-scan of one
scan is done on the basis of the following cri-
teria:

(i) flux > ± 5 % of the average
(ii) pointing error > ± 10 % of the HPBW
(iii) HPBW > ± 10 % of the average

Taking the example in Figure 4.1, this proce-
dure yields the flagging of sub-scan eight due
to the strong pointing offset of more than 15′′.

4.1.3 Pointing Correction

The cross-scan method enables to control the
pointing behavior of the telescope directly
during the observations. After each scan, the
pointing offset with respect to the center posi-
tion is given (in the same way as described
above) by a Gaussian fit to the averaged
sub-scans in azimuth and elevation, respec-
tively. The pointing in both directions is sub-
sequently corrected using these offsets. How-
ever, remaining pointing offsets (after mov-
ing the telescope to a new source position)
and the connected underestimation of the true
flux density can be corrected in the subsequent
data reduction process.

Here, a comparison of the two cross-scan di-
rections allows the correction of the deviation
from the true position (and the connected un-
derestimation of the amplitude) by assuming
a two dimensional Gaussian profile. The cor-
rection of the measured amplitude S for the
deviation in one direction by using the point-
ing offset in the other direction is given by

Scorr
Azi = SAzi · exp (4 · ln 2 · x2

Elv

θ2
Elv

) . (4.1)

Here, as an example, the correction of the Az-
imuth scan using the pointing offset xElv and
the HPBW θElv of the Elevation scan is given.
As a first step, the mean pointing offset and
HPBW in one direction is calculated. The sub-
sequent estimation of a correction factor for
each sub-scan in one direction is followed by
the correction of the amplitude value of each
sub-scan using equation 4.1. After this point-
ing correction, all sub-scans are averaged.
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Figure 4.1— Example of a cross-scan observation on the main target source 0917+624: The scan consist of
four sub-scans in azimuth and elevation, respectively. The parameters shown in the plots are labeled. The flux
value is given by the amplitude of a Gaussian fit (straight line) to the data. Due to its strong pointing deviation
of more than 10 % of the beam size, sub-scan 8 was flagged during the data reduction process.
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As final result of the cross scan analysis,
we end up with one value for the amplitude
per scan plus statistical error. The subsequent
data reduction steps will be described in the
following and are summarized in Figure 4.2.
They consist mainly of the final flux density
calibration and the correction for systematic
sources of error in order to achieve the highest
possible accuracy. The latter is based on the
frequent observation of the usually constant,
secondary calibrators.

4.1.4 Gain Correction

Due to the large diameter of the Effelsberg
telescope, the huge weight of its construction
leads to gravitational distortions in the 100 m
dish surface. As a result, the focus position
as well as the surface accuracy (and thus sen-
sitivity) varies with changing elevation. The
Effelsberg telescope construction is based on
the so-called ’principle of homological distor-
tion’. Here, a controlled deformation of the
dish into a paraboloid is always realized. An
adjustment of the focus with changing eleva-
tion thus ensures the receivers and secondary
mirror to be always in the focal plane. In
contrast, the influence of the changing sur-
face accuracy has to be corrected after the ob-
servations: the dish surface is optimized for
elevations around 35◦ and the sensitivity de-
creases towards both, higher and lower eleva-
tions. Frequent measurements of secondary
calibrators (ideally along the whole elevation
range) allow to correct for this effect by plot-
ting their normalized amplitude versus eleva-
tion (gain curve). A quadratic fit

G = A0 + A1 · Elv + A2 · Elv2 (4.2)

yields the constants A0, A1 and A2 for each
observing run and is used to remove these sys-
tematics from the whole data set at the given
epoch. Such ‘gain correction’ is the first step
in the reduction process and an example is
given in Figure 4.2.

4.1.5 Time-dependent Correction

The secondary calibrators were always ob-
served with similar duty cycles as the program

sources. This allows the correction of remain-
ing, systematic time-dependent effects in the
measured flux densities. Those consist mainly
of changing weather conditions, drifts in the
receiver system and thermal expansion of the
telescope due to temperature gradients during
the run (e.g. thermal loading from the Sun).
The light curves of the normally constant cal-
ibrators display these effects. Figure 4.2 gives
an example of the normalized flux vs. time for
the two secondary calibrators 0836+710 and
0951+699 (second panel on the right). A com-
parison of the light curves shows that both
sources exhibit mainly the same systematic
amplitude changes. This happens on short
time scales (up to a few hours in the first part)
as well as on time scales of ∼ 0.5 days (mono-
tonic increase in the second part). In the case
of the data shown in Figure 4.2, such effects
occur on a 0.5–1 %-level, but can occasion-
ally reach a few percent during bad weather
conditions. Since the amplitudes of our tar-
get sources are also affected by these time-
dependent systematics, the latter have to be
removed in order to achieve a better level of
accuracy (≤ 1%) and detect the lowest level of
variability. The data of the secondary calibra-
tors were used to remove the time-dependent
effects from the whole data set by constructing
a mean correction curve over the observing pe-
riod. This has been done for each epoch using
the densely sampled light curves of 0836+710
and 0951+699 (see Figure 4.2).

Finally, the measured amplitudes of all
sources of one epoch have to be linked to the
absolute flux density scale (Baars et al. 1977,
Ott et al. 1994)2. This is done using the fre-
quent observations of primary calibrators (e.g.
3C286, 3C48 and 3C295) at the given epoch.

4.1.6 The final Measurement-Errors

The single measurement errors (the statisti-
cal error from the Gauss fit analysis) is usu-
ally smaller than the error suggested by the
residual scatter in the final secondary calibra-

2In addition, these fluxes are monitored frequently
throughout a year in order to account for long-term
changes.
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Figure 4.2— Sketch of the data reduction procedure for flux density measurements with the Effelsberg telescope
at 4.85 GHz. After the cross-scan analysis, the raw data undergoes mainly three additional corrections: (i)
elevation-dependent correction, (ii) time-dependent correction and (iii) scaling to the absolute flux density (see
text). The corrections are plotted on the right side of the tree, while their outputs are shown on the left.

tor light curves. Since the latter defines the
level (1σ) on which we are able to detect vari-
ability and thus represents our final observing
accuracy, an additional error has been applied
to each data point. This error was deduced
from the averaged scatter of the secondary cal-

ibrators 0836+710 and 0951+699 around their
mean values at each given epoch.

Consequently, the final flux density errors
are composed of the statistical errors from the
reduction process (Gaussian fits of averaged
sub-scans) and a contribution from the sys-
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tematics as seen in the secondary calibrators
(weather and system conditions). The final
errors lie in the range of ≤ 0.5 − 1%. In the
cases of good up to ideal weather conditions,
these values are lowered to ∼ 0.3%.

4.2 IDV Analysis

After the data reduction process each light
curve is investigated by a standard variability
analysis based on the following steps: (i) test
for the presence of IDV (χ2-test), (ii) identifi-
cation of the variability strength (modulation
index and variability amplitude) and (iii) de-
termination of a characteristic time scale of
the variations.

4.2.1 χ2-Test

In order to search for the existence of short
term variations, each light curve undergoes
the following procedure. As a criterion for the
source variability, the hypothesis of a con-
stant function (non-variable source) is exam-
ined and the light curve is fitted by a χ2-test
of the kind

χ2 =

N
∑

i=1

(

Si− < S >

∆Si

)2

, (4.3)

with the reduced χ2

χ2
r =

1

N − 1

N
∑

i=1

(

Si− < S >

∆Si

)2

. (4.4)

Here, Si denotes the individual flux densities,
< S > their average in time, ∆Si their er-
rors and N the number of measurements (e.g.
Taylor 1982, Bevington & Robertson 1992).
The factor 1/(N − 1) in the reduced χ2 corre-
sponds to the division of χ2 by the degree of
freedom. In the case of a constant function,
this is equal to the number of measurements
minus one. Values of χ2

r ∼ 1 represent a good
fit of the data with a constant function, while
values significantly larger than 1 correspond
to light curves with a low probability of being
constant.

Finally, only those sources for which the
probability that they can be modeled by a con-
stant function was found to be ≤ 0.1% are
considered as IDV sources.

4.2.2 Modulation Index and Variabil-
ity Amplitude

An important parameter to quantify a light
curve is the modulation index m. It is related
to the mean flux density < S > and the rms
flux density variations σS in the time series by

m[%] = 100 · σS

< S >
(4.5)

and yields a measure for the strength of the
observed variations. Epoch-dependent effects
(e.g. weather and receiver instabilities) can
systematically influence the rms variations in
the data. Therefore it is useful to compare
the modulation index of a variable source with
those of the secondary calibrators observed at
the same epoch. This gives rise to the defini-
tion of a variability amplitude given by

Y [%] = 3
√

m2 − m2
0 . (4.6)

The obtained quantity is noise-bias corrected
using the mean modulation index m0 calcu-
lated from the secondary calibrators3. This
allows the comparison of the strengths of the
variability at different epochs.

One should note, that the error of the mod-
ulation index critically depends on the observ-
ing duration and the sampling interval. The
reliability of parameters quantifying the vari-
ations in a time series depends on the type
of variations observed. In the case of IDV,
the observed flux densities can be assumed to
be part of a stochastic process with a charac-
teristic time scale. The basic statistical uncer-
tainty due to the finite, small number of points
sampled within a limited observing period has
then to be taken into account. Following Cimó
(2003), we define three quantities for the con-
tribution to the final error in m:

3The factor three is used according to the definition
in Heeschen et al. (1987). It is calculated empirically
to reach a good agreement between Y and the true
amplitude.
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• the error due to the limited measurement
accuracy can be absorbed into the mean
flux density error ∆ < S >

• the number n of independent variability
cycles (and hence the accuracy of m) is
limited by the finite observing duration
Tobs. In addition, the observing period
could be shorter than the time scale of the
variations leading to an underestimation
of m. The hereby related errors can be
described as

∆n = 0.85
1√
n

, (4.7)

where n denotes the number of variabil-
ity cycles (with time scale tvar) observed
within Tobs:

n =
Tobs

tvar
(4.8)

• a third contribution is related to the fi-
nite sampling of the stochastic variations.
Variations could occur on time scales
shorter than the typical sampling interval
(under-sampling). Assuming that signifi-
cant variations could be present within at
least three data points, this error can be
expressed as

∆N =
1

N
, (4.9)

where N is given by

N =
Tobs

3 < ts >
(4.10)

taking into account the mean sampling
interval < ts >.

Thus, the final uncertainty of m can be low-
ered by (i) a high number of independent sam-
ples of the variability pattern observed and (ii)
a densely sampled duty cycle. The same is
true for the derived time scales of the vari-
ations. In our case, the basic statistical un-
certainty of m typically lies in the range of
30–50 %.

4.2.3 Time scale analysis

To further quantify the observed variations, a
characteristic variability time scale tIDV has
to be extracted from our time series. This
time scale can then be compared with the pre-
dictions of the annual modulation model pre-
sented in the previous chapter. Here, various
methods are available and different kinds of
tIDV with different definitions are used in the
literature. Besides a direct estimation from
the light curve itself (e.g. mean peak-to-peak
time), the time series are best analyzed by first
order structure functions (SF) or autocorrela-
tion functions (ACF). Following Simonetti et
al. (1985), the discrete first order structure
function SF(τ) for a time series S(ti) of flux
measurements at time ti is given as

SF (τ) =< (S(t) − S(t + τ))2 >t , (4.11)

where < . >t denotes the average over time
(for samples with equal τ). For small time
lags, τ → 0, the SF displays the noise level
present in the time series. For increasing time
lags the SF is characterized by a power law,
SF ∝ τβ, with a slope of β . 2. Finally, the
SF reaches a first maximum and a ‘plateau-
level’ for long time lags. The first maximum
displays the characteristic time scale for decor-
relation, tIDV , while at the plateau the SF
becomes proportional to the modulation in-
dex m: SFplateau = 2m2 (see Figure 4.3 for
an example). In the past, the SF was used
to define different types of IDV sources. Ac-
cording to Heeschen et al. (1987), an IDV
type II source reaches a maximum in the SF
within the observing period. By definition,
this period has been arbitrarily fixed to two
days (Wagner & Witzel 1995). Consequently,
a type I IDV source exhibits a monotonically
increasing SF over the observing period with-
out clear maximum/plateau and displays vari-
ability on longer time scales. The SF of a type
0 (non-variable) source is dominated by noise
and hence appears to be constant over the ob-
serving period.

The autocorrelation function ρ(τ) of a time
series S(ti) is defined as (Edelson & Krolik
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Figure 4.3— Example of a SF analysis for the
light curve of 0716+714 obtained in May 2001. The
time where the power law fit reaches the first maxi-
mum/fitted plateau level is taken as characteristic time
scale tIDV (see text).

1988)

ρ(τ) =< (S(t) · S(t − τ)) >t , (4.12)

with its relation to the structure function
given by

SF (τ) = 2[ρ(0) − ρ(τ)] . (4.13)

In the same way as for the SF, the ACF yields
information on both characteristic time scales
and periodicities in the time series. In the
investigation of pulsar scintillation, the usual
way is to define the “decorrelation” time scale
as the time lag during which the ACF falls
to 1/e of its maximum (e.g. Cordes 1986).
Other authors refer to the time scale as the
half-width at half maximum (HWHM) of the
ACF (e.g. Rickett et al. 1995). In IDV stud-
ies, the usage of both, SF and ACF is common.
Dennett-Thorpe & de Bruyn (2000) make use
of the SF, while their definition of tIDV cor-
responds to the full-width of the ACF at 1/e
of its maximum. Because the definition of the
variability time scale is a matter of convention,
it is only important to use a consistent method
to be able to compare the observations with
theoretical calculations. In this work, the fol-
lowing SF procedure was used and applied to

each data set in order to obtain a characteris-
tic time scale tIDV (see Beckert et al. 2002a).
For each data set f(ti), the discrete structure
function

SF (τj) = N−1
ij

n
∑

i=1

w(i)w(i + j)[f(ti)

− f(ti + τj)]
2 (4.14)

was calculated. Here, Nij is the normaliza-
tion and w(i) are weighting functions with
w(i)w(i + j) > 0, if a measurement at time
ti and another at ti + τj was obtained. In
addition, the weighting function accounts for
binning of an unevenly sampled time series.
Subsequently, two linear fits are performed to
estimate the slope of the SF (SF = a ·τ β) and
the plateau level (ρ0 = 2m2). A typical exam-
ple is shown in Figure 4.3. The plateau level is
obtained by the mean of the SF after the first
maximum (the saturation level, red line) and
the connected error by its variance (green, hor-
izontal lines). As can be seen from Figure 4.3,
the plateau level is often not well pronounced
(see below). The error of the power law fit
to the SF consists of the variance of the fit
parameters a and β and the envelops in Fig-
ure 4.3 (dashed lines) result from a linear fit
to these errors. The characteristic time scale
is then determined by the crossing point of
the power law and the fitted saturation level,
ρ0 = a · tβ, and is given by

tIDV =
(ρ0

a

)1/β
, (4.15)

(black vertical line) and its error

∆tIDV =

(

ρ0 ± ∆ρ0/
√

3

a ± ∆a/
√

3

)
1

β±∆β/
√

3

(4.16)

(green, vertical lines). Finally, the modulation
index m is derived from the plateau level and
its related error according to m = (0.5 ·ρ0)

1/2.

This procedure is straightforward for regu-
lar light curves with a large number of variabil-
ity cycles (and thus long observing duration),
since the SF then shows a clear maximum
and saturation level. However, this is often
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not the case in our (often shorter) epochs and
shows the difficulties connected with the ob-
servation of “normal” IDV sources compared
to their “extreme” counterparts. Sources like
J1819+3845 exhibit a pronounced and regular
variability pattern with time scales of about
0.5 hours or even less. In these cases, observ-
ing runs as short as 12 hours are sufficient to
obtain a large number of individual variabil-
ity cycles. Consequently, the SFs show their
“ideal” shape and the statistical errors of tIDV

and m are small. The situation for normal
IDV sources with time scales of 0.5–1 day is
different. Here, a large amount of observing
time (ideally 5 or more days) is essential to ob-
tain a similar accuracy of the derived values.
The situation becomes even more stringent
when the detection of a prolongation in the
time scale (of a few days) is aspired. Within
the monitoring program presented here, only a
few cycles are observed and not even complete
ones in the shorter epochs. Furthermore, the
light curves obtained from normal IDV sources
often show an irregular pattern with multi-
ple structures and several superimposed time
scales (see below). This complicates the situ-
ation, since the SFs (and also ACFs) deviate
from there “ideal” shape for these cases (sev-
eral maxima, no clear plateau level etc.).

In order to obtain reliable values, a SF anal-
ysis was performed only for epochs with a du-
ration of at least 24 hours. However, the er-
rors are still high - up to 100 % in the most
extreme cases. A cross-check was done using
the ACFs and the light curves itself. Here, the
time scales were estimated as the time between
subsequent maxima and minima in the time
series and the modulation index as defined in
equation 4.5. In all cases, the results are in
good agreement with the values obtained from
the SF analysis.

4.3 Results

In the following sections, the results for our
three main target sources will be summarized
and discussed in view of the annual modula-
tion model presented in Chapter 3, together

with a few notes on other interesting sources.
The whole set of light curves and detailed re-
sults of the IDV analysis for all sources and
epochs can be found in Appendix A and B.

4.3.1 0917+624

In Figure 4.4 and Table 4.2, we summa-
rize our results for 0917+624 at 6 cm wave-
length. Since September 2000, all 28 individ-
ual light curves show a very inactive source
with only a few percent amplitude variations.
At the top of Figure 4.4, the long-term light
curve of 0917+624 over the full monitoring pe-
riod (Sept. 2000 – Oct. 2002) is displayed. Dur-
ing this time interval, we detected a long-
term trend with a nearly monotonic, ∼ 25%-
decrease in total flux from 1.5 Jy down to
1.2 Jy since September 2000. In a short period
from August to December 2001, a small two-
folded increase in flux (around J.D. 2452200) is
visible. Such long-term behavior is typical for
compact radio sources (e.g. 3C345, 0836+710,
0716+714 see below) and is often accompa-
nied by the ejection of new jet components
in the innermost core-region on VLBI-scales
(e.g. Otterbein et al. 1998). A more detailed
investigation of this effect will be presented in
Chapter 5.

In addition, Figure 4.4 shows 10 individ-
ual light curves measured between September
2000 and April 2002. All curves of 0917+624
show only extremely low amplitude variations
of Y ≤ 0.5 − 2.2 % (”ripples”) on very short
time scales of ∼ 0.3 − 0.4 days. These val-
ues of Y are dramatically lower than those
observed in the past between 1989 and 1999
(Y ≤ 4.2−16.2 %). In addition, the variations
are often comparable to or not much stronger
than those seen in the secondary calibrator
light curves (m0 in Table 4.2). The same is
true for the χ2-test results. Since September
2000, no significant, strong IDV was seen in
0917+624 and the pronounced IDV seen at
earlier times is completely missing. As a re-
sult, the structure functions of the time series
often appear similar to those obtained from
non-variable sources and a detailed SF analy-
sis for 0917+624 (tIDV , m) was not possible.
For this reason, Table 4.2 summarizes the re-
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Table 4.2— Results of the IDV analysis.

0917+624

Date Day Duration Flux m m0 Y χ2
r

[hours] [Jy] [%] [%] [%]

16/09/2000 260 24 1.51 0.43 0.37 0.46 1.22
03/12/2000 338 43 1.50 0.48 0.20 1.30 5.13
17/12/2000 352 36 1.50 0.71 0.23 2.02 9.24
09/02/2001 40 27 1.44 0.42 0.19 1.10 3.13
24/03/2001 83 43 1.41 0.77 0.24 2.21 7.24
09/04/2001 99 22 1.40 0.68 0.20 1.96 10.17
04/05/2001 124 65 1.38 0.46 0.23 1.19 4.55
18/05/2001 138 34 1.38 0.31 0.15 0.81 1.99
03/08/2001 215 67 1.43 0.47 0.28 1.08 1.52
20/10/2001 294 49 1.41 0.48 0.03 1.44 9.85
25/12/2001 359 23 1.43 0.50 0.50 0.00 0.72
12/04/2002 102 37 1.31 0.39 0.34 0.57 1.39

sults obtained directly from the light curves
using equations 4.5 and 4.6 (for epochs with a
duration of at least one day).

4.3.2 0716+714

In contrast to 0917+624, the BLLac
0716+714 often shows the variability pat-
tern expected from previous observations.
Figure 4.5 displays several individual light
curves obtained between September 2000 and
October 2002. The long-term light curve
at the top shows strong long-term activity
and a first flare around J.D. 2451895 with
a peak-to-peak amplitude of 40 %. Here, a
steep increase lasting for about two months
and a subsequent, flatter decrease is clearly
visible. A second, broader flare develops
during the second half of the observing period
reaching a comparable amplitude as the
former in the last observing session (October
2002). This long-term activity of 0716+714
(similar to 0917+624, but much more pro-
nounced) has been well known from decades
of radio, mm and optical observations and
studied in great detail. Raiteri et al. (2003)
performed a statistical analysis by means of
cross-correlations and found a periodicity in
the optical oscillations of ∼ 3.3 years. Here,
a variation of the Doppler factor (by ∼ 1.3)

due to either energetic (noticeable change of
the Lorentz factor) or geometrical changes
(a few degrees in the viewing angle) is the
most likely explanation. In the radio regime
their study indicates a variability time scale
of 5.5−6 years with only weak correlations to
the optical behavior.

Turning back to variability on intraday time
scales, several individual light curves are dis-
played in Figure 4.5. As can be seen, often
slower and more pronounced variations are
observed together with faster and lower am-
plitude variations superimposed on the same
light curve (e.g. December 2000, May 2001).
Such substructure has already been observed
in the past (e.g. Quirrenbach 1989, Kraus et
al. 2003) and seems to be a typical charac-
teristic of the “slower” IDV sources compared
to the extreme IDVs with their regular, sinu-
soidal variability pattern.

The results of the IDV analysis by means of
structure functions are given in Table 4.3 for
each single session with a duration of at least
one day. In addition, the modulation index m0

as well as the χ2
r are given. The overall modu-

lation index m varies strongly over the whole
observing period of about two years. Several
light curves show only low amplitude varia-
tions (e.g. September 2000, February 2001),
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Figure 4.4— Summary of our observations between September 2000 and October 2002 for 0917+624: at the
top, the long-term light curve with a trend of a ∼ 25%-decrease is displayed. In addition, several individual light
curves are plotted. All curves show only low amplitude variations (see text).
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Figure 4.5— Summary of our observations between September 2000 and October 2002: at the top, the long-
term light curve of 0716+714 with pronounced long-term activity is displayed. In addition, several individual light
curves are plotted (see text).
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Table 4.3— Results of the structure function analysis.

0716+714

Date Day Duration Flux Time scale Mod. index m m0 χ2
r

[hours] [Jy] [days] [%] [%]

16/09/2000 260 24 0.84 ± 0.01 0.17+0.18
−0.11 0.75 ± 0.17 0.37 3.45

03/12/2000 338 43 0.84 ± 0.02 & 1.79 & 2.10 0.20 90.34
17/12/2000 352 36 1.00 ± 0.01 0.35+0.44

−0.26 0.98 ± 0.11 0.23 16.37
09/02/2001 40 27 0.78 ± 0.01 0.24+0.16

−0.12 0.93 ± 0.11 0.19 13.52
24/03/2001 83 43 0.72 ± 0.01 1.04+0.20

−0.19 2.24 ± 0.27 0.24 36.86
09/04/2001 99 22 0.69 ± 0.02 & 0.92 & 2.52 0.20 133.15
04/05/2001 124 65 0.62 ± 0.01 0.55+0.22

−0.20 2.13 ± 0.55 0.23 120.98
18/05/2001 138 34 0.64 ± 0.01 0.50+0.42

−0.32 1.63 ± 0.61 0.15 35.15
03/08/2001 215 67 0.54 ± 0.01 0.35+0.19

−0.16 2.13 ± 0.52 0.28 26.80
25/12/2001 359 23 0.66 ± 0.01 0.59+0.25

−0.23 2.54 ± 0.49 0.50 11.74
12/04/2002 102 37 0.69 ± 0.02 0.68+0.21

−0.20 4.30 ± 0.62 0.34 107.10

whereas others exhibit a pronounced variabil-
ity pattern (e.g. May 2001, August 2001).
Values of m as low as 0.75 % are observed to-
gether with values higher by a factor of ∼ 5.
A similar behavior is seen for the time scale of
the variability. Fast periods with time scales
between 0.2 to 0.4 days (e.g. September 2000,
February 2001, August 2001) are accompanied
by slower variations. Two epochs were found
where the structure function did not saturate
within the observing period. In these cases
(December 2000 and April 2001), only a lower
limit for the modulation index and the vari-
ability time scale could be obtained. These
two epochs, together with the observations in
March 2001, display the periods with the slow-
est variability time scales (& 1.8, & 0.9 and 1.0
days respectively) – in the most extreme case
a factor & 9 slower with regard to the remain-
ing epochs. A more detailed analysis in view
of the annual modulation model will be given
in Section 4.4. In particular, a possible depen-
dence of the derived quantities on the mean
flux density (and thus intrinsic source evolu-
tion) will be examined. As expected, the for-
mal errors in both time scale and modulation
index are high due to the usually low num-
ber of variability cycles observed. However,
the changes of both quantities over the whole
observing period appear to be statistically sig-

nificant.

4.3.3 0954+658

In Figure 4.6 and Table 4.4 we summarize
our results for 0954+658. The long-term light
curve shows a similar activity as 0716+714.
After a 5 months period of nearly constant
flux density, two flares were observed with
their maxima around May 2001 and Decem-
ber 2001. This long-term behavior is similar
to what has been observed in the past, where
0954+658 was always active with changes in
amplitude by a factor of up to 4 over months
and years.

The individual curves displayed at the bot-
tom of Figure 4.6 show almost always strong
variability with peak-to-peak amplitudes of
∼ 5−7%. The light curves appear often as
a strongly irregular pattern with short, saw-
toothed peaks superimposed (e.g. December
2000a, March 2001, May 2001). This is similar
to what was already seen in the light curves
of 0716+714 (e.g. May 2001), but here it
appears to be more frequent and much more
pronounced. The existence of variability with
such multiple structure (several distinct time
scales and amplitudes) is, again, in contrast
to the quasi-oscillatory variability seen in the
most extreme IDVs. In the framework of ISS,
this could be explained by a different scat-
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Figure 4.6— Summary of our observations between September 2000 and October 2002: at the top, the long-
term light curve of 0954+658 with pronounced flares is displayed. In addition, several individual light curves are
plotted (see text).
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Table 4.4— Results of the structure function analysis.

0954+658

Date Day Duration Flux Time scale Mod. index m m0 χ2
red

[hours] [Jy] [days] [%] [%]

16/09/2000 260 24 0.42 ± 0.01 0.33+0.18
−0.15 1.73 ± 0.43 0.37 16.77

03/12/2000 338 43 0.45 ± 0.01 0.58+0.39
−0.32 1.90 ± 0.56 0.20 62.52

17/12/2000 352 36 0.46 ± 0.01 0.30+0.29
−0.19 1.53 ± 0.39 0.23 32.96

09/02/2001 40 27 0.44 ± 0.01 0.19+0.12
−0.09 1.63 ± 0.47 0.19 38.43

24/03/2001 83 43 0.54 ± 0.01 0.25+0.17
−0.13 1.38 ± 0.27 0.24 22.91

09/04/2001 99 22 0.60 ± 0.01 0.31+0.19
−0.15 2.35 ± 0.38 0.20 95.75

04/05/2001 124 65 0.65 ± 0.01 0.63+0.22
−0.21 2.06 ± 0.45 0.23 84.94

18/05/2001 138 34 0.69 ± 0.01 0.25+0.15
−0.13 1.35 ± 0.50 0.15 41.85

03/08/2001 215 67 0.62 ± 0.01 1.20+0.61
−0.60 2.41 ± 0.80 0.28 34.92

25/12/2001 359 23 0.77 ± 0.01 0.36+0.23
−0.18 1.08 ± 0.25 0.50 2.38

12/04/2002 102 37 0.63 ± 0.01 0.27+0.16
−0.13 2.38 ± 0.69 0.34 45.45

tering medium (e.g. a different turbulence
spectrum and/or several sheets of material at
different distances) or a different brightness
distribution of the scintillating region in the
source.

The results of the structure function analy-
sis are given in Table 4.4 for all epochs with
a duration & 24 hours. Although the epoch in
December 2001 shows a somehow lower value
of m = 1.1 % with respect to the mean value
of m = 1.8 %, the scatter of m throughout
the whole observing period is much lower com-
pared to 0716+714. The same is true for the
estimated variability time scales. The source
is usually fast with time scales of ∼ 0.3 days.
Two epochs, December 2000a and May 2001,
are found to exhibit slower variability by a fac-
tor of ∼ 2, whereas the period with the most
prolongated time scale is seen in August 2001.
Here, the SF analysis yields a variability time
scale of 1.2 days, a factor of about 4 slower
compared to most of the remaining epochs.

4.3.4 Final epoch in April 2003

A last observing epoch was performed in April
2003. While 0716+714 and 0954+658 showed
their ’normal’ variability pattern, no restart of
the variability in 0917+624 could be detected.
The source still exhibits an extremely low level
of variations. Thus, up to now, 0917+624 has

stopped its pronounced variability for more
than 2.5 years.

4.4 Discussion

4.4.1 Extremely quenched Scintilla-
tions in 0917+624

It can be seen from Figure 4.4 that 0917+624
passed through a dramatic change of its vari-
ability properties when compared to the past.
The change can clearly be seen by plotting
light curves of our new campaign on the same
scale with data from earlier observations. This
is realized in Figure 4.7. While in June
1993 0917+624 showed its normal, strong vari-
ability pattern with 15 %-amplitude variations
(m=3.3 %) on a time scale of ∼ 0.5 days,
the variations between March and October
2001 appear dramatically low. The modu-
lation indices obtained from all light curves
between 2000 and 2003 have always been
low: m ≤ 0.8 %. In the most extreme case,
this is a factor ∼ 15 lower than the varia-
tions observed in the past between 1988−1999
(m =4−5 %). In order to explain the be-
havior of 0917+624 in the context of the an-
nual modulation model, however, three main
problems appear: i) Other IDV sources in
the same region of the sky (e.g. 0716+714,
0954+658) do not show the expected clear
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Figure 4.7— Comparison of epochs with different variability pattern: the upper left curve shows 0917+624 in
June 1993 with its normal, strong variability pattern (m = 3.3 %). Three additional light curves from March,
April and October 2001 (plotted on the same scale) are displayed (m . 0.8 %). Note the low variations compared
to the past.

seasonal dependence of the variability time
scale (see below). ii) The orbital motion of
the Earth should affect the time scale, but
not the modulation index m (Rickett et al.
2001). The strength of the variations is in-
dependent of the velocity vector and its ori-
entation throughout a year (even in the pres-
ence of any anisotropy). However, m now ap-
pears to be strongly variable. iii) Our moni-
toring program presented here has not yet re-
vealed a restart of the strong, pronounced and
fast variability in 0917+624 since September
2000. This contradicts the model predictions
presented in Chapter 3, which claimed recov-
ery to the ”normal” variability already at the
end of year 2000 (see Figure 3.6). We suggest
two possible scenarios in order to explain the
present anomalous behavior of 0917+624:

(i) Changes in the scattering medium

The interstellar medium could be far more
complex than presently assumed. A change in
the scattering properties of the screen might
explain the change of the variability mode in
0917+624. If the spatial scale of the scintil-
lation pattern decreased, then the source size
could quench the ISS as extremely as now ob-
served. For weak ISS or RISS this would imply
either a decrease in the strength of turbulence
in small, localized regions of the ISM or an
increase in the distance to such a region. In
turn this would require a very inhomogeneous
ISM with moving ‘clouds’ or ‘layers’ at dif-
ferent distances. The inhomogeneities would
then have to occur on angular scales of less
than the angular separation from 0917+624
to other sources (≤ 5 − 10◦), the latter still
showing pronounced IDV.

Beckert et al. (2002) published an analyt-
ical solution for the modulation index in the
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weak, quenched scattering regime. Using this
expression, the required changes in the scat-
tering properties of the medium can be con-
strained (see Chapter 64). Here, a slab model
for the screen of 1 pc thickness with a uniform
distribution for the strength of turbulence C 2

n,
and a Kolmogorov spectrum with β = 11/3
is assumed. First, the distance to the ion-
ized material can be constrained using equa-
tion 2.28 (Chapter 2) for the variability time
scale in the weak, quenched scattering regime.
The typical variability time scale of 0.5 days
at λ6 cm seen in the past and relative veloci-
ties not larger than 40 kms−1 require a screen
distance of ∼ 100–150 pc for reasonable source
sizes (0.08–0.12 mas). A further unknown in
the modeling of ISS is the amount of total
flux density contained in the scintillating com-
ponent and the non-scintillating “base-level”.
Using the values 150 pc and 0.08 mas for the
slab model leads to a modulation index of
7.3 % at λ6 cm assuming all flux to be in the
scintillating component. This value is higher
than the observed value of m ∼ 5−6 % seen
between 1988−1999. This discrepancy indi-
cates that the variable component most likely
contains only about 80 % of the source total
flux. However, since this is rather unknown,
in the following we will use the simplification
of 100 % of the source total flux in the scintil-
lating component.

The typical, already quenched variability
of m∼ 5−6 % seen in the past can then be
explained by one ∼ 0.1 mas component scin-
tillating behind a screen at a distance of
150 pc. Here, C2

n is assumed to be of the order
0.1 m−20/3 as deduced from pulsar studies for
enhanced turbulence in the local ISM (Local
Bubble wall). In order to quench the scin-
tillations further down to the now observed
m∼ 0.5 %, changes in the scattering proper-
ties of the medium are related to changes in
the distance D to the screen or the strength
of turbulence. Here, m scales as

m2 ∼ D−0.3 < C2
n > . (4.17)

4In Chapter 6 this model is presented in more de-
tail and investigated in the context of multi-frequency
observations of J1819+3845.

Taking only a change in the mean strength
of turbulence < C2

n > into account requires a
decrease by a factor of ∼ 130 within a time
period of about one year (1999−2000). A
sole increase in distance to the material (and
thus decrease in the Fresnel angular scale) re-
quires unrealistic high values of D (∼ kpc)
due to the weak dependence of m2 on D.
Thus, in this context, the present situation
of 0917+624 is most likely explained by ei-
ther a “hole” in the screen or a moving fore-
ground layer or clump, which was present dur-
ing the last 15 years and has suddenly disap-
peared between 1999−2000 (both leading to
the required strong and sudden decrease in
< C2

n >). In this case the velocity in the scat-
tering medium can be constrained to at least
0.1 mas per year or 1.2 m s−1 at a screen dis-
tance of 150 pc.

(ii) Intrinsic changes in the source structure

An alternative interpretation could be based
on intrinsic variations in the inner source
structure on scales which are of the order
of the scattering size. The dominant com-
ponents, which in the past were responsible
for ISS, could have either disappeared or they
increased their intrinsic size to values much
larger than the Fresnel angular size. As re-
sult, only extremely quenched scintillations
are observed. Adopting the above model,
the required enlargement can be estimated.
In order to quench m at λ6 cm from 5−6 %
down to 0.5 % by a sole increase in source
size, the component has to increase its size to
0.7−0.8 mas (assuming a screen at 100–200 pc
distance). Consequently, the ∼ 0.1 mas com-
ponent, which was responsible for the ISS seen
in the past, should have increased in size by
a factor of 7−8 to produce the present, ex-
tremely quenched scintillations. These values
appear extremely high and such a dramatic
increase in component size should become vis-
ible in new VLBI observations of the source
(see Chapter 5).
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4.4.2 Evidence for Changes in the
Scintillating Core Region of
0917+624

Support for the latter idea comes from multi-
frequency IDV observations of 0917+624 per-
formed in March 2000 (Cimó 2003). This
epoch can be treated as an intermediate case
between the typical, strong variability seen in
the past (until February 1999) and the ex-
tremely quenched variability presented here
(since September 2000). During this run in
March 2000, 0917+624 was observed at 11,
6 and 2.8 cm wavelengths over a period of
one week. Already at this time its variabil-
ity at 6 cm wavelength was strongly reduced
(m =0.7 %, Figure 4.8) compared to observa-
tions in February 1999 (m=5.1 %). Interest-
ingly, the λ11 cm-light curve from March 2000
still showed stronger variability (m =1.3 %),
but the variations were also already quenched
compared to earlier observations at this wave-
length. Here, m was usually in the range of
3−5 % (Quirrenbach 1989, Kraus et al. 2003;
Figure 4.8). Taking, as described above, an
increase in size of one scintillating compo-
nent between February 1999 and September
2000 into account, the reduced variability in-
dex at λ 6 cm in March 2000 can be reproduced
by a component of size ∼ 0.6 mas behind a
100−200 pc distant screen.

Assuming we are still in the weak scatter-
ing regime at λ 11 cm, the scintillation behav-
ior at this wavelength can be examined with
the same model. This is supported by the fact
that the variability in 0917+624 peaks some-
where close to this wavelength (Quirrenbach
1989, see Figure 2.2 in Chapter 2). By scal-
ing the 0.6 mas component at λ 6 cm linear in
frequency yields a component size of ∼ 1 mas
at 11 cm wavelength. Such component would
produce quenched variability with m∼ 1.2 %
at λ11 cm for a screen at 100−200 pc. This
is close to the value of 1.3 % observed in
March 2000, where the variations were already
reduced, but, as expected, still not entirely
quenched. This provides evidence that the
scintillating component steadily increased in
size after February 1999 from ∼ 0.1 mas to

J.D. − 2450000

Figure 4.8— The intermediate case between strong
(until February 1999) and extremely quenched vari-
ability (since September 2000) in 0917+624: The
λ11 cm-light curve from March 2000 (middle) shows
by a factor of 4 reduced variability compared to earlier
λ11 cm-observations (here December 1997, top). The
light curve at λ6 cm from March 2000 (bottom) ex-
hibits an already strongly quenched modulation index
(0.7 %), but slightly higher as usually observed since
September 2000 (0.5 %).

∼ 0.6 mas at λ6 cm in March 2000 and up to
0.7−0.8 mas in September 2000. As a result,
the variability strength steadily decreased to
the reduced value at λ11 cm and the strongly
reduced value at λ6 cm in March 2000 to fi-
nally terminate in the extremely (nearly en-
tirely) quenched λ6 cm-variations seen since
September 2000 (∼ 0.5 %). New Effelsberg ob-
servations at a wavelength of 11 cm could sup-
port this idea, but are presently not possible
due to technical reasons.

One has to note that the previous de-
scription with one scintillating component in
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0917+624 is probably too simple. This is sup-
ported by the often rapid and complicated
variations in polarization and polarization an-
gle and its anti-correlation with total intensity
(compare Figure 2.1 in Chapter 2). This be-
havior can only be modeled by ISS when a
multi-component model with at least two po-
larized sub-components of sizes 0.05−0.07 mas
is taken into account (e.g. Rickett et al. 1995).
However, it appears as if the strong and com-
pact source component, which was responsi-
ble for the deep flux density modulations in
the past, has increased in size and thus ceased
varying (e.g. due to a blending of the VLBI
core with a newly ejected jet component) .

Direct evidence for an increase in size of
the inner, scintillating region of 0917+624 is
coming from VLBI observations performed be-
tween 1999 and 2000 (Krichbaum et al. 2002).
These findings will be presented in Chapter 5
together with our new VLBI epochs.

4.4.3 Annual Modulation and long-
term Behavior of 0716+714 and
0954+658

0716+714

In order to compare the results of 0716+714
with the predictions of the annual modula-
tion model presented in Chapter 3, Figure 4.9
displays the measured modulation indices and
time scales versus day of the year. The distri-
bution of the variability time scale (bottom of
Figure 4.9) shows two periods of slower vari-
ations separated by about 250 days. While
in between the time scales are observed to be
shorter (. 0.5 days), the first period of slower
variations occurs around days 80−100 and
consist of a few epochs with a time scale of
up to one day. The second period is charac-
terized by only one data point (with the slow-
est variability observed in December 2000, day
338), where the SF have not been saturated
after 1.8 days. This “double peak” struc-
ture in the time scale over the year appears
to fit nicely with the expectation for annual
modulations in an anisotropic screen scenario
(compare Figure 3.7 in Chapter 3). Here,
e.g. an orientation of the scattering ellipse of
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Figure 4.9— Results of the SF analysis for
0716+714 plotted versus day of the year. Top: mod-
ulation index. Bottom: variability time scale.

150◦ would produce a secondary peak close to
day 70 and a primary peak near day 290 in
this part of the sky (depending on axial ratio,
source size and screen velocity). The question
remains, whether the observed prolongations
reflect a real annual modulation effect caused
by the changing relative velocity or if other
mechanisms are in operation. Evidence for
the latter possibility comes from the behav-
ior of the modulation index over the year. As
outlined earlier, this quantity should be inde-
pendent of the orientation of the velocity vec-
tor and thus should be approximately constant
over the year. In contrast, Figure 4.9 shows a
large scatter, where at least four points (out of
11) deviate more than a factor of two from the
average of m=2 %. This appears to be statis-
tically significant and shows that m is not as
constant as predicted. In particular, the first
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Figure 4.10— Long-term behavior of 0716+714:
(a) source total flux, (b) modulation index, (c) vari-
ability time scale over the full monitoring period. Note
the similar behavior close to J.D. 2452000 (see text).

peak in the variability time scale plot seems to
be correlated with an increase of m around the
same day number (∼ day 100). A comparison
of the long-term behavior of the two quanti-
ties supports this idea. Figure 4.10 shows the

long-term distribution of the total flux density
(a), the modulation index (b) and the variabil-
ity time scale (c) over the full monitoring pe-
riod between September 2000 and April 2002.
It turns out, that the modulation index ex-
hibits a steady increase over this 19-month pe-
riod with its maximum in the last epoch. A
similar trend is visible in the diagram showing
the variability time scale, but here less pro-
nounced and statistically less significant due
to the larger error bars. Superimposed we
find a local maximum in the m-distribution
near J.D. 2452020, which coincides with a pe-
riod of slower variability and lower total flux
densities around the same time. When exam-
ining the behavior of m in dependence of time
scale and flux density, it appears as if m is in-
deed correlated with both quantities. Figure
4.11 displays m versus time scale and total
flux density. A linear least-square fit reveals
a dependence in a fashion, that m increases
with tIDV . The data point with the slowest
time scale (1.8 days), however, deviates from
this distribution. Furthermore, m seems to be
correlated with flux density as well. Although
the degree of correlation is poorer, a trend is
seen: stronger variability towards lower flux
densities. A similar behavior was found in a
more general statistical analysis of IDV (Cimó
2003). In particular, examining the behavior
of 0716+714 in the past (1989−2000) reveals
often stronger variability at epochs of lower
total flux density. This might be interpreted
as structural changes in the core region (e.g.
new jet-components and thus larger core size),
which influence the overall variability charac-
teristics (similar to the scenario proposed for
0917+624).

The previous discussion indicates that at
least the first period of slower variations
around days 80−100 does not reflect a true
seasonal cycle predicted by the anisotropic
screen scenario. Intrinsic source evolution (as
evident in the large outbursts in Figure 4.10)
is more likely to be responsible. Consequently,
this period will be excluded from the subse-
quent discussion.

The situation is less clear in the second pe-
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Figure 4.11— Left: modulation index versus time scale. Right: modulation index versus total flux density.
In both cases a trend of correlation is visible (linear fit). The data point with slowest variability observed deviates
from the strong linear trend seen on the left and has been excluded from the fit analysis in this case.

riod of slower variations (around day 338),
since only one data point is available. Here,
however, the corresponding modulation index
is close to its mean value and deviates from
the dependence seen in Figure 4.11. Assum-
ing (i) that the prolongation in this part of
the year is indeed caused by the slower rel-
ative velocity between Earth and screen and
(ii) that the slower variability around days
80−100 is due to an intrinsic origin as ar-
gued above (and hence negligible), our re-
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Figure 4.12— Variability time scales of 0716+714
versus day of the year with model calculations super-
imposed. Different LSR velocities for the screen (Vα,
Vδ) are assumed as indicated. Ignoring the first peak
(around day 90) the model can qualitatively explain
the second slow-down near day 340 (see text).

sults can be compared with the model cal-
culations presented in Chapter 3. A detailed
least-square-fit analysis as done in the cases
of J1819+3845 and PKS1257−326 is not pos-
sible due to the lack of additional measure-
ments between days 300–360. However, in or-
der to produce a ’slow-down period’ so close
to the end of the year, a large offset of the
screen velocity with respect to the LSR has to
be assumed. In Figure 4.12 we overplot our
model predictions for different LSR velocities
of the scattering medium. The model param-
eters (source size θS and screen distance D)
are chosen as follows. Assuming we are in the
weak quenched scattering regime, the usually
shorter variability time scale throughout the
year can be used to constrain both the source
size and the screen distance in a fashion that
a larger source size requires a smaller distance
and vice versa. According to Chapter 2, the
scintillation time scale in this regime is given
by t=θS·D/v. In order to obtain time scales of
. 0.3−0.4 days, a reasonable parameter range
for both quantities is 70−200 pc for D and
50−100 µas for θS with relative velocities not
much larger than 40 km s−1. For the model
calculations in Figure 4.12, a screen distance
of 100 pc and a source size of 70 µas was used.

A screen at rest (in the LSR) produces a
minimum in the transverse velocity at days
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near 270 for sources in this part of the sky
(thick solid curve). The prolongation around
day 338 can then be fitted only, when off-
sets in the range of Vα = 25 km s−1 and
Vδ = −10 km s−1 are assumed. Although
high when compared with the values found
for PKS1257−326, they are in good agree-
ment with the velocities coming from the de-
lay experiment and annual modulation stud-
ies in J1819+3845 (e.g. Dennett-Thorpe &
de Bruyn 2003). In addition, the periods of
fast variability are in good agreement. The
sharp drop by a factor of 5 from slow (day
338) to fast variability (day 352) within two
weeks, however, is difficult to reconcile with
the model. This deviation is relaxed tak-
ing the large error of the observed values
into account. In general, the annual modula-
tion model can qualitatively explain the slower
variability observed in December 2000.

New observations with better time sampling
during the period October to December will
have to show, if a real seasonal dependence
and thus ISS is present.

0954+658

The situation appears different for 0954+658.
Figure 4.13 displays m and t versus day of the
year. The top panel shows the scatter of m to
be much less pronounced as seen in the case
of 0716+714. The variability time scale plot-
ted at the bottom reveals usually fast varia-
tions throughout the year (∼ 0.3 days) and the
scatter of t is much lower when compared to
0716+714. The two data points around days
124 and 338 display slower time scales, but
appear not significant within the errors. The
most interesting period in the second half of
the year, where an prolongation is expected,
is characterized by the slowest variability time
scale observed (day 215). Here, the variations
slowed down by a factor of 4. However, the
error is larger due to the low number of vari-
ability cycles observed (∼ 2). The long-term
distribution of total flux density, modulation
index and time scale are shown in Figure 4.14,
which shows no obvious similar trend in con-
trast to what was seen in 0716+714. Fur-
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Figure 4.13— Results of the SF analysis for
0954+658 plotted versus day of the year. Top: mod-
ulation index. Bottom: variability time scale.

thermore, no significant correlation is evident,
when plotting m versus flux density and time
scale. This provides evidence, that intrinsic
source evolution plays a minor role with re-
gard to the IDV behavior of the source. Con-
sequently, we may have detected the predicted
seasonal dependence.

A comparison with the orbital motion
model shows, that a prolongation so early
in the year can be reproduced only with
screen LSR-velocities in the range of Vα =
−25 km s−1 and Vδ = 20 km s−1. Figure 4.15
displays the data with model calculations for
different screen velocities superimposed. Sim-
ilar to 0716+714, the screen distance and the
source size have been constrained to 100 pc
and 70 µas respectively, again using the ob-
served fast variability throughout the year
(∼ 0.3 days). The agreement between data and
model is obvious. The screen LSR-velocities
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Figure 4.14— Long-term behavior of 0954+658
over the full monitoring period: (a) source total flux,
(b) modulation index, (c) variability time scale. A sim-
ilar behavior as seen in 0716+714 is not visible (see
text).

differ strongly from those required to repro-
duce the data of 0716+714 (Figure 4.12) and
the old data of 0917+624 (Figure 3.6, Chapter
3). If indeed ISS is in operation and the pro-
longations observed here reflect only seasonal
cycles, the interstellar medium must exhibit a
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Figure 4.15— Variability time scales of 0954+658
versus day of the year with model calculations super-
imposed. Different LSR velocities for the screen (Vα,
Vδ) are assumed as indicated. The model can explain
the slower variability at day 215 and the faster vari-
ability throughout the year.

large velocity dispersion on angular scales of a
few square degrees on the sky.

Once more, only one data point is available
in the predicted slow-down period. More ob-
servations, in particular between May and Oc-
tober, are essential to confirm the seasonal cy-
cle in 0954+658 proposed here.

4.5 Notes on other sources

A total of 19 additional sources were observed
at least once during the 28 observing sessions
(compare Table 4.1). From this, 12 were found
to exhibit variations on short time scales.
Both, the χ2-test and modulation index of
these sources differ significantly from those of
the secondary calibrators and thus they were
identified as IDV sources. The remaining 6
objects did not show significant variability. In
the following, a few individual sources will be
briefly presented.

J0422+535: This quasar was examined for
IDV for the first time. The light curve
from October 2001 exhibits fast varia-
tions with a peak-to-peak amplitude of
∼ 5 % (Y = 3.55 %, χ2

r = 42.1), Conse-
quently, J0422+535 is identified as new
IDV source.
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0454+844: A BLLac object which was ob-
served already twice in the past. In both
sessions IDV was detected (Kraus et al.
2003) and the variability amplitude at
λ6 cm increased by a factor of ∼ 3 be-
tween the two runs in December 1997
(from Y = 3.19 % to Y = 8.75 %). Such
change of the variability pattern within
two weeks seems implausible for an ISS
explanation unless one takes into account
strong and fast changes of the intrinsic
source properties (e.g. size of the scin-
tillating components). However, the new
observations in August 2001 again reveal
weaker variations with Y = 3.95 %.

0718+792: This radio source has no opti-
cal counterpart and thus its redshift is
unknown. As a possible secondary cali-
brator candidate it was investigated for
variability several times. The flux density
usually scattered around its mean value
by ∼ 1 % - slightly more compared to
0836+710 and 0951+699. Although the
χ2

r reveals often values close to one and
thus low probability for a variable light
curve, sometimes much higher values are
evident. Its usage as ’standard’ secondary
calibrator is therefore questionable.

0828+493: Already identified as IDV type
II (Kraus 1997), this BL Lac object at
z = 0.55 shows IDV in the light curve
from May 2001. Here, the variations are
not so dramatic as in the past: vari-
ability with an amplitude of Y = 5.27 %
and a time scale of ∼ 12 hours is visible
compared to much faster (∼ 5 hours) and
stronger (Y = 7.04 %) variations observed
in the highly under-sampled light curve
from December 1991.

J1814+4113: Located close to J1819+3845
(see below) on the sky, this compact
core-jet source with z =1.56 is the most
promising new IDV candidate. Although
observed with low sampling, the first
light curve shows already fast variations
on time scales of ∼ 4 hours and a peak-
to-peak amplitude of 5% (Y = 3.64 %,

J.D. − 2450000

Figure 4.16— A new IDV candidate: J1814+4113
in October 2001 with peak-to-peak variations of 5%.
Note the period around J.D. 2452203.2, where ex-
tremely fast variations with a time scale of ∼ 4 hours
are clearly visible.

χ2
r =69.5, see Figure 4.16).

J1819+3845: This well known ISS candi-
date was observed in October 2001 and
probably shows the most rapid varia-
tions observed with the Effelsberg tele-
scope so far. Although highly under-
sampled, the light curve exhibits dra-
matic peak-to-peak variations of 90 %
as expected from the Westerbork ob-
servations (e.g. Denneth-Thorpe & de
Bruyn 2000). The “longer” time scales
of ∼ 4 hours are in good agreement with
the prolongation predicted by the annual
modulation model during this time of the
year (compare Figure 3.2 in Chapter 3).

Most of the remaining sources exhibit rela-
tively low amplitude variations. In order to
identify whether they are IDV sources or not
the χ2-test was used and the results are given
in Table 4.1. Finally, seven of the 12 new IDV
candidates turned out to exhibit variability on
intraday time scales. The light curves and
more detailed results for each source (S, m,
Y and χ2

r) are given in the Appendix.

4.6 Summary and Conclusions

The monitoring program presented here has
shown, that the detection of annual mod-
ulations (and thus the presence of ISS) in
“normal” type II IDV sources is a difficult
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task. On the one hand, the longer time scales
(compared to the extreme sources) require ex-
tended observing runs (5 days or more) in or-
der to reach a sufficient high accuracy of m
and t. Together with the need for a good sam-
pling throughout the year (at least monthly),
the amount of observing time is extremely
high. On the other hand, the slower IDV
sources show usually a more complex (core-
jet) structure (in contrast to the point-like ap-
pearance of the extreme IDVs) and are dom-
inated by long-term activity in their core re-
gions. The latter appears to strongly influ-
ence the IDV characteristics of these sources
and thus a seasonal effect is easily washed
out. As seen in the episodic variability
of PKS0405−385, also extreme IDV sources
can be affected by such long-term changes
(Kedziora-Chudczer et al. 1998).

The most promising new candidate for the
presence of a seasonal cycle is the BLLac
0954+658. The data is in overall agreement
with the model and a prolongation of the vari-
ability time scale was observed around day
215. Consequently, we propose the existence
of an annual cycle in this source. Again, only
one data point in the highly interesting period
is available. For this reason, a detailed anal-
ysis of the effect and its implications for the
ISM (e.g. anisotropy) and the source structure
was not possible.

The situation appears more complicated in
the BLLac object 0716+714. We suggest that
probably two effects are blended. The variable
modulation index over the year and its corre-
lation with other source parameters imply a
strong influence of intrinsic source evolution
on the IDV characteristics. This strongly in-
fluences the unambiguous detection of a sea-
sonal cycle in the variability time scale. The
latter, however, is suggested by the slower
variability observed around day 338.

The annual modulation effect in 0917+624
proposed earlier could not be confirmed. In-
stead, the source shows a dramatic change
in its IDV properties and ceased varying for
more than 2.5 years. The seasonal cycle may
at present not be visible due to structural

changes in the central region. As a result,
only extremely quenched scattering could be
observed. We propose several scenarios in or-
der to explain this behavior. Besides changes
in the scattering properties of the screen itself,
the most likely explanation is due to changes
in the VLBI core of the source.
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All sessions between 2000 and 2002

Date Tobs J.Da - Epoch Day of Target Sources b

[hrs] 2450000 Year
16.09.00 24 1803 2000.70 260 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
17-18.09.00 10 1804 2000.71 261 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
09.10.00 15 1826 2000.77 283 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
19.10.00 15 1836 2000.79 293 0604+728, 0716+714, 0718+793, 0804+499, 0835+580, 0917+624, 0954+658
22.10.00 10 1839 2000.81 296 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
02.11.00 15 1850 2000.84 307 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
03.11.00 14 1851 2000.84 308 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
04.11.00 10 1852 2000.84 309 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
06.11.00 5 1854 2000.85 311 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
07.11.00 5 1855 2000.85 312 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
10-11.11.00 10 1858 2000.86 315 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
24-27.11.00 24 1872 2000.90 329 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
3-4.12.00 43 1881 2000.92 338 0346+800, 0615+820, 0716+714, 0917+624, 0954+658
17-18.12.00 36 1895 2000.96 352 0346+800, 0615+820, 0716+714, 0917+624, 0954+658
25.12.00 8 1903 2000.98 360 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
09-10.2.01 27 1949 2001.11 40 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
12.2.01 5 1952 2001.12 43 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
14.2.01 7 1954 2001.12 45 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
24-26.3.01 43 1992 2001.23 83 0403+765, 0604+728, 0716+714, 0718+793, 0917+624, 0954+658, 1003+830
09-10.4.01 22 2008 2001.27 99 0604+728, 0716+714, 0718+793, 0917+624, 0954+658
04-07.5.01 65 2033 2001.34 124 0403+765, 0716+714, 0828+439, 0917+624, 0954+658, 1003+830
18-21.5.01 34 2047 2001.38 138 0602+673, 0716+714, 0804+499, 0917+624, 0954+658
03-06.8.01 67 2124 2001.59 215 0454+844, 0602+673, 0716+714, 0835+580, 0917+624, 0954+658
20-22.10.01 49 2202 2001.80 293 J0422+53, J0834+55, 0917+624, J0949+66, J0957+55, J1814+41, J1819+385, J1852+40
25-26.12.01 23 2268 2001.98 359 0716+714, 0835+580, 0917+624, 0954+658, 1031+567
12-14.04.02 c 37 2376 2002.28 102 0716+714, 0917+624, 0954+658
07-08.8.02 14 2493 2002.60 219 0917+624
03.10.02 7 2550 2002.75 276 0716+714, 0917+624

Table 4.5— Summary of the Effelsberg monitoring program between 2000 and 2002.

aJ.D., Epoch and Day are given for the beginning of the observing run
bThe secondary calibrators 0836+765 and 0951+699 are not given here, but were always observed.
cThis epoch has been part of an larger session with extension towards higher frequencies (see Chapter 7)



68 CHAPTER 4 EFFELSBERG 4.85 GHZ FLUX DENSITY MONITORING



5
VLBI Observations of the Quasar 0917+624

at 15 GHz
Based on the results shown in the previous
chapter it appears as if 0917+624 has stopped
to be intraday variable since at least the last
2.5 years (m ∼ 0.5 %). This strongly contra-
dicts the model predictions for annual modu-
lations presented in Chapter 3, which claimed
recovery to the fast variability mode already
at the end of year 2000. The observed non-
variability of 0917+624 on daily time scales is
at present not at all understood, particularly
in view of the past 15 years, during which the
source always was one of the most prominent
examples of an IDV source.

As outlined in the previous chapter, one of
the possible explanations for the present quies-
cence of 0917+624 is that the intrinsic struc-
ture of the source has considerably changed.
The dominant structure components, which
were responsible for rapid interstellar scintilla-
tion in the past, either must have disappeared
or must have increased their intrinsic size. A
sudden increase of the size of the core due
to the formation of a new component at the
footpoint of the jet could explain the IDV ob-
servations. Such a scenario would lead to a
size of the scintillating component temporary
larger than the scattering size of the medium,
then producing only strongly quenched scintil-
lations. After the ejection, the new component
moves further down the jet and subsequently
separates from the core region. This should
lead after some time to a decreasing size of
the scintillating component and the variations
should re-appear. If this scenario is realized

in 0917+624, new VLBI observations should
reveal (i) a new component ejected shortly be-
fore 0917+624 ceased varying for the first time
in September 1998 (as already suggested by
Krichbaum et al. 2002, see below), (ii) one
or more new components ejected during the
last three years causing the present, 2.5 years-
quiescence of the source and (iii) changes in
the flux density of the VLBI core.

In order to test this scenario, new VLBI ob-
servations of 0917+624 at 15 GHz were per-
formed. The VLBI monitoring covers the time
period between December 2001 and July 2002.
After a short discussion of previous VLBI ob-
servations of this source, we present the anal-
ysis and results of our new epochs.

5.1 Previous VLBI observations

At present, investigations of 0917+624 on
VLBI scales were done in 1988–1993 (Standke
et al. 1996), 1997–1998 (Alberdi et al. priv.
comm.), and 1999–2000 (Krichbaum et al.
2002).

5.1.1 First VLBI study of 0917+624

The most intensive VLBI observations of the
source were performed by Standke et al.
(1996). Their observations were carried out
with the European and US VLBI networks
in 10 sessions between September 1988 and
November 1993. The source was observed in
the frequency range of 1.7 to 22.2 GHz.

0917+624 was found to be morphologically
similar to the well known core-jet sources (e.g.

69
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Figure 5.1— The first three 15 GHz VLBI epochs of 0917+624 observed between 1999.9 and 2000.9 by Krich-
baum et al. (2002).

0836+710), but with a core-to-jet brightness
ratio higher by a factor of 2. In all maps an
unresolved component (their component A) is
visible at the southern “end” of the source
containing more than 70 % of the total source
flux. Due to its compactness, variability and
spectral shape this component has been iden-
tified with the VLBI core. Their modelfits re-
veal limits to its size of the order ≤ 0.2 mas at
3.6 cm and ≤ 0.4 mas at 6 cm. Further down
the jet, several components are seen up to a
distance of 26 mas from the core. In compar-
ison to the latter, the position angle of these
jet components is different by ∼ 20◦. These
findings indicate that the innermost milliarc-
seconds of the source exhibit a bent morphol-
ogy, while on larger scales the jet forms a rel-
atively straight structure. The jet component
B seen in the 15 and 22 GHz maps shows an in-
creasing elongation over the three epochs and
thus suggests an ejection and outward motion,
while for components C and D proper motion
of 0.15 and 0.23 mas yr−1 could be detected.
From the latter, the authors deduced appar-
ent superluminal motion of βapp = 7.8, a min-
imum Lorentz factor, Γmin = 7.9 and a maxi-
mum angle to the line of sight of θmax = 7.4◦

(H0 = 100 km s−1 Mpc−1, q0 = 0.5).

5.1.2 0917+624 at 15 GHz between
1999–2000

Direct evidence for an increase in size of the
inner, scintillation region of 0917+624 is com-

ing from VLBI observations at 15 GHz per-
formed by Krichbaum et al. (2002) during
1999–2000 (Figure 5.1). The VLBI maps re-
veal a considerably bent core-jet morphology,
with the brightest two central components
separating at a rate of about ∼ 0.17 mas/yr
(βapp = 5.8, see Figure 5.2). The eastern-
most of the two components exhibits an in-
verted spectrum (α5/15GHz ' +1) and in-
dicates that this is probably the core. Ex-
trapolating the motion of the two components
backwards in time, leads to a time of ejec-
tion near 1998.6, shortly before the date, when
0917+624 ceased varying for the first time
(September 1998). Strongly quenched scat-
tering can be expected, when the relative sep-
aration between two or more components is
less or equal than the scattering size defined
by the ISM. From the observed speed and a
typical scattering size of ∼ 0.05–0.07 mas for
this source (Rickett et al. 1995), one expects a
period of reduced (or no) variability of at least
0.3–0.5 years after component ejection. Again,
this is consistent with the observed restart
of the variability in February 1999 (Kraus et
al. 1999). These findings suggest, that the
prolongation of the variability time scale ob-
served in September 1998 is due to extremely
quenched scattering and does not reflect a sea-
sonal cycle as proposed earlier (Chapter 3).

It is therefore very tempting to assume that
the present quiescence (since year 2000) in the
variability of 0917+624 once more is caused



5.2 New VLBI Monitoring between 2001 and 2003 71

1995 1996 1997 1998 1999 2000 2001
time [yrs]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

re
la

tiv
e 

se
pa

ra
tio

n 
[m

as
]

Component Motion in 0917+62 (15 GHz)

C2
C3
C4
scattering size

Figure 5.2— Relative separation of the inner components C2, C3 and C4 from the core. Back-extrapolation of
components is shown as well as strength of variability at given IDV epochs (see text).

by a blending effect of the core with a newly
ejected component. This component probably
was ejected during the first half of the year
2000 and should become visible in new VLBI
observations. First evidence for such a compo-
nent ejection comes from the two most recent
15 GHz maps (compare Figure 5.1), which al-
ready show a 30 % increase of the core flux
density between March and November 2000.

5.2 New VLBI Monitoring between
2001 and 2003

We therefore continued the multi-frequency
VLBI monitoring of 0917+624. The VLBI
imaging was done in parallel to the ongoing
flux density monitoring with the Effelsberg
telescope.

5.2.1 Observations and Data Reduc-
tion

The observations were carried out with the
10 antennas of the VLBA (Very Long Base-
line Array) plus Effelsberg in three Epochs be-
tween December 2001 and July 2002. Data
were obtained at frequencies 5, 15 and

22 GHz with full polarization information for
0917+624 and two other (calibrator) sources.
A brief summary of the epochs presented here
is given in Table 5.1.

In order to investigate the recent findings of
Krichbaum et al. (2002), a subset of these new
epochs was extracted consisting of the 15 GHz
data. The reduction and analysis of the latter
was performed in the framework of this thesis
and will be presented here.

After correlation at the Array Operation
Center of the VLBA in Socorro (NM, USA),
the data ran through a standard calibration
procedure to permit the averaging of the vis-
ibilities over both, frequency and time. The
pre-calibration data processing was performed
within the software package AIPS (Astro-
nomical Image Processing System, Fomalont
1981). Here, the a-priori amplitude calibra-
tion was done using telescope gain curves and
Tsys-measurements, while phase-cal informa-
tion was used in the a-priori phase calibra-
tion in order to remove instrumental phase
offsets and slopes (single-band delays) be-
tween and within the different bands (two
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νref Epoch Date Stations Mode ∆ν Time Comments
[MHz] [MHz] [hrs]
15.365 2001.98 26 Dec. 01 VLBA+EB 128-4-2 2×16 12 MK down
15.365 2002.23 27 Mar. 02 VLBA+EB 128-4-2 2×16 12
15.365 2002.53 13 Jul. 02 VLBA+EB 128-4-2 2×16 12 1 hrs no data at EB+FD

Table 5.1— Summary of the VLBI observations. The table gives the reference frequency νref , observing
epoch, date, antennas involved in the observations, recording mode, observing bandwidth ∆ν and observing
duration. The station codes mentioned here are: EB Effelsberg, FD Fort Davis and MK Mauna Kea. The
observations were performed with the whole VLBA-array plus Effelsberg at 5, 15 and 22 GHz. In the framework
of this work, only the 15 GHZ data was used.

IFs). Residual phase errors due to the atmo-
sphere and the “not-perfect” correlator model
(multi-band delays) as well as residual single-
band delays were corrected by fring fitting the
data. To obtain the brightness distribution of
the source, hybrid mapping was done within
the software package DIFMAP (Shepherd et
al. 1994) using clean and self-calibration tech-
niques. Finally, Gaussian models were fitted
to the data, which yield a parameterization
of the source components and allow the cross-
identification of components over all epochs
between 1999 and 2002.

5.2.2 Source Morphology

The final clean maps of all three epochs are
displayed in Figure 5.3 and show a similar
morphology compared to the earlier 15 GHz
observations. All maps exhibit an unresolved
central region which contains more than 70 %
of the source total flux within about 0.5 mas.
More extended structure is visible at distances
between 0.6 and 2.5 mas pointing towards the
north. Here, a change in position angle of
about 40◦ occurs up to a distance of 2 mas,
thus the source forms a bent core-jet like struc-
ture. Structural changes in the innermost core
region are visible within the three epochs as
well as in comparison to the earlier epochs of
Krichbaum et al. (2002).

The measured positions, geometries and pa-
rameters of the various components along the
source are given in Table 5.2. The maps ob-
tained from the model fitting are shown in Fig-
ure 5.4. The values given in Table 5.2 repre-

sent the “best” source model obtained from a
larger number of fits per epoch. From com-
parison between these various model fits, the
errors were determined empirically from the
scatter in the different fits. The fitting pro-
cedure was straightforward for the first two
epochs, where the most stable model with the
best value of χ2

red (. 1) was obtained using
seven Gaussian components. However, the sit-
uation for the last epoch was different. Here,
the χ2

red could be strongly reduced only by
considering an additional source component.

5.2.3 Component Motion in 0917+624

In order to test the “component ejection” sce-
nario proposed to explain the unusual IDV be-
havior of the source, the maps of Krichbaum
et al. (2002) were combined with the new data
(epochs 4–6). The cross-identification of com-
ponents between all epochs allows to examine
the source kinematics (e.g. component speeds
and ejection times).

Since the identification of the core with the
most southern component C1 in epochs 4–6
can not be verified by its spectral shape so
far, various identification scenarios were tested
to find the most reliable identification scheme
across all six epochs, in particular with regard
to the additional modelfit component of epoch
6. The most reliable identification scenario
is shown in Figure 5.5, which is suggested by
the good agreement/cross-identification of the
components between epochs 1–5 (taking flux
density, position and FWHM of the individual
components into account). Here, the south-
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Figure 5.3— Final maps of the new VLBI epochs obtained between December 2001 and July 2002.
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Figure 5.4— Final modelfit maps of epochs 4–6 are displayed with model fit components superimposed.
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Table 5.2— VLBI model components of epochs 4–6

Comp. Epoch S ∆S r ∆r p.a. ∆p.a. FWHM ∆FWHM
[Jy] [Jy] [mas] [mas] [◦] [◦] [mas] [mas]

C1 2001.98 0.22 0.03 – – – – 0.03 0.02
2002.23 0.15 0.05 – – – – 0.03 0.04
2002.53 0.15 0.01 – – – – 0.04 0.02

C2a 2001.98 0.29 0.04 0.20 0.03 –59.8 3.5 0.04 0.02
2002.23 0.28 0.04 0.21 0.04 –58.2 1.3 0.06 0.02
2002.53 0.22 0.01 0.20 0.01 –52.0 0.5 0.08 0.01

C2b 2001.98 0.22 0.02 0.48 0.04 –66.0 1.1 0.07 0.01
2002.23 0.18 0.01 0.54 0.03 –64.0 1.9 0.07 0.04

∗ 2002.53 0.16 0.05 0.48 0.03 –62.5 2.4 0.11 0.05
C3 2001.98 0.19 0.01 0.66 0.05 –51.8 0.9 0.16 0.01

2002.23 0.15 0.01 0.73 0.02 –50.6 3.0 0.18 0.02
∗ 2002.53 0.08 0.01 0.80 0.02 –43.3 1.5 0.20 0.04

C4 2001.98 0.08 0.01 0.95 0.06 –31.7 1.8 0.51 0.03
2002.23 0.05 0.02 0.94 0.08 –32.8 5.9 0.39 0.04

∗ 2002.53 0.06 0.01 1.03 0.04 –26.8 1.4 0.46 0.09
C5 2001.98 0.03 0.01 1.80 0.15 –20.9 2.2 1.05 0.05

2002.23 0.05 0.01 1.53 0.10 –23.5 1.4 0.99 0.03
2002.53 0.04 0.01 1.71 0.14 –24.3 1.4 0.95 0.11

C6 2001.98 0.04 0.01 6.30 0.01 –21.3 0.2 2.00 0.03
2002.23 0.04 0.01 6.29 0.02 –21.7 0.2 2.11 0.06
2002.53 0.03 0.01 6.27 0.01 –21.8 0.1 1.97 0.16

* Epoch 6 was found to fit less into the identification scheme of epochs 1–5,

since a clear cross-identification of components C2b, C3 and C4 have not

been possible. Thus, epoch 6 was neglected in the subsequent analysis.

ern most component C1 of the new epochs
was identified with the core of epochs 1–3.
Component C2 of epochs 1–3 was identified
with component C2b, whereas the subsequent
components C3–C4 correspond to components
C3–C4 in epochs 1–3. Epoch 6, however,
does not fit well into this scheme due to the
afore mentioned problems and thus was ne-
glected in the subsequent analysis. New VLBI
epochs have to verify the reliability of the
model fitting of epoch 6. The relative sep-
aration of the innermost components C2a–
C4 is shown in Figure 5.5, which now can
be traced over a period of about two years.
A linear fit to the data of each component
gives a proper motion of µC2b = 0.12 mas yr−1,
µC3 = 0.10 mas yr−1 and µC4 = 0.16 mas yr−1,
respectively. This yields apparent superlumi-
nal velocities of βC2b

app = 4.2, βC3
app = 3.6 and

βC4
app = 5.5, respectively. This is in agreement

with the previous findings.

5.2.4 Component Ejection and Vari-
ability Characteristics

The first jet component of epochs 4–5 (labeled
C2a), as seen in Figure 5.5, has no counterpart
in the previous epochs (1–3) and thus can be
identified as newly ejected component. This
is in agreement with the proposed quenched
scattering scenario, where at least one new
component is expected to explain the present
non-variability of the source.

As seen from Figure 5.5, extrapolating the
motion of the components backwards in time
yields their approximate ejection times of
∼ 1995.6 (C4), ∼ 1996.0 (C3) and ∼ 1998.3
(C2b), respectively. The strength of intra-
day variations (modulation indices) deduced
from IDV observations between 1998 and 2002
are shown as black bars in Figure 5.5. Un-
fortunately, 0917+624 was not examined for
IDV between 1993 and 1997 and thus a di-
rect comparison of its IDV behavior and the
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Figure 5.5— Component Motion in 0917+624: The inner components identified by Krichbaum et al. (2002)
are shown with the new epochs 4–5 superimposed. The extrapolated ejection dates are indicated. The black bars
belong to the strength of variability at the given time. A new jet component (C2a) is visible with an approximate
ejection date about one year before 0917+624 ceased varying for the second time (see text).

ejection of components C3 and C4 is not pos-
sible. However, the ejection of component
C2b around 1998.3 occurred shortly before
the source stopped its variability (September
1998) and therefore confirms the previous find-
ings of Krichbaum et al. (2002). At this
time of strongly reduced variations, the rel-
ative separation of C2b from the core was
about 0.07 mas. The onset of IDV in Febru-
ary 1999 occurred at a separation of about
0.1 mas. We will now consider the ISS model
of weak scattering introduced in Chapter 4
(Beckert et al. 2002, see also Chapter 6) with
the same screen parameters and assume that
the quenched variability of m6cm = 1.8 % in
September 1998 was produced by a blend of
the core with component C2b. Scaling the
angular scale of 0.07 mas at 15 GHz linear in
frequency yields a component size of 0.22 mas
at 4.85 GHz. Such component would pro-

duce quenched variability of the order 2.3 %
at 4.85 GHz for a screen distance of 150 pc,
in good agreement with the observed value of
1.8 %. For a scintillating component of such
size and a relative velocity of 15 km s−1 be-
tween Earth and screen during this time of
the year (compare Chapter 3), a variability
time scale of about 7 days would be expected.
Again, this in good agreement with the pro-
longated time scale of > 5 days observed at
that time. Thus, the rough estimations given
here strongly support the extremely quenched
scattering scenario proposed earlier.

Although no significant motion of compo-
nent C2a could be detected within the er-
rors, a linear interpolation suggests an ejec-
tion time around 1999.0, about one year be-
fore the source was observed to exhibit again
strongly quenched variations. Although a sim-
ilar scenario appears likely, a core separation
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Figure 5.6— Flux density of 0917+624 at 6 cm wavelength observed with Effelsberg between 1989 and 2003.
The ejection of components C2a, C2b, C3 and C4 (red, dashed lines) occurred during periods of larger flux density
outbursts. The smaller flares near Epoch 2000.5 and 2002.0 may indicate the ejection of new jet features.

of 0.2 mas in March 2002 indicates that C2a
can not produce quenched scintillations over
the continuous period of about 2.5 years as ob-
served. Additional components ejected some-
where between 1999 and 2002 are thus re-
quired to explain the ongoing inactivity of the
source. A comparison of long-term flux den-
sity evolution with component ejection times
reveals that the ejection of new components
occurs mainly during larger flux density out-
bursts (Figure 5.6). Although the flux den-
sity strongly decreased over the last years,
two smaller flares between 2000 and 2002 may
indicate the occurrence of additional compo-
nents.

However, the present situation appears dif-
ferent when compared to the first period of
quenched variability in September 1998. It
is important to note that within the previ-
ous scenario longer variability time scales are
expected due to the increase in source size.
This is not observed as seen e.g. in Fig-

ure 4.7. Here, the remaining low-level vari-
ations since September 2000 appear to be fast
(. 0.3−0.4 days). In addition, the modulation
index is even smaller by a factor of about three
compared to September 1998. This may indi-
cate that a further effect is important. The
only possible mechanism in view of ISS is a
strong decrease of the amount of source to-
tal flux contained in the scintillating com-
ponent(s) between 2000 and 2003. In this
scenario, the ratio between total flux den-
sity in the scintillating component and non-
scintillating components (Stot = Sscint + Sext)
should have changed considerably. The strong
decrease in total flux density at λ6 cm as well
as the strong flux density decrease of the core
and component C2b of more than 50 % over
the five VLBI epochs supports this idea.
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5.3 Conclusions

The results presented here outline the impor-
tance of the mas/µas structure of an IDV
source at the time of observation. In particu-
lar, a connection was found between strongly
reduced IDV (lower m, longer time scales)
and the appearance of a newly ejected jet
component on sub-mas scale. The latter ap-
pear to strongly influence the IDV character-
istics of these sources (strength of variabil-
ity, IDV time scales) and can be explained by
extremely quenched scattering due to a tem-
porary larger angular size of the scintillating
component in the source. Here, the ejection
of new components at higher frequencies (and
subsequent increase in component size) oc-
curs during periods of strong flux density out-
bursts. This is in agreement with the results
of Chapter 4, where 0716+714 was observed to
be less strong variable during epochs of higher
total flux density. In addition, a similar ten-
dency is seen also in statistical investigations
of IDV sources (e.g. Cimò 2003). However,
the situation in 0917+624 appears more com-
plicated during the second period of inactivity,
where the expected longer time scales were not
observed. We propose a further effect to be
important: changes in the amount (here de-
crease) of total flux density contained in the
scintillating component.

All this indicates that intrinsic source evolu-
tion on time scales of weeks to months and on
sub-mas scales plays an important role: IDV
is not a “steady state” situation. New mon-
itoring projects (total flux density, IDV and
VLBI) are essential to investigate these effects
in more detail. For example, a better knowl-
edge of the source kinematics (more accurate
component speeds and ejection times) and the
exact time between component ejection and
absent/onset of the fast variability mode is
important. This will allow us to estimate the
scattering size of the ISM towards 0917+624
without assumptions on the physical proper-
ties of the ISM.
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6
High Frequency IDV: Search for an Intrinsic

Contribution
Rapid flux density variability in blazars is
nowadays observed over the whole electromag-
netic spectrum: from gamma-rays to the cm-
radio regime. Such multi-frequency investiga-
tions are very important, since they can help
to disentangle source intrinsic and extrinsic
effects. Bridging the gap between the cm-
radio and IR-optical regime, systematic obser-
vations in the mm- and sub-mm regime are re-
quired, but are not yet done frequently. New
observations at high radio frequencies (32 GHz
and 345 GHz) were performed during the time
of this thesis and are presented in the follow-
ing. In the first part of Chapter 6 we discuss
the scientific motivation and relevance of such
high frequency observations of IDVs. The sub-
sequent sections present the 32 GHz observa-
tions and results in detail. In addition, the
multi-frequency observations of one particular
source, J1819+3845, are discussed in view of
a specific model for interstellar scintillation.

6.1 Scientific Background and Mo-
tivation

Owing to the high brightness temperatures
and small source sizes of AGN, it is nearly un-
avoidable that IDV sources scintillate. Con-
sequently, ISS must play an important role in
the IDV phenomenon. As already mentioned
in previous chapters, at least in three sources
the evidence for interstellar scintillation as the
main cause for their rapid variability has re-
cently become very strong: PKS0405−385,
J1819+3845 and PKS1257−326 (Jauncey et

al. 2000a, Dennett-Thorpe & de Bruyn 2002
and Bignall et al. 2003). In addition, the
variations of 0917+624 in total intensity can
be explained via ISS (Rickett et al. 1995).
The polarization variations in PKS0405-385
can nicely be modeled by interstellar scintil-
lation using a correlation analysis (Rickett et
al. 2002). However, there is also still room for
an intrinsic contribution to the IDV pattern,
since ISS is not able to fully explain the ob-
servational appearance of IDV, e.g. (see also
the discussion in Chapter 2):

• the complicated polarization and, in par-
ticular, polarization angle variations can-
not yet be completely reproduced by the
standard model of ISS (Rickett et al.
1995, Qian et al. 2001). The current
modeling indicates that a mixture of ISS
and source intrinsic variability could ex-
plain the observations.

• it was also shown that the frequency de-
pendence of the variability amplitude in
a few sources does not decrease with in-
creasing frequency as expected for weak
interstellar scintillation (Krichbaum et al.
2002, Cimò 2003). Figure 6.1 displays the
noise-bias corrected variability amplitude
Y for 0716+714 versus frequency for 5
different epochs. Although this quantity
(and hence its error) is effected by ob-
servational parameters (compare Chap-
ter 4), time variability of Y and a few
cases with a clear trend of Y increasing
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Figure 6.1— The variability amplitude Y (in %)
of 0716+714 plotted versus frequency for 5 different
epochs between 1989 and 1998. Note the time variabil-
ity and the increase of Y towards shorter wavelength
(“intrinsic up-turn”) in a few cases, which is not in
agreement with ISS (Krichbaum et al. 2002).

with frequency is seen. Such behavior
is not expected for a standard ISS sce-
nario unless one takes a source intrinsic
and time variable contribution into ac-
count which increasingly dominates to-
wards higher frequencies (“intrinsic up-
turn”).

The arguments above indicate that IDV is
maybe not caused by a single physical pro-
cess, but must be seen as a complicated mix-
ture of two effects. An intrinsic contribution
appears to be present since some additional
possibilities are not yet ruled out: (i) the in-
verse Compton limit might be not such a hard
limit as presently assumed. The latter could
be violated and inverse Compton catastrophes
occur for brief periods of time (leading to IC
avalanches and associated short-term flashes
of second order IC scattering) (ii) the radi-
ation could be coherent. Also the fact that
with only moderate Lorentz factors apparent
brightness temperatures of the order 1016K
can be reached indicate that maybe not only
one physical process is at work.

If IDV indeed is a source and frequency de-
pendent mixture of intrinsic and propagation
effects, then multi-frequency and polarization
observations will help to disentangle both ef-

fects. Here, high frequency observations are of
particular importance: in the weak, quenched
scattering regime, the autocorrelation ρ(x) of
light curves can be calculated as integral along
the line of sight through the scattering screen
(see Section 6.4 for details). The square of
the modulation index m2 = limτ→0ρ(τ) of the
variations can then be calculated (Beckert et
al. 2002). This yields the following frequency-
dependents of m:

ρ(0) = m2 ∼ λ4θ−2.3 . (6.1)

Depending on the frequency behavior of the
source size θ, the strength of total power vari-
ations explained by ISS should thus decrease
strongly towards higher frequencies. This fact
provides the most direct observational test for
interstellar scattering. ISS should vanish at
frequencies much higher than the critical fre-
quency, where the transition between strong
and weak scintillation occurs (usually between
1−5 GHz) and the intrinsic contribution (if
present) should show up as up-turn in the mm-
and sub-mm regime.

This fact and the strong argument for the
presence of IDV in this regime coming from
the correlated variability over the whole spec-
trum in a few sources (e.g. 0716+714, see
Chapter 2) was taken as motivation for high
frequency observations in a few cases up to
now: Wagner et al. (1993) suggested the ex-
istence of mm-IDV for PKS0405−385 based
on data from the Swedish ESO Submillime-
ter Telescope (SEST) in Chile. Figure 5 in
Chapter 2 shows significant variations on a
time scale of 2 days at 230 GHz in July 1993.
Results from previous mm-observations per-
formed with the IRAM 30-m telescope on Pico
Veleta and the mm-interferometer on Plateau
de Bure are still inconclusive. Bolometer-
measurements at Pico were affected by beam
dilution and bad weather, which limits the cal-
ibration accuracy to 10− 15 %. Test experi-
ments at Plateau de Bure are effected by its
linear receiver feeds, which make it impossi-
ble to disentangle intrinsic flux density varia-
tions from the response of source polarization
and parallactic rotation of the E-vector. In
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Figure 6.2— High frequency IDV in 0716+714: Kraus et al. (2003) (see also Krichbaum et al. 2002) found
significant variations at 32 GHz in September 1998 with 20 % peak-to-peak variations. The time scale of the
variability is ∼ 12 hours. The observations were performed with the first module of the 9 mm-receiver mounted in
the secondary focus of the Effelsberg telescope.

all cases the weather was not optimal to de-
tect (or rule out) IDV in the mm-band for our
high declination sources.

The most promising evidence for the pres-
ence of mm-IDV comes from flux density mea-
surements performed with Effelsberg at 9 mm
wavelength. Figure 6.2 displays this flux
density variability of 0716+714, which shows
rapid variations with a peak-to-peak ampli-
tude of 20 % during 48 hours of observation
in September 1998 (Krichbaum et al. 2002,
Kraus et al. 2003). The measurement error
achieved during the observing period is 7%.
This is the first time that IDV is directly de-
tected also at mm-wavelengths.

Since so far little is known about the vari-
ability characteristics in the mm- and sub-mm
regime, we took these results as motivation
for new high frequency observations. A sys-
tematic study of the frequency dependence of
IDV and, in particular, the detection of an in-
trinsic contribution would rule out ISS as sole
explanation for rapid intraday variations.

Two projects were proposed during 2002:
(i) observations with the Heinrich Hertz Sub-
Millimeter Telescope (HHT) at 345 GHz to
bridge the gap between the millimeter and
optical band and search for sub-millimeter
variability in the most promising candidate
0716+714 (ii) new Effelsberg observations at
32 GHz with the aim to confirm the presence of
mm-IDV in 0716+714 and other IDV sources.

HHT Observations at 345 GHz

The 345 GHz observations were performed
during a three week radio-sub-mm-optical
campaign in April/May 2002. A detailed pre-
sentation of this project (observations, data
reduction and results) is given in the thesis of
G. Cimò (2003). Hence, only a short summary
will be presented here, while our new Effels-
berg 32 GHz observations will be discussed in
detail in Section 6.2.

Our main target, 0716+714, was observed
with a duty cycle of two measurements per
hour using the 19-channel bolometer array.
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Figure 6.3— Final 345 GHz light curves obtained with the HHT over a three week period. 0716+714 (black)
and all calibrator scans (red) are shown. Compared to the scatter of the calibrators, 0716+714 shows 3σ-variability
with a time scale of ∼ 0.5 days.

The system consists of 19 individual broad-
band continuum receivers and is sensitive
around a wavelength of 0.87 mm (345 GHz).
We observed in the on-source-off-source ob-
serving mode with the number of on-off sub-
scans matched to the source brightness at the
given frequency. Sky-dip scans as well as ob-
servations of primary and secondary calibra-
tors (Ultra Compact HII regions, planetary
nebula and planets) were done with a densely
time sampled duty cycle.

After the subtraction of atmospheric con-
tributions using the off horns, corrections
for the atmosphere opacity and a final time-
dependent correction, we obtained the light
curves plotted in Figure 6.3. For better com-
parison, the normalized fluxes of both target
and (combined) calibrator sources are shown
(Cimò 2003). The peak-to-peak variations of
0716+714 and the remaining variations seen
in the combined calibrator light curve indi-
cate a (weak) 3σ-detection of variability on
time scales of ∼ 12 hours. The performed IDV
analysis yields a χ2

r of 1.07 providing a 87 %
probability for the consistency with the hy-

pothesis of a variable source.

If real, the observations presented in Fig-
ure 6.3 show for the first time intraday vari-
ability in the sub-mm regime. Due to the
frequency dependence of ISS, these variations
should be attributed to an intrinsic origin.
Assuming a lower limit for the redshift of
0.3, the variations seen in Figure 6.3 imply
a brightness temperature of TB & 2 × 1014 K.
A moderate Doppler factor of D & 6 allows
to reduce the temperature down to the in-
verse Compton limit of 1012 K. This value is
in good agreement with the results of recent
component-motion studies performed by Bach
et al. (2002) for this source.

6.2 Effelsberg Observations at 32
GHz

The light curve shown in Figure 6.2 from
September 1998 was obtained with the old
Module 1 of the Effelsberg 32 GHz receiver
mounted in the secondary focus (Figure 6.4).
Our new observing runs in April and Septem-
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Year of manufacturing 1999
Type HEMT cooled
Number of Horns 3
Channels 12 total, 3 x Correlation
System Temp. (zenith) 60 K
Center frequency 32 GHz
IF-Bandwidth 2-4 GHz
RF-Bandwidth 31-33 GHz
local Oscillator 29 GHz
max. V/F Frequency 5MHz
Polarization LHC and RHC
Ellipticity max. 0.3 db
Feed 3 Secondary focus horns
Feed Distances horn1-2: 486,3 mm

horn2-3: 225,1 mm
Calibration Noise diodes
Cool-down duration 24 hrs

Table 6.1— A few technical parameters of the new module 2 correlation receiver in Effelsberg.

ber 2002 were performed with the new Mod-
ule 2, which has better stability and system
characteristics (Tsys) than module 1. A few
technical parameters are given in Table 6.1.

6.2.1 The new Module 2 Correlation
Receiver

The original setup of the 32 GHz multi-feed
system was planned as an symmetrical ar-
ray consisting of three identical, independent
modules with three horns each (3×3 ma-
trix). Up to now, two modules are installed.
The module 1 was designed as software beam
switching total power system with two am-
plifiers and one polarimeter per feed. First
test experiments (Testbericht 1997, W. Re-
ich & E. Fürst) revealed sufficient sensitivity
for polarized emission. In contrast, the sen-
sitivity for total power measurements suffered
strongly from stability problems of the HEMT
amplifiers. For this reason, the second module
was constructed as a hardware beam switch-
ing correlation receiver. Here, the three horns
are connected with wave guides allowing for
sensitive total power measurements through a
correlation of the difference signals. The dis-
advantage of such configuration is the missing

polarization information since only one sta-
ble channel per horn remains. In addition,
the long wave guide connections between the
horns are not without risk for the required
high stability. However, first lab and astro-
nomical test experiments of the system con-
firmed its good and sufficient performance in
practical life (Testbericht 1999, U. Teuber and
MPIfR Memo 2000/1, W. Reich).

The whole system is mainly divided into two
parts: the correlation frontend and the ZF-
correlation processor. Within the first unit,
each feed is followed by a circular polariza-
tion transducer separating the received signal
into left- and right hand circular polarization
(LCP, RCP). Two adjacent horn signals are
then joined by wave guides and a magic tee.
Horn 5 has the closest position to the opti-
cal axis of the telescope and is used as main
horn, while horns 4 and 6 are used as “weather
horns” (sensitive to the atmospheric contribu-
tion close to the source position). With the
help of the magic tees, the subtraction of the
weather from the astronomical signal takes
place (“hardware beam switching”). Each
magic tee produces a sum and a difference sig-
nal of the two adjacent horn signals (e.g. horn
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5 and 6: LCP of source plus weather and LCP
of source minus weather) which then are fur-
ther processed separately. Each of the three
magic tees is then followed by an independent
path of first stage amplification and conversion
down to an intermediate frequency (IF). Here,
the two signals per magic tee are separately
feed into a cooled HEMT amplifier followed by
a bandpass filter (31−33 GHz). Subsequently,
the signals are mixed with the signal of a local
oscillator working at 29 GHz. This gives an in-
termediate frequency of 2−4 GHz as input for
the second unit, the ZF-correlation processor.
This unit performs the real correlation of the
two signals (of each horn combination). After
a further bandpass filter (2−4 GHz) and sec-
ond stage amplification, the signals are each
divided by a power-divider onto the correla-
tion and total power output. The correla-
tion in the correlation tree is done through
a phase discriminator operating as correlator.
Here, one signal enters the discriminator al-
ways with a phase shift of 180◦, while a switch
(S5) allows to introduce a phase shift of 0◦ or
180◦ to the other signal. As result, the cor-
relation takes place as phase-dependent mul-
tiplication of the two signal trees, where in-
stabilities of non-correlated sources (receiver

32 GHz multifeed system

Figure 6.4— Arrangement of the receiver systems
mounted in the secondary focus of the 100 m tele-
scope. The position of the 32 GHz multi-feed system is
marked with a box. Up to now, 2 modules consisting
of 3 horns each are installed.

instabilities and weather) cancel out. We end
up with four output channels per magic tee:
two total power sum/difference signals as well
as the stabilized sine and cosine signals of the
correlator total power combination.

For our purpose of observing flux densities
with cross scans (see next section), the as-
tronomical interesting signals are the stabi-
lized correlator outputs of those two magic
tees which combine horns 4-5 and horns 5-6.
Because the signal in the sine channels should
vanish up to a few percent of the cosine signal,
the two remaining important channels are the
cosine outputs of horn 4/5 and horn 5/6. They
provide the stabilized, weather-subtracted as-
tronomical signal. In order to gain sensitivity,
a combination of both cosine signals was used
in the subsequent data reduction.

6.2.2 Observing Runs

Two observing sessions were performed with
the new 32 GHz receiver: in April and Septem-
ber 2002. Our main target source, the BL Lac
0716+714, was observed in both sessions to-
gether with a sufficient number of secondary
calibrators. Two additional IDV sources,
0917+624 and 0954+658, were investigated
for short-term variations in the first run. A
short summary of both observing sessions is
given in Tables 6.2.

As already mentioned in Chapter 4, the fre-
quent measurement of secondary calibrators
(nearby, non-IDV sources) is of great impor-
tance. This is particularly true for observa-
tions in the mm- and sub-mm regime in order
to reduce the increasing influence of system-
atic time dependent effects. They usually are
of different origin: e.g. (short-term) gain fluc-
tuations introduced by changes in the atmo-
spheric conditions, changes in the receiver pa-
rameters or thermal expansion of the telescope
(defocusing). Thus, a densely time sampled
duty cycle of target sources and secondary cal-
ibrators ensures to trace these contributions.
This could be sufficiently realized in the sec-
ond run, where three secondary calibrators
were observed with a highly time sampled cy-
cle together with the target source 0716+714.
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Date Duration Scans Duty Cycle Weather
[hrs] [hrs]

12-14.04.02 42 399 2 faint up to thick
clouds, periods of rain

24-25.09.02 18 179 0.3 mostly clear, stronger
wind, later clouds

Session I in April 2002:

Source α δ S9mm IDV Secondary
[hh mm ss.ss] [±dd mm ss.s] [Jy] Source Calibrator

0716+714 07 16 13.0 +71 26 15.3 1.6 x
0836+710 08 36 21.5 +71 04 22.5 1.5 x
0917+624 09 17 40.3 +62 28 38.5 0.7 x
0954+658 09 54 57.8 +65 48 15.4 1.0 x
W3OH 02 23 16.8 +61 38 57.0 3.5 x

Session II in September 2002:

Source α δ S9mm IDV Secondary
[hh mm ss.ss] [±dd mm ss.s] [Jy] Source Calibrator

0716+714 07 16 13.0 +71 26 15.3 1.6 x
0802+733 08 02 32.2 +73 23 53.4 0.3 x
0831+554 08 31 04.4 +55 44 41.4 0.6 x
0836+710 08 36 21.5 +71 04 22.5 1.5 x

Table 6.2— Top: Summary of the two observing sessions in April and September 2000 with the new module of
the 32 GHz receiver in Effelsberg. The first run has been performed together with observations at 4.85 GHz, hence
the duty cycle is much lower (∼1 scan @ 32 GHz every two hours). Middle: The first run in April 2002: source
list plus coordinates (B1950), flux density at 32 GHz and classification. Bottom: The second run in September
2002.

The first run in April 2002 was part of a larger
observing session with extension to lower fre-
quencies (4.85 GHz, Chapter 3). Due to the
large amount of scans per cycle, the number of
secondary calibrators was limited to only two
(0836+710 and W3OH). However, the duty
cycle was still reduced by a factor of ∼ 6 com-
pared to the second epoch.

We observed using the method of cross
scans with the number of subscans matched

to the source brightness at the given fre-
quency (compare Chapter 4). Depending on
the source and session, the number of subscans
was in the range of 12−20. In order to esti-
mate the noise level (baseline), each subscan
had a length of 4−5 HPBW of the telescope
beam. With an Effelsberg beam of 25′′ at
32 GHz, this yields an overall scan duration
of ∼ 12 minutes. Observations of standard
flux density calibrators like 3C286, NGC7027
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and 3C309.1 were done frequently. At such
frequencies the focus and pointing accuracy
is of particular importance (see next section).
For example, small changes in the temperature
conditions of different parts of the instrument
can cause small defocusing effects of the sub-
reflector (normally up to ± 5 mm/day). Since
these effects can be important at higher fre-
quencies, we performed focus-scans every 2-3
hours to adjust the axial focus position.

6.2.3 Data Reduction

The data reduction is mainly done as de-
scribed in Chapter 4 for the 4.85 GHz data.
Along with fixed instrumentation/system
based difficulties (less aperture efficiency,
higher Tsys etc.), the two main problems
at higher frequencies (compared to the
cm-regime) are related to the pointing in-
accuracy and the increasing influence of
the atmosphere. In order to minimize these
contributions to our final measurement error,
special attention paid to the reduction process
as well as additional corrections are required.

1. Pointing:

The HPBW of an antenna beam decreases
with increasing frequency. As a result, the
pointing accuracy becomes more and more
important towards higher frequencies. In con-
trast to the more than 2′ beam at 4.85 GHz,
pointing deviations of a few arcseconds
can already influence precise flux density
measurements with a beam size of only 25′′.
While the Effelsberg driving control allows a
pointing accuracy of ≤ 1′′, the pointing of an
azimuth-elevation mounted radio telescope
depends on various additional, systematic
factors: e.g. inclination of the main axis,
collimation of the axis, collimation of the tele-
scope, gravitational distortion and refractive
effects. The latter, produced by the neutral
component of the atmosphere, depends on
the refraction index of the atmosphere and
the elevation. Usually the above mentioned
pointing effects are of little consequence
with regard to the observer, since they are
implemented in the so-called ’pointing model’
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Figure 6.5— Influence of temperature differences in
the telescope structure on the pointing accuracy: out-
put of the inclination device (triangles), pointing er-
ror in elevation (circles) (both in arcseconds) as well
as temperature differences (line) (in degrees) between
front- and back side of a carrier in the telescope struc-
ture versus scan number (period of ∼ 60 hrs). Correla-
tions between the parameters are obvious (taken from
http://www.mpifr-bonn.mpg.de/akraus).

of the telescope. The (long-term variable)
correction parameters/constants in Effelsberg
are derived frequently throughout a year.
This usually allows a pointing accuracy of
about 3′′ over the whole sky1. However,
there are additional, mostly random effects
on much shorter time scales (seconds to
hours) which have to be taken into account,
in particular at higher observing frequencies.
Distortions in the telescope structure (caused
by e.g. wind or temperature gradients be-
tween different parts of the telescope) can
have large influence on the pointing accuracy:
deviations of up to 30′′ were seen. Figure 6.5
gives an impression of the pointing response
to changes in temperature and telescope
inclination over a period of ∼ 60 hours. Small
changes in temperature of only one degree
can already cause strong pointing errors
of the order > 20′′ with strong impact on
observations with a beam size of only 25′′.

In addition, the pointing model corrects
only for the normal refraction using the
weather data. At frequencies higher than

1see http://www.mpifr-bonn.mpg.de/akraus for
more details.



6.2 Effelsberg Observations at 32 GHz 89

10 GHz, the rapid time variable anomalous re-
fraction can occur (Altenhoff et al. 1987). If
anomalous refraction is important, the appar-
ent source positions appear to move away from
their actual positions (in azimuth and eleva-
tion) by up to 40′′ for time periods of sev-
eral ten seconds. It is caused by small vari-
ations in the H2O content, perhaps by single
cells of moist air. In particular, due to the
local weather conditions in Effelsberg, which
is embedded into a valley, such random effect
is probably important. However, anomalous
refraction appears to be extremely difficult to
be taken into account.

Moving the 100 m telescope from one source
position to another, the above mentioned
problems show often their strongest effects.
Figure 6.6 displays such situation. The two
upper panels show the average of two subscans
in elevation and azimuth, respectively, after
moving the telescope to the new source posi-
tion of 0716+714. The pointing offsets from
the center position are quite high, more than
7′′ in elevation. Such offset would lead to an
underestimation of the flux density of the or-
der 20 %. In order to minimize the above men-
tioned pointing effects (which are not covered
by the pointing model), we performed a short
pointing scan before each measurement scan.
As result, the pointing behavior of the follow-
ing scan could often be improved by a factor of
3 or more. The two lower panels in Figure 6.5
show the averaged subscans in azimuth and
elevation of a measurement scan after a short
pointing scan. The maximum pointing devi-
ation is reduced to ∼ 2′′and consequently, the
amplitude is higher by a about 15 %.

After the cross-scan analysis (Chapter 4),
first inspection of each subscan “by eye” leads
to the flagging of obviously bad scans (e.g.
corrupted data with bad Gaussian fits or
strong deviations in amplitude, pointing or
HPBW from their mean values). According
to the 4.85 GHz-procedure, in a second run
each subscan was analyzed with an awk-script
to determine the quality of the Gaussian fit.
Subscans matching the following criteria were
subsequently flagged:
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Figure 6.6— Upper panels: averaged subscans in
elevation and azimuth of a pointing scan at a new po-
sition. Lower panels: the following scan shows a
much better pointing behavior (second fit value) and
the amplitude is higher by 15 %.
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(i) amplitude > ± 10 % of the average
(ii) pointing deviation > ± 15 % of the
HPBW
(iii) HPBW > ± 15 % of the average
The remaining pointing errors of each subscan
are then corrected using the method described
in Chapter 4 followed by a weighted average
of all subscans.

2. Opacity Correction:

The atmosphere causes additional distur-
bance of the radio astronomical signal. In
the meter-wavelengths range ionospheric
contributions (scintillation, Faraday rotation)
are important, but do not play a significant
rule at higher frequencies due to their λ2-
dependence. In contrast, the tropospheric
absorption and thus attenuation of the as-
tronomical signal is of particular importance
in the mm- and sub-mm regime. Here,
the different constituents of the atmosphere
absorb by different amounts. Most important
of these is water vapor. Its concentration
varies quite strongly with the local weather
conditions. While at clear sky conditions the
attenuation is of the order 0.1 dB (∼ 2 %),
a large rain cloud can cause values as high
as 1.5 dB (∼ 30 %) (e.g. Rohlfs & Wilson
1986). The different constituents are also
radio emitters, since the atmosphere can be
considered to be in local thermal equilibrium
(LTE). Consequently, the emission of the
atmosphere has to be taken into account as
well. The absorption can be described by
knowledge of the path length along the line of
sight through the atmosphere and the optical
depth (or opacity) τ of the latter: e−τ0·A.
Here, τ0 denotes the opacity at the zenith
and A the air mass along the line of sight.
The latter is given by A = 1/ sin (Elv). The
emission of the atmosphere can be described
as noise temperature TAtm depending on the
physical temperature of the atmosphere T0

(∼ 300 K) and the opacity τ = τ0 · A:

TAtm = T0 · (1 − e−τ ) . (6.2)

The system temperature Tsys measured off-
source can be used to correct our data for

the atmospheric contributions. Tsys con-
sists mainly of two components, a receiver-
dependent term TRX plus the atmospheric
contribution TAtm. Neglecting other possible
components (e.g. spill-over, cosmic microwave
background) the system temperature is given
by

Tsys = TRX + TAtm · (1 − e−τ0A) . (6.3)

Using the expression for the mean brightness
temperature of the atmosphere in [K] given
by Altschuler et al. (1968) and Falcone et al.
(1971),

TAtm = 1.12 · T0 − 50 , (6.4)

the optical depth τ0 can be estimated2. This
is usually done by frequent and fast Tsys-
measurements as function of telescope eleva-
tion in elevation-steps of ∼ 5-10◦, so-called
‘Sky-Dips’: Taking into account the approx-
imation e−x ' (1 − x), we obtain

Tsys = TRX + TAtm · τ0 · A (6.5)

= TRX + TAtm · τ0 ·
1

sin (Elv)
.

Using equation 6.4 for TAtm we end up with
an equation for a straight line. Its slope
yields an estimate of τ0 and the constant term
TRX . Since a Sky-Dip procedure of frequent τ -
measurements is not possible within a densely
time-sampled IDV experiment, we used the
following method to perform a τ -correction:
The overall optical depth was estimated as
temporal average over the whole observing
period extracting Tsys from each individual
cross-scan. The upper panels of Figure 6.7
display our results for both sessions. The fit of
a straight line to this data yields τ0 = 0.06 and
τ0 = 0.03 for Session I and II, respectively.

These values allow the subsequent correc-
tion of the atmospheric absorption towards
lower elevations in the case of bad, but sta-
ble weather conditions (constant τ). However,

2Here, T0 denotes the (air-) temperature measured
at the Earth’s surface in [K].
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Figure 6.7— τ -correction using the Tsys-values from each scan over the whole observing period. Left: Session
I in April 2002, Right: Session II in September 2002. A linear regression (red) of Tsys vs. Airmass gives the
mean opacity at the zenith and the (receiver dependent) constant term TRX (top). The system temperature over
time is displayed in the middle, showing often strong variations due to changing weather conditions (plus changing
elevation). An interpolation between TRX and each individual system temperature yields a τ -value for each flux
density measurement (bottom).

the situation is usually different as seen in Fig-
ure 6.7 (middle). Strong variations (e.g. two
peaks at J.D. 2452377.7 and J.D. 2452378.4)
of Tsys over time are seen indicating unsta-
ble, changing atmospheric conditions (thick
clouds, periods of rain). An increase of 50 K
corresponds to changes in τ by a factor of three
(up to 0.18) and results in flux density changes
of the order ∼ 20 %.

In order to minimize these effects, an in-
terpolation between TRX (obtained from the
first fit) and Tsys of each individual cross-scan
was done. This procedure yields the opacity
at each given time of a flux density measure-
ment (Figure 6.7, bottom). Using these τ -
values, the observed flux density Sobserved of
each cross-scan was finally corrected accord-

ing to

Ssource(t) = Sobserved(t) · e
τ(t)

sin(Elv) , (6.6)

where Ssource denotes the true flux density of
the source.

3. Gain- and Time Correction:

In order to correct for the elevation de-
pendence of the antenna sensitivity, a gain
correction was done according to the proce-
dure described in Chapter 4. The opacity
corrected, normalized amplitudes of the
secondary calibrators were used to construct
a gain curve at 32 GHz (Figure 6.8).

Subsequently, a time-dependent correction
was performed as described in Chapter 4.
Here, remaining time-dependent systematics
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Figure 6.8— Left: Gain curve at 32 GHz constructed using the secondary calibrators. A quadratic regression
gives the fit values displayed in the plot. These are used to correct the data for elevation dependent effects. Right:

A final time dependent correction is done using the light curves of the secondary calibrators, which behave similar
over the observing period (as example, Session II is shown). The averaged correction curve is displayed as red,
dashed line.

(remaining (long-term) changes in the atmo-
sphere, thermal drifts, instabilities in the re-
ceiver and electronics etc.), which at this stage
are not yet corrected, are traced by the fre-
quently observed secondary calibrators. For
example, Figure 6.8 shows their light curves
obtained during Session II. All three sources
behave in a similar way throughout the ob-
serving period indicating the same origin of
the remaining variations. A mean correction
curve was obtained for each session by averag-
ing the data of all secondary calibrators (red
dashed line in Figure 6.8).

Finally, the flux density scale was linked to
the standard scale of Baars et al. (1977) and
Ott et al. (1994) using the primary calibrator
measurements of 3C286, 3C48 and NGC7027.

6.2.4 Results

All final light curves are displayed in Figure
6.9. The resulting flux density error of each
cross-scan is composed of the statistical error
from the reduction process (Gaussian fit of av-
eraged subscans) and a contribution from the
residual scatter seen in the secondary calibra-
tors light curves (see also Chapter 4). The
individual values lie in the range of . 4%. In

all light curves only weak variability is present
compared to the secondary calibrators. The
maximum peak-to-peak variations are of the
order ∼ 15 %, while a maximum value as high
as ∼ 8% is seen in the case of the secondary
calibrators.

The standard variability analysis3 was done
and the results (modulation indices, variabil-
ity amplitudes and χ2-tests) are presented in
Table 6.3. In the following, the light curves
and results of the variability analysis for each
IDV source are discussed. For better illustra-
tion and comparison, Figures 6.10 and 6.11
display the (normalized) light curves of each
individual IDV source together with the data
of all secondary calibrators.

0716+714

Both sessions in Figure 6.10 show an somehow
larger scatter in 0716+714 (with sometimes
stochastic appearance) compared to the sec-
ondary calibrator light curve (Y = 8.1% and
Y =4.5%). The overall situation is best char-
acterized using the χ2-test. The first session
in April 2002 yields a χ2

r-value of 3.26, higher

3The standard variability analysis was done in ac-
cordance to Chapter 4. See this Chapter for more de-
tails.
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Session I in April 2002 m0 = 2.3

Source Scans < S > σ m Y χ2 χ2
r χ2

0.1% variable

[Jy] [Jy] [%] [%]

0716+714 23 0.96 0.03 3.5 8.1 45.94 2.18 2.20 −
0836+710 21 1.47 0.03 1.7 0.0 15.15 0.76 2.27 −
0917+624 19 0.69 0.03 3.7 8.6 35.95 2.12 2.40 −
0954+658 20 0.98 0.03 3.3 7.2 40.05 2.23 2.35 −
W3OH 16 3.47 0.08 2.2 0.0 20.21 1.35 2.51 −

Session II in September 2002 m0 = 1.2

Source Scans < S > σ m Y χ2 χ2
r χ2

0.1% variable

[Jy] [Jy] [%] [%]

0716+714 29 2.21 0.04 1.9 4.5 54.349 1.941 2.03 −
0802+73 14 0.29 0.01 1.9 4.6 21.856 1.681 2.66 −
0831+55 10 0.56 0.01 0.9 0.0 3.675 0.408 3.10 −
0836+71 15 1.56 0.02 1.1 0.0 9.468 0.676 2.58 −

Table 6.3— Results of the variability analysis for all sources observed in April (top) and September (bottom)
2002. The mean flux density, the modulation index m, variability amplitude Y and the results of the χ2-test are
given. χ2

0.1% gives the value of χ2
r for a 0.1% significance level (IDV detection). The modulation index m0 was

2.3 % and 1.2 %, respectively.

than the value for the 0.1% significance level of
variability (χ2

0.1% in Table 6.3) and thus IDV
was formally detected. However, this result
depends strongly on the first, low flux den-
sity value in the light curve. Flagging this
scan yields a χ2

r-value of 2.12, which now is
lower than χ2

0.1% (in this case 2.21). A di-
rect comparison of the peak-to-peak ampli-
tudes seen in the light curves of target and
calibrator sources yields a similar result: no
3σ-variability is present.

The situation appears similar during the
second session. Again, no significant variabil-
ity is detected (χ2

r , peak-to-peak amplitudes).
However, the mean flux density of 0716+714
increased by more than a factor of 2 between
the two observing sessions.

0917+624

This source shows the largest variations of all
sources observed during the two runs (top of

Figure 6.11). The peak-to-peak variations are
on a 14 %-level (Y = 8.6%) and the χ2-test
suggests the detection of variability. Again,
this result depends on one data point only
(around J.D. 2452378.0), which seems to co-
incide with the raise of the second peak in
the system temperature and opacity (Figure
6.7). Flagging also this scan yields a χ2

r of
2.12 (χ2

0.1% = 2.40). Consequently, no signifi-
cant variability is present.

0954+658

As seen in the previous cases, the light curve
of 0954+658 shows an somehow larger scat-
ter than the combined calibrator light curve
(bottom of Figure 6.11). The peak-to-peak
variations of 0954+658 reach about 13 % (Y =
7.2%) and the χ2-test indicates the presence of
variability. Again, the most variable part of
the light curve coincides with the bad weather
period, whereas at almost stable conditions
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Figure 6.9— Final light curves of IDVs and secondary calibrators at 32 GHz. Left: Session I in April 2002.
Right: Session II in September 2002. The left scale of each light curve displays the total flux density, while the
right scale corresponds to the normalized flux density.
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Figure 6.10— Top: Final light curve of 0716+714 obtained from the first observing run in April 2002 (black).
The calibrator scans are superimposed in red (normalized flux minus 0.2 Jy). Bottom: Second session in Septem-
ber 2002 with secondary calibrators superimposed (normalized flux minus 0.15 Jy). Although in both cases the
overall “scatter” in the data of 0716+714 is larger compared to the calibrator data, a 3σ-variability is not observed.



96CHAPTER 6 HIGH FREQUENCY IDV: SEARCH FOR AN INTRINSIC CONTRIBUTION

12377 12377,5 12378 12378,5
J.D. - 2440000

0,65

0,7

0,75

0,8

0,85

0,9

0,95

1

1,05

1,1

1,15

no
rm

al
iz

ed
 f

lu
x 

Sec. Calibrators
0917+624

0917+624 @ 9mm
plus Secondary Calibrators

12377 12377,5 12378 12378,5
J.D. - 2440000

0,65

0,7

0,75

0,8

0,85

0,9

0,95

1

1,05

1,1

1,15

no
rm

al
iz

ed
 f

lu
x 

Sec. Calibrators
0954+658

0954+658 @ 9mm
plus Secondary Calibrators

April 2002

April 2002
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(up to J.D. 2452377.6) 0954+658 appears to
be less variable. A χ2-test without the low-
est data point in the light curve (around J.D.
2452378.2) yields again a value below the sig-
nificance level for variability.

6.3 Discussion and Conclusions

Even though no significant variations at
32 GHz were detected in the observations pre-
sented here, some conclusions can be drawn:

(i) The new module of the 32 GHz-receiver
with its improved performance compared to
the old Module 1 and the combination of the
two cosine-total power signals allows to reduce
the individual measurement errors to ∼ ± 2%
(old module: ∼ ± 3.5 %). However, excellent
weather conditions are still essential, since the
scatter seen in the calibrator light curves is of
the order 4–5 %. This allows only variations
larger than 12−15 % to be clearly detected on
a 3 σ-level.

(ii) The results obtained for 0716+714 at
earlier times (September 1998, Figure 6.2)
with peak-to-peak variations of 20 % and the
strong increase of m towards higher frequen-
cies could not be confirmed.

A possible explanation are intrinsic changes
in the source. 0716+714 is known to be highly
active on time scales of weeks to month. Out-
bursts occur in the cm- and mm-regime often
with a high degree of correlation and with time
delays of a few days to several weeks (Raitieri
et al. 2003). This behavior was interpreted in
various ways, e.g. homogeneous blobs moving
relativistically in the jet at a small viewing
angle, perturbance in an inhomogeneous jet
traveling down the jet or inhomogeneities in
a rotating helical jet. Such structural or ge-
ometrical long-term effects could change also
the conditions for faster intrinsic variations.

In contrast, the source should exhibit a com-
ponent of size ∼ 0.1 mas scintillating behind a
100–200 pc distant screen when we assume a
quenched ISS scenario for the typical modula-
tion indices of ∼ 5–6 % observed at 4.85 GHz.
Scaling this source size linear in frequency
yields ∼ 0.02 mas at 32 GHz and a modula-
tion index of ∼ 1.1 % at 32 GHz should be ex-

pected. This value is comparable to what was
found in the second session, where the weather
conditions have been much better. Thus, the
results presented here are in better agreement
with the presence of weak, quenched scat-
tering rather than the presence of an intrin-
sic contribution as maybe seen in September
1998.

(iii) No strong, significant mm-variations in
0917+624 and 0954+658 could be established.
The strongest variations are seen in the former
case as low level amplitude changes. If those
are real, they are hard to reconcile with the
present, extremely quenched variations seen in
the cm-regime. As described in Chapter 4, a
source size of 0.8 mas at 4.85 GHz for a screen
at 100–200 pc is required to quench the scin-
tillations in 0917+624 down to the observed
m ∼ 0.5 %. Assuming a linear dependence of
the source size with frequency, this yields a
size of 0.1 mas at 32 GHz and a modulation in-
dex of order ∼ 0.1 % should be observed. This
is not in agreement with the values given here,
since one would then expect 0917+624 to show
a similar “scatter” as the calibrator sources.

We conclude, that the observations pre-
sented here do not show a clear sign of exist-
ing intrinsic variations. Whether this is due
to the non-existence of an intrinsic up-turn in
the m-ν distribution or the insufficient accu-
racy of our measurements must be answered
by new observations with better weather con-
ditions. The high-frequency observations pre-
sented here, however, are in better agreement
with a quenched ISS scenario (with the excep-
tion of 0917+624) rather than the existence of
an intrinsic contribution to the IDV pattern.

6.4 Multi-frequency Study of the
rapid Scintillator J1819+3845

During our monitoring epoch in April 2003
(Chapter 4), a small gap in the Effelsberg
observing schedule of 2.5 hours was used to
observe one of the most rapid IDV sources
known today. The quasar J1819+3845 has
attracted attention due to its fast (. 1 hour)
and pronounced (∼ 300 %) variability pattern
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(Dennett-Thorpe & de Bruyn 2000). The de-
tection of (i) an annual cycle in the variability
time scale and (ii) a time delay between two
distant telescopes favors clearly interstellar
scintillation as origin of the variability in this
source (see also Chapter 3; Dennett-Thorpe
& de Bruyn 2000, 2002). Until now, less is
known about its variability characteristics at
frequencies higher than 8.5 GHz. Therefore in-
vestigations towards higher frequencies are of
particular importance to test the ISS expla-
nation for the variability (e.g. its frequency
dependence) of J1819+3845. Our short multi-
frequency observations (up to 32 GHz) and the
subsequent analysis in view of a model for in-
terstellar scintillation are presented in the fol-
lowing.

6.4.1 Observations and Results

Due to the excellent weather conditions dur-
ing the short run we were able to observe the
source simultaneously at higher frequencies:
10.5 and 32 GHz scans were included along
with the usual 4.85 GHz observations of the
monitoring project. The fast variability cycle
in this source (in particular during its “fast pe-
riod” in the first part of the year) and the ad-
ditional two observing frequencies reduced the
number of observed secondary calibrators to
only one. However, the duty cycle was still low
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Figure 6.12— The radio spectrum of J1819+3845
deduced from our new observations at 4.8, 10.8 and
32 GHz. The spectrum appears to be flat with a spec-
tral index of ∼ 0.003 and its peak flux at 10.8 GHz.

with one scan per frequency every ∼ 15 min.
The standard data reduction procedure was
applied as described above.

The radio spectrum of J1819+3845 was de-
duced from the data and is shown in Fig-
ure 6.12. The source appears to exhibit a
flat spectrum with its peak flux near 10 GHz.
This is in contrast to previous findings, where
a relatively stable, highly inverted spectrum
(α =−0.5) up to 43 GHz was seen (Dennett-
Thorpe & de Bruyn 2000).

Figure 6.13 displays from top to bottom the
resulting light curves at 4.8, 10.5 and 32 GHz,
respectively. As expected from the low duty
cycle, all three light curves are highly under-
sampled. However, extremely rapid and strong
variability is present with peak-to-peak ampli-
tudes reaching up to 110 % (Y = 78.6%) at
4.8 GHz and 50 % (Y = 25.9%) at 10.5 GHz.
The deduced modulation indices are given
in Table 6.4. In addition, the variations at
these two frequencies appear to be correlated
over the short observing period. The latter
and the variability time scale (∼ 30 minutes)
are in good agreement with previous observa-
tions performed by the Dutch group (Dennett-
Thorpe & de Bruyn 2000) as well as the ex-
pectation from the annual modulation model.

The first 32 GHz observations of this source
reveal a decrease in flux density from 360 mJy
down to 270 mJy over a period of 90 minutes.
Such surprisingly high peak-to-peak ampli-
tude of 25 %, however, is mainly based on the
last, low data point in the light curve. A more
detailed analysis of each subscan of this data
point does not show anything unusual. Some
doubt due to its accuracy remains, since an
influence of the raising Sun during the last pe-
riod of the experiment can not be ruled out.
Consequently, this data point was flagged for
the subsequent analysis.

6.4.2 Modeling the Interstellar Scintil-
lation in J1819+3845

The autocorrelation ρ(τ) of IDV light curves
produced by interstellar scintillation can be
expressed as integral along the line of sight
through the medium (Coles et al. 1987, Beck-
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Figure 6.13— From top to bottom, final light curves of J1819+3845 at 4.8, 10.5 and 32 GHz, respectively. Note
the correlated variability at 4.8 and 10.5 GHz and the high variability amplitudes in all three curves. The last,
extremely low data point in the 32 GHz light curve has been flagged, since a possible influence of the raising sun
could not be ruled out.

ert et al. 2002). For the two dimensional wave
vector q perpendicular to the line of sight
(screen frame) and the vector x = vt (ob-
servers frame), defined by the relative velocity
v between screen and observer, the autocorre-
lation function can be written as

ρ(x) = 8πr2
eλ

2

∫ D

0
dz

∫ +∞

−∞

exp (ixq)

R(q, z) dq , (6.7)

where λ is the observing wavelength, D the
distance, and re the electron radius. The mod-
ified power spectrum R(q,z) is given by

R(q, z) = sin2 (ϑ2
q) · Φ(z, q) · |V (q)|2 . (6.8)

As mentioned in Chapter 2, the spacial power
spectrum Φ(z, q) of electron density fluctua-
tions in the ISM along the line of sight z at
wave number q can be described by a power
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ν [GHz] m [%] θF [µas] θ [µas]

4.8 26.21 26.5 32.0
10.5 8.73 17.9 15.0
32.0 2.33 (8.38) 10.2 5.0

Table 6.4— Modulation indices at all three frequen-
cies deduced from the data presented here. In addi-
tion, calculated Fresnel angles θF and source sizes θ

are given. The latter quantities were calculated for a
distance of 19 pc and a source size of 32 µas at 5 GHz.
The second value of m at 32 GHz includes the last, low
data point seen in Figure 6.13.

law,

Φ(z, q) = C2
n(z)q−β (6.9)

between a lower cut-off qmin and an upper cut-
off qmax. For a Kolmogorov spectrum of den-
sity irregularities, the power law index β is
equal to 11/3. C2

n describes the strength of
turbulence, while its cumulative effect along
the line of sight is given by the scattering mea-
sure SM (see equation 3.27). V(q) in equation
6.8 represents the visibility of the source sur-
face brightness. Finally, the parameter ϑ2

q in-

cludes the Fresnel angle θF =
√

λ/2πD and is
given by ϑ2

q = θF (qz)/
√

2.

Beckert et al. (2002) published an analyt-
ical solution for the ACF given in equation
6.7 for different source brightness distributions
and different scattering regimes. This enables
to compare directly observational quantities
with theoretical parameters of the ISM. In
particular, observed modulation indices and
time scales can be related to the distance of
the screen, different kind of scattering (β, C2

n,
SM) and the source size. In the following,
this is done with respect to the observations
of J1819+3845 presented above.

As shown in Chapter 4, the observed time
scale is related to the SF, which itself is given
by the ACF as SF (τ) = 2[ρ(0) − ρ(τ)]. An
analysis in view of SFs using equation 6.7 and
related ISM parameters is done by Beckert et
al. 2002 for the quasar 0917+624. In the case
of the light curves presented in Figure 6.13,
the time scales (and thus the SFs) are not
well defined due to under-sampling and the

short observing period (low number of vari-
ability cycles). As result, a detailed analysis
in this manner was not possible. The modu-
lation index, however, is related to the auto-
correlation at zero time lag: m2 = ρ(τ → 0).
We will now assume a slab model for the scat-
tering medium with constant C2

n at a mean
distance D and a circular source model with
size θ and constant surface brightness. In this
case, Beckert et al. (2002) find for the regime
of weak, quenched scattering (θ > θF ):

m2 = 2
( re

Dθ2

)2
λ4(Dθ)β−2SM · f1(β) . (6.10)

Here, the function f1(β) depends only on β
and is of order unity.

Dennett-Thorpe & de Bruyn, 2000 found
the modulation index of J1819+3845 to peak
around 5GHz and the time scales to become
longer towards higher frequencies. This pro-
vides evidence that 5 GHz is the critical fre-
quency νcrit for this source, where refractive,
diffractive and Fresnel scales are equal. Us-
ing the observed time scales and approxima-
tions for a Kolmogorov, thin screen at νcrit

(Blandford & Narayan, 1985), they found a
screen distance of 19 pc, an upper limit for
the source size of . 32µas, and C2

n = 0.17
at 5GHz. Taking these values for D and θ
and assuming a linear dependence of source
size with frequency, one can compare Fresnel
angle and source size at different frequencies.
The latter assumption is reasonable for an in-
homogeneous synchrotron component, which
is flux limited by self-absorption at each fre-
quency. In Table 6.4 the calculated values are
given. It turns out, that the Fresnel size of
the scattering medium is always larger or com-
parable to the size of the scintillating com-
ponent. This is expected for a source which
exhibits such large amplitude variations (up
to 350 %). Consequently, a weak scattering,
point-source scenario for J1819+3845 is more
likely than the quenched scattering case pre-
sented in equation 6.10. An analytical solu-
tion for the ACF in equation 6.7 for this case
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yields (θ . θF ):

m2 = 0.025

(

Dλ

2π

)
β−10

2

r2
eD

4λ6

· sin
(π

4
β
)

SM · f2(β) . (6.11)

For a Kolmogorov screen with β = 11/3, the
function f2(β) is equal to 6.79. Since the Fres-
nel size is the relevant scale in this scattering
regime, m is now independent of the source
size θ.

The statistical error of m (according to
Chapter 4) in the case of our short observ-
ing period is quite high (∆m ∼ 30%) due
to under-sampling and the low number of ob-
served variability cycles. Nevertheless, the
values are in agreement with previous, inten-
sive studies of J1819+3845 with the West-
erbork telescope, where m was found to be
30.5 % at λ6 cm (Effelsberg: 26.2 %). Hence,
we will use our “high frequency” results to
perform a first, qualitative comparison of the
observed modulation indices with the scatter-
ing model presented above. We model the ob-
servations with the following assumptions and
parameter ranges:

• a slab of 1 pc thickness for the screen with
uniform distribution of C2

n and mean dis-
tance D

• Kolmogorov spectrum of density fluctua-
tions with β = 11/3

• weak scattering of a point source (θ . θF )

• range of different distances between 5 and
70 pc

• range of four different values for the
strength of turbulence [m−20/3] in the
screen:

– C2
n = 10−0.77 as derived from the

variability time scale of J1819+3845
at νcrit = 5 GHz by Dennett-Thorpe
& de Bruyn (2000)

– C2
n ∼ 10−3 as found via pulsar stud-

ies of the general ISM by Coles et al.
(1987)

– upper and lower limit 10−0.96 <
∫ d
0 C2

n(l)dl < 10−0.55 for the shell
material in the model of local scat-
tering deduced from pulsar scintilla-
tion (Bhat, Gupta, & Rao 1998).

Bhat, Gupta, & Rao (1998) studied the scat-
tering properties of the local vicinity of the
Sun based on pulsar scintillation data. Their
best-fit model to the data is characterized by
three components: (i) a local shell structure
with enhanced scattering properties which can
be associated with the wall of the Local Bub-
ble (LB), (ii) an inner cavity and (iii) the outer
ISM both with a much lower level of turbu-
lence. We use the upper and lower limits of
C2

n in their model for the shell structure in
the modeling presented here.

6.4.3 Results and Discussion

Figure 6.14 displays the results of our calcula-
tions. Panels (a), (b), (c) and (d) correspond
to the results obtained for the different values
of C2

n: 0.17, 10−3, 10−0.55 and 10−0.96, respec-
tively. The best agreement between model
and observations is visible in cases (a), (c) and
(d). The “lower turbulence case” of Coles et
al. (1987) under-predicts the observed mod-
ulation indices for all distances - in the most
extreme case by a factor of 10. Panel (a) corre-
sponds to the C2

n-value calculated by Dennett-
Thorpe & de Bruyn (2000) and is in good
agreement with our observations. Here, how-
ever, a screen distance of only 10 pc is re-
quired, a factor of ∼ 2 smaller than suggested
by the latter authors. The best agreement is
obtained using the upper and lower limits of
C2

n for the Local Bubble wall (Panels (c) and
(d), red curves). In particular, the lower limit
of 10−0.55 yields the best reproduction of the
observed modulation indices (nearly 1:1) as-
suming a screen distance of 15 pc. At this dis-
tance, the Fresnel angular size and thus the
source size is of the order . 30µas. The up-
per limit requires a distance of only 5 pc.

The question remains, if a screen at such
small distance of ∼ 5 − 20 pc can be related
to the LB wall, since X-ray, EUV and HI
observations suggest a mean LB radius of ∼
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Figure 6.14— Results of modeling the scintillations in J1819+3845: The different panels (a)–(d) correspond
to the results obtained for unquenched scattering with different values of C2

n (see text). Each calculation is done
adopting a range of different screen distances. The best agreement is evident in the cases of the upper and lower
limit for the LB wall ((c) and (d), red). Panel (e) shows the case of quenched scattering while panel (f) displays
the best model with the higher modulation index at 32 GHz superimposed.

75−100 pc around the Sun (e.g. Frisch & York
1983, Snowden et al. 1990 and Warwick et
al. 1993). The morphology of the local struc-
ture seen at these different wave bands and
the shell with enhanced density fluctuations
deduced from pulsar scintillation is quite sim-

ilar. Interestingly, Bhat, Gupta, & Rao (1998)
found these structures to be highly asymmet-
ric and the Sun to be located away from the
center. In their best-fit model, the shell can
be as close as 15 – 25 pc in the direction of
l ∼ 0◦ − 90◦ and b ∼ ± 30◦. This fits nicely
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with the line of sight towards J1819+3845 of
(l, b) = (66.2◦, 22.5◦) and the results presented
here.

For comparison, we assumed a scenario,
where the scintillations in J1819+3845 are
quenched by the source size (equation 6.10)
with a size of the scintillating component of
64 µas at 5GHz. As expected, the results
shown in panel (e) of Figure 6.14 are not able
to reproduce the observations providing ev-
idence that the point-source assumption for
this source is justified.

In Panel (f) of Figure 6.14 the best model
(LB wall at 15 pc) is shown, but we overplot
here the 32 GHz-modulation index including
the last, low data point in the light curve. In
this case, m is higher by a factor of ∼ 3.6 at
32 GHz. Thus, a flat rather than steep de-
crease is seen towards higher frequencies in
contrast to the model predictions. This de-
viation from the scintillation model, if real,
is similar to the behavior seen in a few other
sources (e.g. 0716+714, Figure 6.1), where
even an increase of the strength of the vari-
ability with frequency is observed. Such “in-
trinsic up-turn”, as mentioned above, is the
most promising sign for an intrinsic contribu-
tion to the variability pattern. This would
be of particular interest for J1819+3845, since
the source is supposed to be the most promi-
nent example of an IDV source where the in-
traday variations are predominantly caused by
scintillation effects.

From the observed light curve and our ISS
modeling, we can derive a lower limit on the
intrinsic source brightness temperature TB .
Firstly, the average flux density of the scin-
tillating component Sc is not known and has
to be constrained. The scintillating compo-
nent in J1819+3845 can not exhibit more flux
than the total average flux density Stot seen in
the light curve and can not be negative, thus

Stot ≥ Sc ≥ Stot − Smin , (6.12)

where Smin is the lowest flux value observed
in the light curve. Taking the observations at
5 GHz, this yields 110 mJy ≤ Sc ≤ 350 mJy.
Secondly, the size of the scintillating compo-

nent can be constrained by the results pre-
sented above to ∼ 30µas. In this case, we ob-
tain an approximate lower limit on the rest-
frame brightness temperature of TB = 6 ×
1012 K for θ = 30µas and Sc = 110 mJy at
5 GHz. In order to reduce this value down
to the inverse Compton limit of 1012 K, rel-
ativistic beaming with a Doppler factor of
D ∼ 6 is required. This is in good agree-
ment with VLBI observations of apparent su-
perluminal motion found in flat-spectrum ra-
dio cores (Witzel et al. 1988, Marscher et al.
2000, Kellermann et al. 2000). If the source is
radiating at the equipartition brightness tem-
perature of ∼ 2 × 1011 K rather than at the
inverse Compton limit, Doppler boosting with
D ∼ 30 is required.

A further interesting result is the radio
spectrum shown in Figure 6.12. Dennett-
Thorpe & de Bruyn (2000) suggest the spec-
tral shape of J1819+3845 (0.3-43 GHz) and
its relative stability to be an important fea-
ture. They attribute the raising spectrum
to be caused by synchrotron self-absorption
from an isotropic particle distribution produc-
ing optically thin emission above νobs. As seen
in Figure 6.12, however, the situation may
have changed, since a flat rather than inverted
spectrum is observed. Therefore J1819+3845
is possibly not as stable as expected and in-
trinsic changes during the last years may have
changed the conditions in the source. This
is supported by the fact that the mean flux
density at 5GHz increased by more than a
factor of 2.5 within the last three years. If
such flaring behavior is accompanied with the
ejection of new jet components, changes in the
IDV properties of J1819+3845 should occur in
the near future similar to those probably ob-
served in PKS0405−385 (Kedziora-Chudczer
et al. 1998) and 0917+624 (Chapters 4–5,
Fuhrmann et al. 2002).

6.4.4 Conclusions

We conclude that the fast and pronounced
variability of J1819+3845 seen in our short
multi-frequency observations can be modeled
by interstellar scintillation in the weak, un-
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quenched scattering regime. The best agree-
ment is obtained for a screen exhibiting den-
sity fluctuations in the range of 10−0.96 ≤
Cn ≤ 10−0.55 at a distance of about 15 pc,
which we attribute to enhanced turbulence in
the nearby LB wall along the line of sight to
J1819+3845. The size of the scintillating com-
ponent of θ ∼ 30µas at 5 GHz yields a bright-
ness temperature of TB ' 6 × 1012 K.

In order to decrease the high statistical er-
ror of m and thus, improve the accuracy of the
derived parameters, a longer observing run is
essential to increase the number of observed
variability cycles and improve the sampling
rate. In addition, the possible existence of an
intrinsic up-turn in the m-ν distribution has
to be confirmed by new 32 GHz observations.



Part III: Spectral Line Observations
towards IDV Sources
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7
Search for the Scattering Screen in Front of

IDV Blazar Cores
In this thesis, we started a new observational
approach to directly search for the scattering
material in the foreground of intraday vari-
ables. Until now, only indirect hints for the
material do exist and no attempts were per-
formed in order to directly detect the postu-
lated scattering screen. This chapter focuses
on the extrinsic part of IDV and outlines the
prospects for a direct detection of the material
producing IDV in extragalactic radio sources.

The first section gives an overview of the
situation and defines a working strategy. The
following sections describe a step-by-step pro-
cedure in order to identify the required mate-
rial with emphasis on: (i) the material we are
looking for, (ii) the basic components of the in-
terstellar medium, (iii) the local ISM (LISM)
and (iv) observational evidence for the mate-
rial intervening on the line of sight. Finally,
we present spectral line observations towards
IDV sources along with a statistical analysis
of a possible connection between IDV source
positions and discrete ISM features.

7.1 Scientific Motivation and Work-
ing Hypothesis

As outlined earlier, there is increasing evi-
dence that ISS plays an important role in the
rapid variability of IDV sources. Although the
overall situation is not yet fully clear, ISS is
generally excepted as at least one contribution
to the short-term variations.

The presence of scattering material in the
Galaxy responsible for ISS of radio sources

was suggested since the early days of variabil-
ity studies (e.g. pulsar scintillation and low-
frequency variability of AGN). In particular,
Heeschen et al. (1982) already addressed the
’flickering’ of compact radio sources to scatter-
ing caused by the inhomogeneous structure of
the interstellar medium of our Galaxy (Rickett
et al. 1984, Heeschen & Rickett 1987). With
the advent of variability on much shorter time
scales of hours to days it turned out that the
postulated screen has to be very close to the
Sun, closer than deduced from the flickering
of radio sources. As shown in the previous
chapters, the ISS modeling depends on sev-
eral parameters, which have to be assumed or
are not known precisely. One of these “free
parameters” is the distance to the scattering
medium. Furthermore, the properties of the
scattering material itself, e.g. the strength of
turbulence C2

n, the turbulence spectrum, ve-
locity of the medium etc. are not precisely de-
termined. Although, for example, the overall
distribution of the strength of turbulence in
the Galaxy is known form pulsar studies, its
value for individual lines of sight is uncertain.

In addition, the characteristic shape of
extreme flux density variations seen as ex-
treme scattering events (ESEs) in the multi-
frequency light curves of extragalactic radio
sources is thought to be caused by the ISM
as well. Here, “plasma-lenses” were proposed
to be responsible (Fiedler et al. 1987) among
other theoretical models (see Walker 2001 for
a review). Also this kind of scattering effect

107



108CHAPTER 7 SEARCH FOR THE SCATTERING SCREEN IN FRONT OF IDV BLAZAR CORES

still asks for a final explanation and the de-
tailed mechanism in the ISM has still to be
found.

Thus, a clear need is identified for addi-
tional information on the scattering regions
in front of IDV and ESE sources. Such in-
formation could be provided by spectral line
observations: a direct detection of the scatter-
ing material in front of IDV and ESE sources
has the potential to (i) establish a relation be-
tween IDV and local structures in the ISM
and thus a direct confirmation for the exis-
tence of an (at least mostly) extrinsic origin
of IDV, (ii) test/check the proposed models
for extreme scattering events and (iii) provide
better constraints of the physical conditions
in the scattering medium (temperatures, den-
sities, velocities, distances etc.) in view of ISS
and ESE modeling. The latter can have also
impact on the remaining question about an
intrinsic contribution to the IDV pattern.

This chapter will firstly develop a strategy
for a direct detection of the material. As work-
ing hypothesis we address rapid intraday vari-
ations in compact radio sources to scattering
in the local interstellar medium. The following
questions will serve as “working strategy”:

1. What tell us the ISS and ESE models
about the screen?

2. Which component of the ISM could serve
as scattering material?

3. Where is its location in the Galaxy?

4. Do we have already observational evi-
dence for the material?

In the following we will go through this ques-
tions step by step.

7.2 What are we looking for?

First, we have to investigate the predictions
of the ISS and ESE models for the screen in
order to identify the required material in the
ISM.

In order to display scintillation, the source
size must be of the order of the scattering

size of the medium (defined by the first Fres-
nel zone for weak scattering and the refrac-
tive scale for strong scattering). This quan-
tity depends sensitive on the distance to the
screen. As outlined earlier, the observed vari-
ability time scales provide an estimate for the
mean distance to the material. For relative
velocities not much larger then 40 km s−1 (see
Chapter 3) and time scales up to a few days
(Typ I sources), we obtain a few 100 pc as up-
per limit for the distance of the screen. A
lower limit can be obtained taking the rapid
scintillators into account. Dennett-Thorpe
and de Bruyn (2000) deduced a distance of
about 25 pc for the highly variable quasar
J1819+3845 from annual modulation studies
(see Chapter 3). For the other two intra-hour
variables PKS0405−385 and PKS1257−326
even smaller distances in the range of 3−30 pc
were reported (Rickett et al. 2002, Bignall et
al. 2003). The small number of highly variable
sources observed so far makes it likely to find
only a few line of sights in the Galaxy with
scattering material so close to the Sun. Thus,
we have to search for material mainly between
∼ 30 and a few 100 pc around the Sun with
maybe a few line of sights showing material at
only a few parsec distance.

The annual modulation study presented
in previous chapters can in principle pro-
vide additional implications for the medium.
If the present inactivity of 0917+624 is in-
deed caused by dramatic changes in the
ISM, the different behavior of the nearby
source 0954+658 suggests a very inhomoge-
neous medium. The latter should then vary
at least on angular scales less than a few de-
grees on the sky. The fitting of seasonal cy-
cles to the IDV data provides evidence that we
have to deal with highly anisotropic scattering
rather than isotropic inhomogeneities in the
plasma (Rickett et al. 2002). The high degree
of anisotropy implies well-ordered magnetic
fields, which makes a relatively thin scattering
layer more likely than an extended medium.
In addition, the lack of a clear galactic latitude
dependence of IDV compared to e.g. flickering
suggests that more discrete, local structures
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in the ISM are involved rather than its ex-
tended, large scale distribution. The determi-
nation of a peculiar velocity of the medium in
front of J1819+3845 through time delay mea-
surements supports this idea (Dennett-Thorpe
and de Bruyn 2002). In general, the LSR
(transverse) velocities of the medium are ex-
pected to be low: . 30 km s−1. Furthermore,
the ISS modeling suggests an electron density
in the medium of ne ' 0.1 − 1 cm−3.

Although the relation (if any) between ESE
lense structures and the turbulent gas respon-
sible for normal ISS is unclear (e.g. due to the
different observational appearance of both),
the physical conditions for ESEs appear to
be similar. Both, a localized structure in the
ISM with a smooth, Gaussian profile of ex-
cess electron density (’lens’) as well as a large
number of electron density fluctuations con-
fined to a localized region in the ISM were
discussed in the framework of ESEs. Con-
sequently, ESE sources require also free elec-
trons (ne & 100 cm−3) intervening on the line
of sight with changes in the electron den-
sity. Here, however, the medium appears
more “clumpy” with a clumpiness on scales
∼ 0.4 AU or even one magnitude lower in the
case of the extreme ESE observed by Cimó et
al. (2002a) in 0954+658.

7.3 Multiphase ISM - Identification
of the “Scattering Phase”

Can we identify the required material with an
adequate component in the ISM?

There is now substantial evidence that the
ISM is best described within the widely ac-
cepted model of a multiphase ISM (e.g. Mc-
Kee & Ostriker 1977, Cox & Reynolds 1987,
McKee 1995). The interstellar medium is
thought to be highly inhomogeneous, whereas
much of the gas is concentrated in both atomic
(H I) and molecular clouds which only occupy
a small fraction of the total volume. Much
of the volume is filled with warmer intercloud
gas. The material of the Milky Way seems to
exhibit all of the three principal phases and
most of the volume in our Galaxy is occu-

pied by: (i) the cold neutral medium (CNM)
with a temperature of T ' 102K, (ii) the
warm medium (T ' 104K), which has both
the warm neutral medium (WNM) and the
warm ionized medium (WIM)1; and (iii) the
hot ionized intercloud medium (HIM) with
T ' 106K. Molecular clouds and some tran-
sient phases can also be important. The for-
mer do not constitute a fourth phase because
they are self-gravitating and hence are not in
pressure equilibrium with the other phases.
The ionized component of the warm phase,
the WIM, is found to be an important con-
stituent of the diffuse interstellar medium and
probably is related to the ionized surfaces of
the warm neutral clouds (WNM).

However, in view of the ionized material re-
quired to produce scintillation, a few phases of
the ISM can already be excluded. Firstly, the
atomar component itself in form of the CNM
can not be responsible for ISS. Secondly, the
electron densities of the hot ionized medium
with < ne >∼ 0.003 cm−3 are probably not
sufficient to produce regions of enhanced scat-
tering. What remains in view of the multi-
phase ISM is the warm ionized medium. It
exist as “normal” WIM and as so-called EL-
DWIM (extended low-density warm ionized
medium). The former is well known to be as-
sociated with the scintillation of pulsars and
to produce pulsar dispersion. From this, an
averaged smooth volume density of < ne >
∼ 0.03 cm−3 was derived (e.g. Heiles 1994),
while H α emission from such material im-
plies a total emission measure of ∼ 3 cm−6 pc
and an electron density of the order 0.1 cm−3.
The ELDWIM is predominantly found in the
Galactic interior (first considered by Mezger
1978), is much brighter than the WIM and is
suggested to be the higher density version of
the WIM (Heiles et al. 1996). Its connection
to star forming regions as ionized envelops of
normal H II regions is discussed (e.g. Roshi &
Anantharamaiah 2001).

1The classification is still under discussion and
sometimes used differently in the literature: e.g. more
recently, Heiles 2001 discussed an ISM consisting of
five gas phases including two kinds of the WIM.
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Figure 7.1— All-sky catalog of H II regions at
4.85 GHz plotted in an Aitoff projection of the Galaxy
(taken from Kuchar & Clark 1997). The sizes of the
points are proportional to the source peak flux. Nearly
all H II regions are confined to a small range along the
galactic plane (|b| . 1◦).

In view of the multi-phase ISM, we thus ex-
pect the WIM or ELDWIM to be responsible
for the scintillation of IDV sources.

7.4 Discrete Structures of the ISM

Besides the different phases of the ISM intro-
duced above, there are additional, mainly well
localized structures of the ISM, which could
in principle exhibit scattering material.

7.4.1 H II regions

A variety of H II regions is known. They are
often formed around young, hot stars by their
strong photoionizing radiation. Such highly
ionized structures are often embedded in the
star forming regions within larger molecu-
lar clouds and appear to exist in two differ-
ent types: (i) ultracompact HII regions with
ne > 104 cm−3 and sizes � 1 pc and (ii) ’nor-
mal’ HII regions with electron densities of ∼ 1–
1000 cm−3 and sizes of up to a few parsecs.
However, these small, ionized structures in
star forming regions can be found nearly with-
out exception only in a small latitude range
along the Galactic plane (|b| .1◦, see Fig-
ure 7.1; e.g. Lockman 1989, Kuchar & Clark
1997). Due to the appearance of IDVs mainly
at higher Galactic latitudes (|b| &10◦), H II
regions can be excluded as possible scattering
regions.

7.4.2 Molecular Clouds

Half of the gas mass of the Galaxy resides in
(giant) molecular clouds, which are the pri-
mary sites of star formation and are found
to be generally concentrated along the Galac-
tic plane (|b| . 10◦). They usually have a
small scale height of ∼ 75 pc from the Galactic
plane (e.g. Blitz 1990) and typical distances
within ∼ 1 kpc. More interestingly in the con-
text of IDV are the so-called high Galactic lat-
itude molecular clouds (HLCs) due to their
proximity to the solar system. This class
of (small) molecular clouds are usually dis-
tinguished from dense clouds located in the
Galactic plane by their low visual extinctions.
Up to now, more than 200 HLCs were de-
tected at Galactic latitudes | b | ≥ 20◦ through
dust, H I and CO observations (e.g. Blitz et
al. 1984, Magnani et al. 1985). For about
40 HLCs the distance is constrained by the
presence or absence of interstellar absorption
lines (e.g. sodium, calcium) towards stars lo-
cated along the line of sight. The average dis-
tance to these clouds is 105 pc and the derived
cloud sizes are usually smaller than a few par-
secs (Magnani et al. 1996). Their scale height
from the galactic plane is low, ∼ 90 pc, and
thus HLCs are Galactic plane objects. They
often appear to be part of larger cloud com-
plexes (e.g. Ursa Major complex), which ex-
tend out to a few square degrees on the sky
mainly due to their proximity. Although at-
tractive due to the small distances, HLCs itself
can not be responsible for interstellar scatter-
ing, since ionized material is required.

7.4.3 Photodissociation Regions

There are so-called PhotoDissociation Regions
(PDRs, e.g. Hollenbach & Tielens 1997),
which in principle could provide ionized ma-
terial for scattering. The physics and chem-
istry of such sites in the ISM is determined
by the far ultraviolet (FUV) photons (6 eV <
hν< 13.6 eV) originating from hot nearby stars
and/or the overall interstellar radiation field
(IRAF). The energy of these photons can be
transferred to the ambient gas by photoelec-
tric heating: the FUV photons ionize grains
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producing photoelectric electrons, which heat
the gas by collisions. Elements like carbon
with ionization potentials below 13.6 eV be-
come photoionized by the FUV flux as well
and thus C+ forms efficiently in the outer lay-
ers of a PDR, where the FUV radiation is still
intense enough.

PDRs form in predominantly neutral re-
gions exposed to an external FUV radiation
field, which dominates the heating as well as
the chemistry of the gas. Thus, PDRs include
most of the atomic gas existing in both, dif-
fuse (H I) clouds (CNM) and in the surfaces
of the more opaque molecular clouds. In this
context, e.g. the outer layers of the molecular
clouds mentioned earlier are PDRs, where the
penetrating photons create an atomic H sur-
face layer and deeper inside (with increasing
visual extinction Av) molecular H2, C+ ions,
and C. In principle, the free electrons pro-
duced by the photoionization in PDRs could
reflect the scattering material responsible for
IDV and/or ESEs. Consequently, the HLCs
introduced in the previous section remain “at-
tractive” for the scattering material.

7.4.4 Shells, Bubbles and Radio Loops

A few other, localized (often large) structures
of compressed material are known to be part of
the ISM extending outwards into the Galactic
halo such as H I shells, supershells, “worms”
or radio continuum loops (e.g. Heiles 1984).
The interaction of such shells or superbubbles
with the ambient medium or with other struc-
tures of the same kind leads to the formation
of interaction zones or walls. Like discussed
for the interaction of the radio Loop I and
the Local Bubble (Breitschwerdt et al. 1996,
2000), the collision of those is followed by the
production of a dense, compressed wall, which
is Rayleigh-Taylor unstable. Such instability
eats its way through the interaction zone and
produces a very turbulent, inhomogeneous re-
gion with small bubbles and holes. Such fea-
tures along the line of sight could be made
responsible for the required enhanced scatter-
ing material producing ISS and/or ESEs. In-
deed, new pulsar studies towards the direction

of Loop I (270◦< l <30◦and −40◦< b <+80◦)
show enhanced levels of scattering. Bhat &
Gupta (2002) explain this feature either with
their older LB model (as described in Chap-
ter 6) extended by incorporating an additional
Loop I shell component or with enhanced scat-
tering in the interaction zone between LB and
Loop I.

7.5 The local Vicinity of the Sun

As next step we have to investigate the dis-
tribution of the material in the galactic envi-
ronment of the Sun in order to find an eligible
layer for enhanced scattering.

Within the general picture of the ISM,
stellar winds produced during star formation
evacuate cavities in the molecular clouds in
which the stars are born. When subsequent
SNe explode in these cavities, violent shock
fronts are produced that ram into the sur-
rounding material. Furthermore, they sweep
up interstellar gas into supershells, which
propagate outwards into the low-density en-
vironment. The shocked gas cools and recom-
bines to form “inter-bubble” gas as part of the
CNM, and can break up into clouds. Such
structures are common in the local vicinity of
the Sun. Within the prevailing picture of the
local ISM (LISM) as deduced from e.g. X-
ray data and high resolution absorption stud-
ies towards nearby stars, the LISM (∼ a few
100 pc) is known to contain several major fea-
tures in the form of clouds, bubbles, supernova
shells, star forming regions and H I clouds.
The Sun is thought to reside in a great, ir-
regularly shaped void - the hot, low-density
(ne ∼ 0.005 cm−3) X-ray emitting Local Bub-
ble (LB) (e.g. Cox & Reynolds 1987). Snow-
den et al. (1998) deduced its radial extent
from X-ray data to vary between 40 and 130 pc
from the Sun (compare Figure 7.2). As out-
lined in Chapter 6, a similar morphology for
the LB wall was found by Bhat, Gupta & Rao
(1998) from pulsar studies. Prominent among
other features in the LISM, the LB itself is
embedded into the interactions of large, of-
ten circular structures (compare Figure 7.3),
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Figure 7.2— The approximate extend of the local bubble (thick solid line) deduced from X-ray data by Snowden
et al. (1998). Top: View from the North Galactic pole. In addition, adjacent bubbles and loop/shell structures
are drawn schematically. The position of the HLC MBM-12 at the interface between LB and the Orion-Eridanus
bubble is indicated. Bottom: View in the Galactic plane.

e.g. the radio Loops I to IV (Haslam, Kahn
& Meaburn 1971) and their turbulent inter-
action zones mentioned earlier. Of these, the
Loop I bubble is thought to be an active, ex-
panding super-bubble triggered by star forma-
tion in the Sco-Cen star forming region at a
distance of ∼ 150 pc from the Sun.

Furthermore, results from Rosat observa-
tions suggest an ongoing interaction between
the LB and Loop I. Egger & Aschenbach
(1995) found a ring like structure between the

two bubbles. The distance to this interaction
feature is estimated to be ∼ 70 pc, quite com-
parable to the distance to the known neutral
H I wall (∼ 40 pc). However, as result of this
ongoing interaction, the Sun lies more local in-
side a warm (T∼ 7000 K), diffuse and partially
ionized (ne ' 0.12 cm−3) cloud, the local inter-
stellar cloud (LIC, d∼ a few pc; Lallement &
Berlin 1992). The LIC extends for several par-
secs in most directions and is part of the ”local
fluff” (Frisch 1995). This complex of warm,
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Figure 7.3— A schematic picture of the morphology of the local ISM within a few hundred pc (taken from
Welsh et al. 1994). Several interacting shells, bubbles and loop structures in the vicinity of the Sun are shown
(see text).

nearby clouds or shell-like structures located
either insight or at the edge of the LB origi-
nated from the Sco-Cen star forming region,
since the low-density LB readily permits such
material (like shock fronts, shells and super-
bubbles) to sweep over into our neighborhood
(d∼ 100 pc).

In addition, the LB is surrounded by other
well-known examples of nearby bubbles, star
forming regions, and shells of SN remnants
(compare Figure 7.3). These features are suit-
able to either contain or produce “scatter-
ing material” within a radius of 100–300 pc,
such as the Orion-Eridanus Bubble (d∼ 100–
150 pc) and the Orion Shell, the Gum Neb-
ula (d∼ 250 pc) - a region of ionized hydrogen
with the Vela SN remnant inside.

The high latitude molecular clouds in-
troduced in Section 7.4.2 with distances of
∼ 100 pc must therefore lie either inside the
LB or in the local environment of the LB
wall. Since the LB seems not to provide the

conditions to form molecular structures, the
HLCs are most likely the molecular compo-
nent of the compressed (CNM) gas in the in-
teraction zones between LB and adjacent bub-
bles. The position of the closest HLC known
so far, MBM-12, is indicated in Figure 7.2 to
be at the edge between LB and the Orion-
Eridianus bubble (Kuntz, Snowden, & Verter
1997).

Within the picture of the LISM as described
here, it appears quite plausible that enhanced
scattering material responsible for ESEs and
IDV is produced in the turbulent outer shells
and/or interface regions of the LB and adja-
cent bubbles. The origin of the most local
screens required for the extreme IDVs remains
unclear. Here, the only suitable components
are the LIC and the local fluff. The electron
density in these clouds is estimated to be of
the order 0.1 cm−3 (Wood & Linsky 1997). If
the electron density fluctuations ∆ne are pro-
portional to the electron density (∆ne ∝ ne;
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Rickett 1970), the scattering strength C2
n can

be assumed to be C2
n ∝ n2

e. The so derived
value of C2

n ∼ 0.01 is at least one magnitude
lower than the values incorporated in the ISS
modeling of J1819+3845 presented in Chap-
ter 6. Thus, it appears unlikely that the lo-
cal fluff clouds can sufficiently account for the
variability seen in the fast scintillators. In-
stead, lines of sight passing through the LB
wall at its minimum extension from the Sun
are more likely (as proposed for J1819+3845
in Chapter 6).

7.6 Observational Evidence for the
Material

Finally, we can search in the literature for
observational evidence of interstellar material
distributed along the line of sight. Present
galactic surveys of e.g. dust, H I, Hα, CO,
radio continuum provide additional informa-
tion and enable us to search directly for mate-
rial in each individual source direction. From
this we can deduce that IDV sources lie often
in regions of enhanced emission, while non-
variable sources are often located in regions of
less emission or even in “holes”. At first, we
can search for dust emission towards IDV posi-
tions. Dust is an important tracer for CO and
often good correlations between IRAS 100 µm
data, molecular structures and/or H I emis-
sion were found (e.g. de Vries et al. 1987,
Heithausen et al. 1993). Taking 100 µm dust
maps from the IRAS survey towards IDV posi-
tions reveals often enhanced emission of small
dust clouds or clumps located close to the line
of sight. Figure 7.4 shows an example of a
40◦ × 40◦-field containing 12 of our high dec-
lination IDV sources. Large scale structures
of dust cirrus clouds and filaments are seen
in Figure 7.4, which form the so-called North
Celestial Pole Loop ( e.g. Meyerdierks et al.
1991, Pound & Goodman 1997). The latter
is also seen as large H I structure (Heiles &
Harbing 1974). The IDV positions within this
field are marked by a cross (Figure 7.4, top).
All IDV sources appear to be distributed along
the large scale loop structure or its fainter fil-

amentary extensions. Zooming into individ-
ual IDV positions often reveals enhanced dust
emission close to the line of sight, as can be
seen in the few examples given at the bottom
of Figure 7.4.

The radio Loop III as seen in the radio con-
tinuum (Berkhuijsen et al. 1971, Haslam et
al. 1982) lies in the same field of view and is
shown at the top of Figure 7.5. This large-
scale feature extends from the galactic back-
ground from (l, b)∼ (125◦, 30◦) as a half-circle
structure northward to (l, b)∼ (135◦, 40◦)
and meets the background near (l, b)∼ (155◦,
30◦). The IDV positions in this field of Figure
7.5 are superimposed. It turns out that several
IDVs are distributed along the Loop III fore-
ground structure. As outlined by Fiedler et al.
(1994b), 0954+658 lies behind the continuum
loop and, in particular, three high latitude H I
shells (a main shell plus two sub-shells) were
detected by Hu (1981) to correlate with the
positions along Loop III of which one crosses
the line of sight to 0954+658. In addition,
these shell structures overlap the positions of
the IDV sources J0949+6614, 1039+811 and
1150+812 as well.

Several IRAS cirrus clouds are observed to
be associated with molecular gas in the form
of HLCs, for which the North Celestial Pole
Loop shown in Figure 7.4 is a good example.
In addition, a correlation was found between
HLCs and H I emission and the conclusion was
drawn that these clouds probably condensed
out of the diffuse CNM (Gir, Blitz, & Mag-
nani 1994). Due to the relatively good corre-
lation between IDV positions and IRAS dust
emission it is obvious to search for molecu-
lar material in front of IDVs. Here, a large
data base of CO cloud detections and CO sur-
veys (e.g. Hartmann, Magnani & Thaddeus,
1998) are available in the literature (see Sec-
tion 7.8.3). It turns out, that high latitude
molecular clouds, cloudlets or cloud complexes
close to e.g. 0917+624 and 0954+658 were
found (e.g. Magnani & Blitz & Mundy 1985,
Matsuhara et al. 1997). Figure 7.5 displays
a ∼ 25◦× 40◦ field as part of the IRAS map
shown in Figure 7.4. The map is centered
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KINEMATICS OF URSA MAJOR MOLECULAR CLOUDS 335

FIG. 1.ÈIRAS 100 km Ñux density image of the North Celestial Pole loop. The Ursa Major molecular clouds are the features that ““ hang down ÏÏ from the
top of the loop at (l, b) D (140, 38). The area covered by the H I and CO maps is indicated with a box.

width, and color temperature, and we point out salient fea-
tures of the clouds. Our model for the Ursa Major complex
is described in wherein we also test the model predic-° 4,
tions against the observations. Our conclusions are sum-
marized in ° 5.

2. OBSERVATIONS AND DATA REDUCTIONS3
2.1. Carbon Monoxide

We used the AT&T Bell Laboratories 7 m telescope
located in Holmdel, NJ to map the Ursa Major clouds
(MBM 27È30) in the CO(1È0) transition at 115.271203 GHz
during the 1988È1990 observing seasons. At 115 GHz, the 7
m antenna has a symmetric Gaussian beam 100A in diam-
eter (HPBW). The spectra were taken by in-band frequency
switching, with signal and reference frequencies o†set by 6.4

3 We have constructed three-dimensional representations of
the CO and H I data presented herein using Virtual Reality Markup
Language (VRML). These representations can be viewed on the World
Wide Web in the NCSA Digital Image Library at

using any browser thathttp ://imagelib.ncsa.uiuc.edu/document/96.MP.01
supports VRML.

MHz. The IF signals were sent to a multichannel Ðlterbank,
which consists of 256 channels with a resolution of 250 kHz
per channel. The signals from one-half of the channels were
sent to a spectrum expander to give a resolution of 100 kHz
or 0.27 km s~1 at the observing frequency. Total system
temperatures including sky noise were between 200 and
1000 K. Line intensities were converted to corrected
antenna temperatures, by applying corrections forT

R
*,

atmospheric attenuation and telescope efficiency (g \ 90%).
Linear or second-order baselines were removed from all
spectra. The typical rms noise per spectrum was 0.5È1 K. In
all, 21,424 spectra spaced on 1@ grid and covering about 5
deg2 were obtained. The spectra were taken on an equato-
rial coordinate system grid ; however, for comparison with
existing H I maps, we computed the CO maps in Galactic
coordinates.

When CO spectra are taken in frequency-switched mode,
the telluric CO line can appear in the observing band at

where is the velocity of the antenna with respect[Vant, Vantto the local standard of rest (LSR). Alternatively, the image
of the telluric CO line can appear as absorption somewhere
in the band, the exact location depending on the separation
between the signal and reference frequencies. The telluric
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Figure 7.4— 100 µm dust maps taken from the IRAS survey of a 40◦ × 40◦-field are shown containing 12 of our
high declination IDV positions (red crosses, top). These positions often appear to be distributed along the large
scale cirrus cloud structures. The position of the Ursa Major clouds as seen in CO is marked with a box (compare
Figure 7.5). Individual IDV positions reveal often enhanced dust emission close to the line of sight (bottom).
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Figure 7.5— Radio continuum map containing the radio Loop III is shown at the top (taken from Fiedler et al.
1994) with presently known IDV positions superimposed. The large scale CO map at the bottom exhibits several
molecular cloud complexes in the same region of the sky (taken from Heithausen et al. 1993). IDV positions are
superimposed as well. In both cases IDV positions often lie behind or close to foreground features (see text).
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on the galactic coordinates (l, b)= (138◦, 29◦)
and contains three, large high latitude cloud
complexes. The cloud structures detected by
the afore mentioned authors are part of the
Ursa Major cloud complex (Heithausen et al.
1993), which “hangs down” from the top of the
IRAS cirrus clouds in Figure 7.4 (black box).
As can be seen, several IDV line of sights lie
close to or even behind CO structures. A com-
parison of a larger number of (high latitude)
molecular cloud positions with the positions
of IDV sources reveals that often IDVs lie in
or near regions of high cloud densities (often
within ≤ a few degrees). A more statistical
analysis of such possible correlation will be
presented in Section 7.8.3.

Since free electrons and therefore an ion-
ized medium is required to produce scintilla-
tion, surveys showing the distribution of ion-
ized material in the Galaxy (e.g. Hα) can pro-
vide further informations. The Wisconsin H-
Alpha Mapper Northern Sky Survey (WHAM,
Haffner et al. 2003) samples the distribution
of the WIM in the Galaxy as seen in diffuse
H α emission with a resolution of 1◦. Here,
IDV source positions often lie in “plateau re-
gions”.

7.7 Spectral Line Observations to-
wards IDVs

The situation presented above suggests that
either the “WIM phase” of the ISM or more
discrete features of the local ISM (e.g. HLCs
and/or Loop structures) are connected with
IDV and/or ESEs. In this section first spectral
line observations are presented, which include
the attempt to detect both, ionized material
as part of the general ISM, as well as discrete
ISM structures intervening the line of sight.

7.7.1 Radio Recombination Line Ob-
servations

In view of the multi-phase ISM discussed in
Section 7.3, we expect the WIM or ELDWIM
to be connected with scintillation of extra-
galactic radio sources. The enhanced electron
density in such warm layer (ne ∼ 1−10 cm−3)

is maybe large enough to become observable
as the emitter of “diffuse recombination lines”
at radio frequencies. Such medium was identi-
fied through detection of radio recombination
lines (RRLs) at several positions free of dis-
crete continuum sources already 30 years ago
(e.g. Gottesmann & Gordon 1970), although
here mainly towards the galactic plane. This
may open the possibility to observe directly
the postulated scattering medium in front of
IDV sources. As by-product, RRL observa-
tions at two different frequencies allow to con-
strain the physical conditions of the line emit-
ting regions. Consequently, this would provide
important parameters (e.g. electron densities)
of the ionized medium intervening on the line
of sight.

The WHAM-H α survey directly displays
the distribution of the warm, ionized ISM
and can be used to get an estimation of
the local electron densities towards IDV po-
sitions (often at higher latitudes). With typi-
cal temperature values for the WIM (8000 K)
an Hα-intensity of 1 Rayleigh corresponds
to an emission measure (EM) of 2.25 cm−6pc
(e.g. Haffner et al. 1998). Assuming the
screen as a cylinder of uniform density gas
with width L, then the emission measure
EM(cm−6pc)= n2

eL leads to electron densities
of ne = 0.3 − 0.9 cm−3 for L = 20 pc. From
the EM-Intensity-Relation one can easily de-
rive EMs and recombination line temperatures
TL for typical linewidths of 30 km s−1 using the
WHAM-data. The low EMs calculated here
lead to low recombination line temperatures
of TL . 0.1 mK. Such temperatures are impos-
sible to detect, but one has to note that these
EMs derived from the WHAM-intensities in
direction of IDV sources are only lower limits,
since (i) extinction plays an important rule,
(ii) the used intensities are not exactly (due
to limitations of the survey) along the line of
sight to our sources (often a few degrees away),
(iii) the survey is not able to detect such small
scale regions due to its resolution. In addition,
the detection of such low-density ionized gas
was successfully performed via recombination
line observations in several surveys (e.g. Lock-
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0954+658

NRAO 608

Figure 7.6— Top: RRL spectrum of NRAO608
showing a significant detection. In addition, two exam-
ples of RRL spectra taken at the position of 0954+658
are shown. Each spectrum has a total integration time
of about two hours. Neither the H166α line (middle)
nor the H167α line (bottom) was detected.

man 1976 near 1.4 GHz, Roshi & Ananthara-
maiah 2000, 2001 near 327 MHz).

Since a low-density ionized medium is ex-
pected to be responsible for the scintillation,
we observed the hydrogen RRLs H166α and
H167α at 1424 MHz and 1399 MHz, respec-
tively. At these lower frequencies RRLs are ex-
pected to originate not in normal high-density
H II regions due to the effects of continuum
opacity, pressure broadening and beam dilu-
tion. Hence, observations of low-frequency
RRLs are sensitive to relatively low density,
larger angular sized ionized regions. The ob-

servations were performed with the Effels-
berg 100-m telescope in March and July 2002
using the 21 cm prime focus receiver. Due
to the large bandwidth of the receiver, both
lines could be observed simultaneously. The
(old) 1024-channel autocorrelation spectrom-
eter was used in the 4×256 mode, while two
IFs (each with a bandwidth of 3.1 MHz) were
centered on the H166α-line and the remain-
ing two IFs shifted by −25 MHz. The spectral
resolution was 2.6 km−1 (12.2 kHz).

Spectra, integrated for 5–10 minutes, were
taken towards several IDV positions in both
frequency- and position-switch mode. Poly-
nomical baselines were removed and the spec-
tra of both IF’s were averaged. To test the
system conditions, a few positions of known
sources with stronger RRLs were observed
(e.g. NRAO 608, W3OH) and significant lines
have been detected (Figure 7.6, top). How-
ever, in both sessions the observing conditions
were strongly effected by radio interference
and “bad baselines”. Consequently, the over-
all situation was not optimal to detect weak
recombination lines.

Towards all IDV positions observed
(0716+714, 0917+624, 0954+658 and
J1819+3845) no significant lines were de-
tected to the 3σ limit of our observations.
As example, Figure 7.6 (middle, bottom)
displays both the H166α and H167α spectra
each with a total of two hours of integration
at the position of 0954+658.

7.7.2 First CO Observations - A
Molecular Cloud in Front of
0954+658?

During the 345 GHz monitoring at the HHT
in May 2002 (Chapter 6), we performed a few
additional observations: spectral line observa-
tions were done towards a few IDV positions in
order to search for the nearby screen. Due to
the existence of discrete structures like HLCs
close to e.g. 0917+624 and 0954+658, we ob-
served the 12CO(2−1) line (230.5 GHz) with
the 230 GHz SIS-receiver. Several backends
were used simultaneously, including three fil-
terbanks with 1 MHz, 250 kHz, and 62.5 kHz
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CO 2-1 in front of 0954+658

X 0954+658

Figure 7.7— The detection of a CO cloud in front of the BL Lac object 0954+658 is displayed. Upper map:

the cloud is located eastern of 0954+658 and extends in the north-south direction with a minimum extension of
440”. The position of 0954+658 is marked with a cross. Contour levels are: 20, 30, 40, 50, 60, 70, 80, 90 and
100% of the maximum line emission (lowest contour = 5σ). The IDV source is located behind the outer CO-shell
of the cloud. Lower panel: Spectrum at the position of 0954+658.

resolutions and an acousto-optical spectrom-
eter (∼ 1 MHz resolution). All spectra were
taken in position-switch mode and second or-
der baselines were removed. Among spec-
tra taken at the position of 0917+624 and
0716+714 with no significant detection, we
were able to detect the CO(2−1)-line in the
direction of the BL Lac 0954+658. Subse-
quently, a 7′ × 7′ raster map revealed a larger
cloud structure extending in the north-south

direction. Figure 7.7 displays the final CO
map consisting of three coverages with a total
observing time of about 15 hours. The map is
centered on the position of 0954+658. A CO
cloud eastern of the IDV source is seen with
a minimum extension of 440′′ in the north-
south direction. 0954+658 is located behind
the outer western part of the cloud. A Gaus-
sian fit to the line at the position of 0954+658
reveals a line intensity of TA = 1.01 K at a
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IDV source CO detection

0153+744 +
0454+844 +
0602+672 +
0716+714 –
0804+499 –
0917+624 –
0954+556 –
0954+658 +
1039+811 –
1739+522 –
1749+701 –
J1819+3845 –
2007+777 –

J0642+8811 +
2200+420 +

Table 7.1— Summary of IDV positions which have
been investigated for CO at the HHT and the IRAM
30-m telescope (May and December 2002, top). CO
detections are marked with a ’+’. A search in the
literature for CO cloud detections revealed two further
IDV positions with CO intervening on the line of sight
(bottom).

LSR velocity of v = −1.54 km/s.

7.7.3 Follow-up Observations with the
IRAM 30 m Telescope

Within another project to search for small-
area molecular structures (Heithausen et al.
in prep.), a few further IDV source positions
were included to search for CO intervening on
the line of sight. The observations were con-
ducted in December 2002 with the IRAM 30-
m telescope on Pico Veleta using the A and B
receivers simulaneously. Both, the 12CO(1−0)
and 13CO(2−1) line were detected towards
three further IDVs (Type I or II): 0153+744,
0454+844 and 0602+672. This increases our
direct CO detections towards IDV sources to
four out of a small sample of 13 sources (Table
7.1). While examining the literature for CO
detections, two further IDV sources turned
out to exhibit CO intervening on the line of
sight as well (see below).

7.8 High Latitude Molecular Clouds
as Harbour of the Scattering
Screen?

The findings presented above lead to the idea
that high latitude molecular clouds are gen-
erally the harbor of the scattering material
producing IDV of extragalactic radio sources.
HLCs are attractive as sight for the scatter-
ing screen in front of IDVs in several respect.
Firstly, as indicated above, these clouds are
nearby (∼ 100 pc) objects and thus are close
enough to produce variability on intraday time
scales. In particular, the larger HLCs lo-
cated near 0954+658 and 0917+624 are part
of the Ursa Major clouds. The distance to this
complex was constrained by Penprase (1993)
through optical absorption studies to 100 pc<
D < 120 pc. Assuming the CO cloud in Fig-
ure 7.7 belongs also to this cloud complex, the
distance to our detected object should be of
the order 100 pc. This fits nicely with the ex-
pected distance with regard to the variability
time scales observed in 0954+658 (Chapter 4).

Secondly, HLCs are commonly found to be
gravitationally unbound and their kinematics
are largely dominated by turbulence, which
is essential for ISS and ESEs. Matsuhara et
al. (1997) detected several similar, small HLC
structures close to 0954+658 and the Ursa
Major complex. They found the gravitational
pressure in the clouds of this region to be or-
ders of magnitude smaller than the turbulent
pressure deduced from the velocity width of
the CO line. Since the external thermal pres-
sure of the surrounding H I gas is also much
smaller, the clouds can not be bound grav-
itationally or by external thermal pressure.
Hence, magnetic and turbulent pressure dom-
inates the dynamics of the clouds.

A further point in this context is the usu-
ally low LSR velocity of HLCs deduced from
spectral line observations (|vLSR| ≤ 20 km/s).
Such velocities are in good agreement with
screen (but here transverse) velocities de-
duced from annual modulation studies (see
e.g. Chapters 3–4) and time delay measure-
ments. All this indicates, that HLCs are good
candidates for the origin of scattering material
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in front of IDVs. However, an ionized compo-
nent is required to produce ISS and therefore
has to be identified in these clouds.

7.8.1 PDRs and C II envelops around
HLCs

0954+658 resides behind the outer western
shell of the cloud in Figure 7.7. It seems
quite plausible to think about an ionized
shell or envelop at this position surround-
ing the cloud and acting as “shield” against
the interstellar radiation field (ISRF). Molec-
ular structures can only exist in shielded re-
gions, where the FUV portion of the ISRF has
been attenuated and thus photoelectric heat-
ing is much weaker compared to atomic re-
gions. In this framework, the shielding occurs
within the earlier mentioned PDRs forming
the outer layers of molecular clouds. HLCs are
so-called (isolated) translucent clouds, which
span the range of visual extinctions AV ≈
1−5 mag (van Dishoeck & Black 1988). With
increasing depth and visual extinction, lay-
ers of H I, H2, C II and C I do exist. At
AV ∼ 0.5 mag carbon is mostly ionized, while
at AV ∼ 1 mag C I becomes the most abun-
dant carbon species (Ingalls 1999). Until
this depth, CO photodissoziation dominates
over formation, while deeper into the cloud
(AV ∼ 3mag) most of the carbon has com-
bined to CO.

Direct evidence of such (low-density) PDRs
around the surface of the HLCs in the Ursa
Major complex is coming from [C II] emission
line observations: The primary cooling pro-
cess in the CNM and PDRs around the sur-
face of molecular clouds is the 158µm emis-
sion (fine-structure) line transition of [C II]
(e.g. Ingalls et al. 2002). In addition to
their CO observations mentioned earlier, Mat-
suhara et al. (1997) performed a rocket-borne
observation of the [C II] line and FIR contin-
uum along a triangular path crossing several
clouds in Ursa Major. The path along spec-
tra were taken is shown in Figure 7.8. The
positions of IDVs in the field are indicated.
The most interesting position is their beam
position three, (l, b)=(145.55◦, 43.32◦), since

X

X

X

0954+658

J0949+6614

0917+624

Figure 7.8— Top: Observation of the [C II] 158 µm
emission line performed by Matsuhara et al. (1997)
along a triangle path in Ursa Major. IDV source po-
sitions are superimposed. Spectra were taken at 16
positions, whereas beam position three covers the line
of sight to 0954+658. Bottom: The excess [C II] line
emission (filled circles) is displayed in panel (a) for
beams 2–14, as shown in (b). Beam 3 indeed shows
enhanced emission indicating the existance of ionized
material in front of 0954+658.
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the line of sight to 0954+658, (l, b)=(145.75◦,
43.13◦) is only 0.28◦ away. Thus, the position
of 0954+658 was within the 36′ beam of their
intrument. At the bottom of Figure 7.8 the
excess [C II] line intensity along the path be-
tween beam position 2 and 14 is displayed. In-
deed, beam position three shows excess [C II]
emission of about 1.6×10−7ergs s−1cm−2sr−1.
The strongest emission (beams 8–14) is com-
ing from regions containing the larger CO
structures as seen in panel (b).

The authors propose the excess [C II] emis-
sion to originate from the PDRs formed
around the molecular clouds distributued
along the observed region and exclude other
possible origins of the emission (e.g. the WIM
or shock-compressed H I gas). Consequently,
we have direct evidence for the ionized (car-
bon) material surrounding the detected CO
cloud in front of 0954+658. These findings
suggest an interpretation of this material and
the connected free electrons as origin of the
intraday variations seen in 0954+658. Addi-
tional support is coming from (i) the small
cloud distance which fits to the observed vari-
ability time scale, and (ii) the growing picture
of molecular clouds as highly inhomogeneous
structures on a large range of spatial scales
(e.g. Falgarone & Philips 1996, see below),
where turbulence most likely plays an impor-
tant rule (e.g. Falgarone 1996).

7.8.2 ESEs and Molecular Clouds

Furthermore, 0954+658 and the previous find-
ings are of particular interest in the framework
of ESEs. This source was the first object in
which a variability pattern resembling an ESE
was seen (Fiedler et al. 1987). Its interpreta-
tion as isolated inhomogeneity (plasma lens)
intervening on the line of sight suggests small-
scale structures of . 0.4 AU in the scatter-
ing medium. Interestingly, Walker & Wardle
(1998) more recently suggested a new model,
where such events are caused by the “photo-
ionized skin” of a cool, neutral AU-size cloud.
Here, the ionized material at the surface is ex-
pected to be unbound and flow away as evap-
orated wind. Do such conditions prevail in

HLCs and in particular, in the detected cloud
of Figure 7.7 ?

Molecular clouds are nowdays believed to be
fractal and clumpy in nature containing struc-
tures ranging from pc to sub-pc scales (e.g.
Falgarone 1998). The ’dense clump model’ de-
duced by Ingalls (1999) from detailed molec-
ular cloud studies describes a HLC embedded
in the CNM (HI) of the interface between the
LB and adjacent bubbles. The H I/C II en-
velop surrounds the cloud on scales ∼ 5–10 pc.
The HLC as seen in CO has a typical size of
∼ 1 pc and consists of many dense clumps of
size ∼ 0.01 pc, which cluster together and con-
tain CO. While the clumps are embedded in
an interclump medium (ICM) which consists
mostly of H2 and C I, each clump (except the
“shadowed” inner clumps) has its own PDR
surface. In addition, there is evidence that
the clumping on sub-pc scales extends down
to even smaller scales. Absorption line stud-
ies towards extragalactic radio sources reveal
clump structures on . 10 AU (e.g. Marscher
et al. 1993). A further interesting point is
the occurrence of clump evaporation into the
ICM. Ingalls (1999) found the 12CO line across
the HLC MBM 12 to be highly structured,
since the main Gaussian intensity peaks break
into sub-components. As shown in Figure 7.9,
Ingalls (1999) explained such “P-Cygni” like
shape by an expanding clump along the line
of sight. Here, the cooler τ = 1 surface of the
optically thick clump is approaching and the
warmer interior τ = 1 surface is receding. This
provides direct evidence that the CO clumps
are expanding (or contracting, if the thermal
structure is the reverse of that shown in Fig-
ure 7.9) into the surrounding ICM. Therefore
it appears likely that the CO and C II gas and
the ICM are well mixing and turbulence plays
an important role.

Direct evidence for a similar situation in
front of 0954+658 is coming from the spec-
tral shape of the CO line across the cloud
in Figure 7.7. At the position of 0954+658
a double peak structure of the CO line is
seen with the primary component at a ve-
locity of −1.5 km s−1 and weaker secondary
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component at a velocity of −1.9 km s−1. This
double structure is seen nearly over the entire
cloud, while the relative intensity of the two
peaks changes. The component separation of
0.4 km s−1 suggests an expansion (or contrac-
tion) of the gas with ∼ 0.2 km s−1 into the
umbient medium. This value is comparable
to those found by Ingalls (1999) for MBM 12.

Additional support for an ESE connection
with CO clouds comes from the ESE source
0333+321 (NRAO 140). The source was ear-
lier found to exhibit CO structures interven-
ing on the line of sight as well (Bania et al.
1991). This increases the number of ESE
sources with galactic foreground CO to two.
In particular, X-ray absorption studies to-
wards this quasar revealed clump structures
of size . 1 AU (Marscher 1988), which is in
good agreement with the size of the proposed
lens structures responsible for ESEs.

The details of a (possible) physical con-
nection between the detected cloud and the
ISS/ESEs in 0954+658 have to be investigated
in further detail (which is beyond the scope of
this thesis). However, the findings presented
here clearly suggest that the scattering pro-

Figure 7.9— Model of an expanding clump pro-
posed by Ingalls (1999). The two sides of a clump are
separating, while the approaching τ = 1 surface of the
CO gas is cooler than the receding, interior τ = 1 sur-
face. The resuling CO spectrum exhibits the structure
shown at the bottom left.

cesses are likely be produced by the material
confined to the detected CO cloud. One could,
for example, propose a scenario, where the
AU-sized clouds discussed for ESEs by Walker
& Wardle (1998) are the same CO clumps as
discussed here, and which pass/expand across
the compact, milli-arcsecond structure of the
background source. The mixture of ICM and
C II (and the related free electrons) at the sur-
face of the evaporating CO clumps could than
produce a similar electron density profile as
proposed by Walker & Wardle.

VLBI observations of 0954+658 reveal a
compact core-jet source with three strong
components of sizes 0.1–0.3 mas in the inner-
most core region (Gabudzda et al. 2000b).
Assuming one of these components was fo-
cused/defocused during the ESE event in 1981
(e.g. Clegg et al. 1998), a rough comparsion
with the previous findings can be done. An an-
gular size of 0.15 mas corresponds to a physical
size of ∼ 2×106 km or 0.02 AU at a distance of
100 pc. Assuming similar (transverse) veloci-
ties of the cloud structures as deduced above
(0.2 km s−1), such spatial scale could be tra-
versed in about 130 days – in good agreement
with the total duration of the ESE event ob-
served in 1981.

7.8.3 A Statistical Approach

In order to identify CO clouds as general origin
of the scattering material responsible for ISS,
galactic CO surveys provide additional infor-
mation. Although most of the CO surveys are
not sensitive enough to detect smaller molec-
ular structures (as in the case of 0954+658),
a more statistical comparsion of known HLC
and IDV positions can provide further evi-
dence for a possible connection.

For this reason, we compiled source samples
for (i) all IDV source positions known so far
and (ii) all HLC positions known from the lit-
erature. In addition, two control samples were
conducted containing (i) non-IDV (type 0)
sources and (ii) random positions on the sky.
The list of all known IDV positions was com-
piled from the work of Heeschen et al. (1987),
Quirrenbach (1989), Kraus (1999), Quirren-
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Figure 7.10— Galactic distribution of IDVs and HLC positions. Both distributions are rather non-uniform
with clustering mainly within the longitude range l∼ 60◦– 210◦. In addition, individual IDV positions or “groups”
of IDVs often appear to be close to a cloud, cloud complexes or in regions of higher cloud density.

bach et al. (2000), Kedziora-Chudczer et al.
(2001) and Kraus et al. (2003). In addition,
the first detections of the Micro-Arcsecond
Scintillation-Induced Variability Survey (MA-
SIV, Lovell et al. 2003) were included as well
as the new IDV sources presented in Chap-
ter 4. This yields a source list with a total of
101 IDV positions in the nothern and south-
ern galactic hemisphere detected so far. The
complete list is given in Appendix D. A to-
tal of 293 known HLC positions was extracted
from the work of Magnani et al. (1996), Hart-
mann et al. (1998), Magnani et al. (2000) and
Bhatt (2000). The CO detections presented in
this thesis were included as well. The sample
of 101 non-IDV sources consists of compact
(flat-spectrum) sources, which were examined
for IDV without significant detection (type 0
sources) in the work of the earlier mentioned
authors.

Figure 7.10 diplays the galactic distribu-
tions of IDVs with HLC positions superim-
posed. The HLC distribution is rather non-
uniform with clustering in both northern and
southern galactic latitudes. As seen from the
histograms shown in Figure 7.11, clustering
occurs mainly in two longitude and latitude
ranges. The HLCs were found mainly at
two distinct latitude ranges: b∼ 15◦–45◦ and
b∼ –15◦–60◦ with a much higher number of
clouds detected at southern latitudes. A fur-
ther prominent feature is seen in the longi-
tude range l∼ 90◦–210◦, which contains al-
ready more than 70 % of the total number of
clouds. It appears as an elliptical shell struc-
ture extending from the northern to southern
hemisphere2. Here, the peak cloud density oc-

2This structure might be produced by supernovae
explosions in the Per-OB association as suggested by
Bhatt (2000).



7.8 High Latitude Molecular Clouds as Harbour of the Scattering Screen? 125

60 120 180 240 300 360 420
l (° )

0

20

40

60

80

N
um

be
r 

of
 p

os
iti

on
s

HLCs

60 120 180 240 300 360 420
l (° )

0

5

10

15

20

N
um

be
r 

of
 p

os
iti

on
s

IDVs

-90-75-60-45-30-150153045607590
b (° )

0

4

8

12

16

20

24

28

N
um

be
r 

of
 p

os
iti

on
s

IDVs

-90-75-60-45-30-150153045607590
b (° )

0

20

40

60

80

100

120

140

N
um

be
r 

of
 p

os
iti

on
s

HLCs

Galactic Longitude Galactic Latitude

Figure 7.11— Histograms showing the distributions of Galactic longitudes (left) and Galactic latitudes (right)
of high latitude molecular clouds (top) and IDV positions (bottom). The clustering seen in both cases is similar
(see text).

curs in the range of l∼ 150◦–180◦. However, a
second “cluster” of HLCs is seen in the longi-
tude range l∼ 270◦–60◦, but is relatively poor
in population compared to the first region.

The spatial distribution of IDV positions is
non-uniform as well. Their clustering occurs
mainly in the longitude range l∼ 60◦–240◦,
similar to the HLCs. This region contains
about 80 % of the total number of IDVs and,
in particular, the peak in the IDV distribution
coincides with the peak in the HLC population
(l∼ 150◦–180◦). Towards the remaining longi-
tude ranges the number of IDVs decreases and
is much lower, similar to what is seen for the
HLCs. In addition, IDV sources were detected
more often in the northern hemisphere. The
peak occures in the latitude range b∼ 15◦–45◦,

which again coincides with the distribution
of the HLCs at northern galactic latitudes.
Apart from the overall distribution, individ-
ual IDV positions or “groups” of IDVs often
appear to be close to a cloud, cloud complexes
or in regions of higher cloud density (compare
Figure 7.10).

In order to quantify these findings in a more
statistical analysis, we examined each of the
101 IDV sources in 0.5◦-(circular) bins around
their position for the existance of a HLC.
The same was done for the control samples
(101 type 0 sources and random positions on
the sky). While at the top of Figure 7.12
the galactic distributions of the source sam-
ples are displayed, the results are summarized
in the histograms shown at the bottom. It
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Figure 7.12— Top: Galactic distributions of the source samples used in the statistical approach presented
here. Bottom: Results of the analysis (see text).
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turns out, that in 55 cases of the 101 IDV
positions (54.5 %) we can find at least one
HLC (often much more) within a radius of
10◦ around their position. In comparsion, only
30 random positions (29.7 %) and 37 type 0
sources (36.6 %) have (at least) one HLC lo-
cated within a radius of 10◦ around their po-
sition. The general behavior of random posi-
tions and type 0 sources appears similar. It
seems that systematically more IDV sources
exhibit a CO cloud within a certain radius
than sources of the control samples. This can
be seen at the bottom of Figure 7.12, where
the results for IDV and type 0 positions are
shown in a differential representation. Within
a radius of 4.5◦ the difference in number of
IDV sources with a cloud compared to those
of type 0 sources keeps about constant at six.
This reflects mainly the IDV positions with
direct CO detection (compare Table 7.1). Be-
yond a radius of 4.5◦, the difference in number
increases in favour of IDV positions to 18 at a
radius of 6◦. After a decrease and subsequent
increase this value is reached again at a radius
of 10◦.

Statistical investigations of such limited
samples are difficult and several biases influ-
ence the statistical approach presented here,
e.g:

• limited IDV surveys up to now (excep-
tion: ATCA survey of Kedziora-Chudczer
et al. 2001): small and biased samples,
which were restricted to the strongest
(flat-spectrum) sources and often limited
to certain regions on the sky

• the observation/detection of type 0
sources often occurs in the same regions
where IDVs are observed

• type 0 sources can show CO (or more
general, scattering material), but are not
variable due to larger source sizes

• unevely or less sampled CO survey data
towards higher latitudes and certain re-
gions on the sky

• missing (smaller) CO structures due to

poor sensitivity and sampling of the CO
surveys

However, the observed trend provides evi-
dence that IDV sources are more often found
in regions with nearby HLCs. This may sup-
port the idea of a possible connection between
IDV and HLCs. With the complete, large
scale MASIV survey in hand, such statistical
investigations can be improved by other statis-
tical methods (e.g. two-point correlation anal-
ysis) and will shed further light on the possible
link between both classes of objects.

7.9 Connection of IDV and ESE Po-
sitions with Radio Loop Struc-
tures?

In the same manner as done for the the HLCs,
a possible connection of IDV and ESE posi-
tions with the radio loop structures can be in-
vestigated. The existence of radio spurs and
ridges with enhanced continuum emission is
well known since decades. Intensive studies
since then have shown that these spurs often
join to small and large circles, whose centres
lie at intermediate latitudes (e.g. Berkhui-
jsen et al. 1971, Salter 1983). Among the
pronounced and well known radio loops I to
IV, additional loop structures were deduced
from new radio continuum survey data (Reich
& Reich 1986). These are known to day as
Loop V, Loop VI, and their possible combina-
tion into one feature, the Loop V+VI or Loop
V+VI

′
(e.g. Milogradov-Turin & Urosević

1997, Figure 7.13). The geometry of these
ISM structures was found by (least-square) fit-
ting the main ridge lines of their maximum
brigthness distribution on the sky (compare
Figure 7.13). In the literature, the loop geom-
etry is usually given as the mean center posi-
tion of the circle in galactic coordinates and
its mean radius. Since the loops often devi-
ate strongly from a circle, the exact galactic
coordinates of the points on their main ridge
lines can not be calculated without the de-
tailed knowledge of the fit parameters. For
that reason, the comparsion of source posi-
tions and main ridge lines presented here will
be more qualitatively.
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7.9.1 ESEs and Radio Loops

A possible connection between ESE sources
and radio loop structures was investigated al-
ready by Romani (1988) and Fiedler et al.
(1994a, b). Figure 7.13 displays a reproduc-
tion of the plot given in Berkhuijsen et al.
(1971) showing the geometry of galactic ra-
dio loops. The black crosses mark the mea-
sured rigde positions (of peak radio contin-
uum brigthness) used in the fitting procedure
of the circles. Superimposed are the new Loop
structures (Loop V, V+VI, V+VI

′
) calculated

by Milogradov-Turin & Urosević (1997). The
red crosses mark the positions of the sources,
which so far have shown an ESE. As outlined
already by Fiedler et al. (1994b), a possible
association of their 9 ESE positions with the
foreground Loops I and III is evident. Their
detailed statistical analysis with a total of
about 200 sources revealed a close correlation
between the spatial distribution of their 9 ESE
source positions and the radio loop structures.
In particular, the fact that 50 % of the source
positions lie nearly exactly on the main ridge
line of the two galactic structures makes such
correlation obvious.

In addition to the nine sources examined so
far, a further source, 1741−038, has shown an
ESE event (Clegg, Fey, & Fiedler 1996). Its
position, (l, b)=(21.6◦, 13.1◦), is superimposed
on Figure 7.13 and again, a good correlation
with Loop I is evident. Until now, the ESE
source 1611+343 at (l, b)=(55.2◦, 46.4◦) devi-
ated from a possible connection to the radio
loops, since it is located about 25◦ away from
Loop I and more than 30◦ from Loop III on the
sky (Fiedler et al. 1994b). With the advent
of the new loop strutures, Loop V and V+VI
as plotted in Figure 7.13, also this source ap-
pears to be located close to the main ridge line
of a radio loop: Loop V+VI. This underlines
a possible connection between ESEs and radio
loop structures.

7.9.2 IDVs and Radio Loops

Interestingly, 5 out of the 10 ESE sources
were observed to exhibit IDV as well. The
ESE source 1741−038 at the edge of Loop I is

known to show long-term refractive scintilla-
tion on a time scale of ∼ 10 days (Hjellming &
Narayan 1986) as well. The distance to Loop
I is estimated to be ∼ 200 pc (Berkhuijsen et
al. 1971), which fits nicely with the observed
(longer) variability time scale of this source.
Thus, Hjellming & Narayan (1986) suggest the
origin of the observed refractive scattering to
be Loop I. The remaining 4 ESE sources have
not been examined for IDV so far. Thus, at
least 60 % of the known ESE sources can be
identified also with “normal” interstellar scin-
tillation effects. If indeed the ESEs are the re-
sult of enhanced scattering in the galactic loop
structures (e.g. in their turbulent ’interaction
zones’), the observed IDV in these sources is
likely to be produced by the same scattering
material.

Already Heeschen et al. (1987) suggested a
possible connection of their first IDV sources
with local galactic features. Their limited
IDV sample of 15 sources was confined to a
small region on the sky with 100◦≤ l ≤153◦,
+28◦≤ b ≤+41◦ – a region containing complex
H I structures and the radio continuum Loop
III (Figure 7 in their paper). With the present,
much larger number of IDV sources in hand,
this possible connection can be re-analysed.
Figure 7.14 displays again the geometry of
the radio loop structures, now with the 101
IDV positions superimposed. As shown ear-
lier (Figures 7.11 and 7.12), the main cluster-
ing of (presently known) IDV positions occurs
within the galactic longitude range 60◦ . l .

180◦ and latitude range −30◦ . b . +60◦.
This is the region on the sky, which con-
tains the radio Loop III and the H I struc-
tures mentioned earlier. About 60 % of the
presently known 101 IDV sources can be found
in this region on the sky suggesting a sim-
ilar conclusion as given by Heeschen et al.
(1987). In particular (as outlined in Section
7.6, see also Figure 7.5), several IDV posi-
tions are distributed along the Loop III fore-
ground structure or even lie on its main ridge
line. The same is true for a few IDV positions
distributed along other radio loops: Loop I,
Loop II and Loop IV. Taking into account
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the new loop structures, Loop V and V+VI,
several IDVs previously found in regions of
“empty sky” appear to be distributed along
or close to these structures. Other promi-
nent ISM features as the Gum nebula, the
Orion-Eridanus bubble or the Cygnus loop
(indicated as dashed circles in Figure 7.14)
cover (at least partly) additional regions with
a higher number of IDV positions.

In summary, the re-analysis of a possible
connection between IDV positions and galac-
tic foreground features with a much larger
number of know IDV sources suggests a simi-
lar conclusion as proposed earlier by Heeschen
et al. (1987). Due to the afore mentioned
problems (limited and biased IDV sample,
poor knowledge of the ridge line positions of
the loops etc.), a detailed statistical analysis
was not possible. Consequently, the possibil-
ity of a chance occurence can not be com-
pletely ruled out.

7.10 Summary and Conclusions

A new approach was presented, which exam-
ined the possibility of a direct detection of the
scattering material producing ISS and ESEs
in compact, extragalactic radio sources. The
clear need for additional information on the
scattering regions in view of present ISS and
ESE models makes spectral line observations
towards these sources “attractive”.

In view of the multi-phase ISM, the WIM
or ELDWIM is likely to be responsible for
the scintillation of IDVs. Furthermore, the
structure of the local ISM suggests the turbu-
lent outer shells or interface regions of the LB
and adjacent bubbles to provide regions of en-
hanced scattering. The work presented here
provides evidence for more discrete ISM fea-
tures to be connected with the observed scat-
tering effects: While first RRL observations
towards IDVs did not reveal a clear detection,
first 12CO(2−1) observations led to the detec-
tion of a molecular cloud in front of 0954+658.
Several findings suggest a connection between
the ISS/ESEs seen in this source and the ma-
terial confined to the detected cloud struc-
ture: (i) the cloud distance of about 100 pc

is in good agreement with the expected dis-
tance with regard to the ISS time scale ob-
served in Chapter 4, (ii) direct evidence for
the existence of a PDR and ionized material
along the line of sight to 0954+658 comes from
158µm [C II] emission line observations, (iii)
the turbulent, fractal and clumpy nature of
HLCs (e.g. the ’dense clump model’) provides
the physical conditions for ISS and ESEs, (iv)
such conditions are supported by the observed
“P-Cygny” profiles across the cloud in front
of 0954+658. Here, clump evaporation is of
particular interest in the framework of the ob-
served ESEs and the new model proposed by
Walker & Wardle (1998).

Evidence for a general HLC origin of
IDV/ESEs is coming from CO (follow up) ob-
servations and CO detections deduced from
the literature. Until now, six IDV sources
were found to exhibit CO intervening on the
line of sight. A more statistical analysis re-
vealed more often IDV positions close to HLCs
compared to e.g. non-IDV sources. In addi-
tion, IDVs appear to be observed more fre-
quently behind regions of local, (large-scale)
ISM structures so far. If indeed the nearby
HLCs represent the molecular component of
the compressed CNM gas at the interaction
zones between LB and adjacent bubbles (e.g.
Loop III), one might expect such additional
correlation. However, the details of a possible
connection between scattering and HLCs have
to be investigated further.
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Figure 7.13— Galactic geometry of the prominent radio loop structures as shown by Berkhuijsen et al. (1971).

Superimposed are the new Loop V, V+VI, V+VI
′

) determined by Milogradov-Turin & Urosević (1997). The
association of ESE source positions and loop structures is evident.
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8
Summary and Outlook

This thesis is an attempt to shed further
light upon the phenomenon of short-term ra-
dio variations seen in IDV Blazar cores. To
do so, different new observational approaches
have been started with particular emphasis on
the connected scattering material in the local
ISM. The major results which were obtained
from each of these approaches are summarized
below. Finally, open questions will be dis-
cussed and suggestions will be made for future
IDV research.

8.1 Detailed Summary of the Re-
sults

8.1.1 Seasonal Cycles and Intrinsic
Source Evolution

The annual modulation of IDV time scales in
the extreme IDV sources recently attracted at-
tention and strongly suggest an ISS origin of
the variations seen in these sources. Thus, a
larger monitoring project has been started in
order to detect similar cycles in “normal” IDV
sources. The Effelsberg 4.85 GHz monitoring
over a period of more than two years revealed:

• Normal IDV sources are strongly effected
by their intrinsic complex structure and
long-term activity. The latter can dra-
matically influence the IDV characteris-
tics of these sources. In turn, this makes
the detection of annual cycles and thus
the confirmation of an ISS origin of the
variations a difficult task.

• The most promising new candidate for
a seasonal dependence of the variability

time scale is the BLLac object 0954+658.
Here, intrinsic source evolution appears
to play a minor rule and the data is in
overall agreement with the predictions of
the annual modulation model. However,
the deduced LSR velocity of the screen in
the range of Vα =−25 km s−1 and Vδ =
20 km s−1 is high.

• The situation appears more complicated
for the BLLac object 0716+714. The
variable modulation index and its corre-
lation with other source parameters im-
plies a strong influence of intrinsic source
evolution. Consequently, no clear, un-
ambiguous annual cycle in the variability
time scale has been detected.

• The seasonal cycle in 0917+624 proposed
earlier could not be confirmed. The
source has shown a dramatic change in
its IDV properties and only extremely
quenched variations were observed dur-
ing the last 2.5 years. The latter strongly
contradicts the model predictions for an-
nual modulations. We propose several
scenarios in order to explain the unusual
behavior of 0917+624. While dramatic
changes in the properties of the screen
can not be ruled out, intrinsic changes
in the (sub-) mas structure of the source
(e.g. the ejection of a new jet component
and thus temporarily larger angular size)
could produce extremely quenched scat-
tering.

• New VLBI observations of this source
confirm “the extremely quenched scatter-
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ing scenario” for the first period of un-
usual IDV in September 1998 in contrast
to its previous interpretation as a sea-
sonal cycle. A new jet component with
an extrapolated ejection date shortly be-
fore the present period of low variations
could be detected. However, the long-
lived 2.5 years non-variability can only
be explained by the ejection of further
new components. In addition, the non-
detection of longer variability time scales
between 2000 and 2002 suggests an addi-
tional effect of decreasing total flux den-
sity contained in the scintillating compo-
nent.

8.1.2 Search for an Intrinsic Contribu-
tion

Due to the frequency dependence of interstel-
lar scintillation, mm- and sub-mm IDV moni-
toring plays a key-role in present IDV studies.
Our attempt to detect an intrinsic contribu-
tion to the IDV pattern using high frequency
observations revealed:

• none of the three IDV sources observed
with Effelsberg at 32 GHz show strong ev-
idence for the existence of intraday vari-
ability. In particular, the strong up-turn
in the m−ν distribution of 0716+714 ob-
served in the past could not be confirmed.
Instead, our high frequency results are in
better agreement with a weak (quenched)
scintillation scenario.

• Short multi-frequency observations of the
rapid scintillator J1819+3845 could sub-
sequently be explained in terms of ISS.
Here, ISS modeling yields the best agree-
ment for weak scattering of a point source
(∼ 30µas at 5 GHz) due to enhanced
turbulence in the local bubble wall at
a distance of about 15 pc. Due to the
changing radio spectrum of the source,
we propose intrinsic changes in its radio
structure and thus changing variability
properties in the near future similar to
PKS0405−385 or 0917+624.

8.1.3 The related Interstellar Medium

We examined the possibility of a direct de-
tection of the scattering medium in the fore-
ground of intraday variables and Extreme
Scattering Event (ESE) sources. The clear
need for additional information on the scat-
tering material in view of ISS/ESE modeling
and a direct confirmation of an extrinsic ori-
gin of IDV, outlines the importance of spectral
line observations towards these sources. Our
main findings can be summarized as follows:

• The investigation of the various compo-
nents of the (local) ISM identifies the
(Extended Low-Density) Warm Ionized
Medium (WIM) or more local (. a few
hundred pc), discrete structures to be
connected with IDV and ESEs (the Lo-
cal Bubble wall, adjacent bubble/loop
structures and their turbulent interaction
zones).

• Observational evidence for the material
intervening the line of sight to IDV
sources is coming from larger surveys of
e.g. dust, CO and the radio continuum.
Here, often good correlations are seen be-
tween IDV positions and enhanced emis-
sion.

• Neither the H166α nor the H167α line
could be detected in first radio recom-
bination line observations towards a few
IDV sources.

• First 12CO(2−1) observations led to the
detection of a high latitude molecular
cloud (HLC) in front of 0954+658. The
CO spectra across the cloud show a dou-
ble peak sub-structure suggesting clump
evaporation on the line of sight with
0.2 km s−1.

• Several findings suggest as cause for
the observed scattering effects (IDV and
ESEs) the ionized C II component pro-
vided by the photodissociation region sur-
rounding the detected cloud.
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• High latitude molecular clouds, which
most likely represent the molecular com-
ponent of the compressed cold neutral gas
at the interface regions between the Lo-
cal Bubble and adjacent bubbles, appear
to be generally attractive as scattering re-
gions (e.g. small distance in good agree-
ment with IDV time scales; turbulent,
fractal and clumpy nature; ionized mate-
rial due to photodissociation etc.). Con-
sequently, we propose the possibility of
a general HLC origin of IDV and ESEs,
which is supported by follow-up CO ob-
servations and the results of a more sta-
tistical analysis.

8.2 Open Questions and Future
Projects

Similar to the previous findings of 0917+624,
the annual cycle in 0954+658 proposed here is
based upon one data point only. New, more
frequent and regularly sampled observations,
in particular between the highly interesting
period May and October, are essential to con-
firm this effect.

However, an important conclusion is that
the mas/µas structure of an IDV source at
the time of observation is important and ap-
pears to strongly influence its IDV character-
istics. Similar to the episodic IDV seen in
PKS0405+385, the long duty cycle of IDV
in 0917+624 (of more than a decade) has
stopped at least two times. The present 2.5
years absent of IDV in this source outlines
that IDV is not a “steady-state” situation.
The VLBI study of the source supports this
idea and in particular, suggests a close rela-
tion between intrinsic structural changes on
VLBI scales, flux density outbursts and the
appearance of IDV. Thus, the IDV properties
of a radio source are most likely a function
of complexity and activity/changes in its in-
ner structure. Several new questions appear
which have to be investigated by new IDV and
VLBI monitoring of 0917+624 as well as other
sources. An important issue one has to ad-
dress is why intrinsic source evolution often

plays a minor role (as seen e.g. in 0716+714
and 0954+658), whereas it can occasionally
be dramatic as seen in the extreme case of
0917+624 ? What is the rate of such events ?
Can this behavior be related to the kind of
object (BL Lac - quasar) ? Are there different
mechanisms of creating compact components
in these sources ? The amount of source total
flux contained in the scintillating component
appears to be an important parameter. The
compact component has to be bright in order
to recognize the source as (ISS induced) IDV
source. Compared to the first period of inac-
tivity in 0917+624 (September 1998), this sit-
uation may have changed during the present
2.5 years of quiescence since longer variabil-
ity time scales are not observed. This gives
rise to the idea of different formation mecha-
nisms of compact structures in relativistic jets.
Long-lived IDV could be produced by compo-
nents, where their dissipated energy is con-
tinously replenished to keep the flux density
about constant over longer time periods. On
the other hand, short-lived IDV could be the
result of more “explosive events” without (or
with less) additional energy input after com-
ponent formation.

Ongoing VLBI, flux density and IDV mon-
itoring projects for 0917+624 and other
sources are essential to clarify the situation.
Here, the study of the BL Lac 0716+714 may
be of particular interest, since this source is
known to be one of the most active objects in
flux density evolution, IDV as well as on VLBI
scales.

A direct access to the ionized (C II) com-
ponent of the ISM clouds must be addressed
to future instruments (e.g. SOFIA). How-
ever, carbon radio recombination line obser-
vations of PDRs were done in a few cases (e.g.
Sorochenko & Tsivilev 2000) and can be com-
bined with [C II] 158 µm emission line obser-
vations to constrain the physical conditions in
these regions. The general existence of CO
clouds in the line of sight to IDV/ESE sources
can be tested by new CO observations of a
large sample of sources. Such project has been
proposed and will be performed in the near
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future. Maps with high spatial and velocity
resolution (e.g. mm-Interferometry) or molec-
ular absorption line studies as performed by
e.g. Lucas & Liszt (1993) can yield further in-
formation about the milli-parsec scale struc-
ture in these clouds. Using this approach, a
possible relation to scattering effects can be
investigated in more detail.

Independent of the ISM features connected
with interstellar scattering, a “rotation mea-
sure survey” towards IDV positions could
open direct access to the electron densities of
the scattering medium. In addition, interstel-
lar scattering should produce image wander
in VLBI images of radio sources which is di-
rectly related to physical parameters of the
scattering medium (e.g. C2

n). The astromet-
ric position accuracy of present VLBI phase-
referencing techniques of order ∼ 10 µas may
open the possibility to obtain important new
constraints on the scattering medium.

If indeed a HLC origin of IDV/ESEs can
be established, this would be of great interest
also for the study of molecular clouds (e.g.
cloud/clump formation and dynamics). For
example, rapid extreme scattering events
would then imply structures in these clouds
on scales ∼ 0.04 AU, about two orders of
magnitude smaller than presently assumed.
Among the appearance of turbulence, the
detection of anisotropy in the seasonal cycles
of IDVs would consequently imply anisotropic
structures in molecular clouds. This would
have important implications for the magnetic
field configuration in these clouds.

With regard to the “traditional” ques-
tion of an extrinsic/intrinsic origin of IDV,
the overall findings presented in this thesis are
in better agreement with an extrinsic expla-
nation. This further supports the importance
of ISS. Both, time delay measurements and
the detection of annual cycles have proven
beyond doubt that the variability in the three
extreme IDV sources are due to interstellar
scintillation. The situation for normal IDV
sources, as studied here, is different, because
these methods appear to be limited to the

most rapid variable and intrinsically stable
sources. Thus, interstellar scintillation is
much more difficult to be proven directly
for normal IDV sources. Since this is indis-
pensable to establish an ISS origin of IDV
in general, other methods have to clarify the
situation. Here, spectral line observations
may open new possibilities. In addition, new
(and improved) high frequency studies have
to finally demonstrate whether an intrinsic
contribution to the IDV pattern is present or
not.

It is hoped that this thesis improves the un-
derstanding of IDV in compact Blazar cores in
a small way and provides new input for future
projects aiming a complete and consistent ex-
planation for this fascinating phenomenon.
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A
Light Curves obtained during the 4.85 GHz

Monitoring

The final total-power light curves of all 28 observing sessions obtained between 2000 and 2002
are given here. The left scale of each plot represents the flux density in Jansky, while the right
scale gives the normalized flux. Note that their ranges differ from plot to plot. The header of
each light curve consist of source name and the mean value of the flux density plus or minus the
rms at the given epoch.
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Figure A.1— Light curves of epoch 1 and 2: 16. September 2000 and 17-18. September 2000.
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Figure A.2— Light curves of epoch 2 (cont.) and 3: 17-18. September 2000 and 9. October 2000
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Figure A.3— Light curves of epoch 3 (cont.) and 4: 9. October 2000 and 19. October 2000.
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Figure A.4— Light curves of epoch 5 and 6: 22. October 2000 and 2. November 2000.
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Figure A.5— Light curves of epoch 6 (cont.) and 7: 2. November 2000 and 3. November 2000.
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Figure A.6— Light curves of epoch 7 (cont.) and 8: 3. November 2000 and 4. November 2000.
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Figure A.7— Light curves of epoch 9 and 10: 6. November 2000 and 7. November 2000.
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Figure A.8— Light curves of epoch 10 (cont.) and 11: 7. November 2000 and 10-11. November 2000.
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Figure A.9— Light curves of epoch 11 (cont.) and 12: 10-11. November 2000 and 24-27. November 2000.
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Figure A.10— Light curves of epoch 13 and 14: 3-4. December 2000 and 17-18 December 2000.
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J.D. − 2450000

17−18.12.00 17−18.12.00

Figure A.11— Light curves of epoch 14 (cont.) and 15: 17-18. December 2000 and 25. December 2000.
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Figure A.12— Light curves of epoch 15 (cont.) and 16: 25. December 2000 and 9-10. February 2001.
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Figure A.13— Light curves of epoch 17 and 18: 12. February 2001 and 14. February 2001.
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Figure A.14— Light curves of epoch 18 (cont.) and 19: 14. February 2001 and 24-26. March 2001.
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Figure A.15— Light curves of epoch 19 (cont.) and 20: 24-26. March 2001 and 9-10. April 2001.
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Figure A.16— Light curves of epoch 21 and 22: 4-7. May 2001 and 18-21. May 2001.
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Figure A.17— Light curves of epoch 22 (cont.) and 23: 18-21 May 2001 and 3-6. August 2001.
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Figure A.18— Light curves of epoch 23 (cont.) and 24: 3-6. August 2001 and 20-22. October 2001.
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Figure A.19— Light curves of epoch 24 (cont.) and 25: 20-22. October 2001 and 25-26. December 2001.



159

Figure A.20— Light curves of epoch 25 (cont.) and 26: 25-26. December 2001 and 12-14. April 2002.
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J.D. − 2450000

Figure A.21— Light curves of epoch 27 and 28: 7-8. August 2002 and 2-3. October 2002.



B
Detailed Results for each Effelsberg Epoch at

4.85 GHz

The following tables summarize the IDV analysis for each of the 28 observing runs between 2000
and 2002 obtained with Effelsberg at 4.85 GHz. The number of scans performed during the run,
mean flux density < S > in Jansky, modulation index m [%], variability amplitude Y [%] and the
results of the χ2-test are given for each individual source (target as well as secondary calibrators).
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Epoch 1 16. September 2000 T = 24hrs m0 = 0.4%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 26 0.636 0.003 0.54 1.11 49.266 1.971
0716+714 29 0.842 0.006 0.720 1.78 96.499 3.446
0718+793 24 0.838 0.004 0.53 1.05 42.811 1.861
0836+710 32 2.471 0.008 0.32 21.038 0.679
0917+624 29 1.513 0.006 0.43 0.46 34.041 1.216
0951+699 28 3.338 0.012 0.37 25.914 0.960
0954+658 27 0.418 0.007 1.62 4.72 435.965 16.768

Epoch 2 17 - 18. September 2000 T = 10hrs m0 = 0.1%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 11 0.631 0.002 0.28 .77 25.244 2.524
0716+714 11 0.802 0.004 0.47 1.36 63.714 6.371
0718+793 11 0.834 0.002 0.28 0.78 25.539 2.554
0836+710 11 2.447 0.002 0.10 3.500 0.350
0917+624 11 1.509 0.004 0.26 .71 21.300 2.130
0951+699 11 3.314 0.003 0.10 3.650 0.365
0954+658 11 0.419 0.004 1.01 3.01 241.158 24.116

Epoch 3 09. October 2000 T = 15hrs m0 = 0.4%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 14 0.641 0.006 0.94 2.58 79.243 6.096
0716+714 15 0.705 0.004 0.53 1.10 25.752 1.839
0718+793 17 0.855 0.008 0.89 2.41 86.015 5.376
0836+710 17 2.524 0.009 0.37 14.884 0.930
0917+624 15 1.537 0.009 0.61 1.45 36.011 2.572
0951+699 16 3.373 0.012 0.35 13.022 0.868
0954+658 16 0.444 0.006 1.30 3.72 163.814 10.921

Epoch 4 19. October 2000 T = 15hrs m0 = 0.1%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 20 0.629 0.002 0.38 1.07 72.759 3.829
0716+714 20 0.657 0.003 0.44 1.26 90.206 4.748
0718+793 20 0.842 0.004 0.44 1.27 102.261 5.382
0804+499 2 0.727 0.002 0.22 0.57 0.824 0.824
0835+580 2 0.596 0.001 0.12 0.293 0.293
0836+710 21 2.458 0.003 0.11 6.641 0.332
0917+624 20 1.496 0.005 0.33 0.92 56.155 2.956
0951+699 20 3.321 0.004 0.12 8.520 0.448
0954+658 19 0.438 0.003 0.80 2.37 272.174 15.121

Table B.1— Results of the variability analysis for all sources observed between September and October 2000
(Epoch 1 - 4). The number of scans, the mean flux density, the modulation index m, the variability amplitude Y
and the results of the χ2-test are given.
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Epoch 5 22. October 2000 T = 10hrs m0 = 0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 12 0.625 0.003 0.48 1.23 37.476 3.407
0716+714 13 0.604 0.003 0.49 1.30 41.785 3.482
0718+793 12 0.829 0.002 0.27 0.37 12.000 1.091
0836+710 13 2.436 0.006 0.23 9.945 0.829
0917+624 13 1.465 0.007 0.51 1.35 45.785 3.815
0951+699 12 3.280 0.007 0.22 8.878 0.807
0954+658 12 0.452 0.005 1.15 3.36 204.935 18.630

Epoch 6 02. November 2000 T = 15hrs m0 =0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 15 0.616 0.003 0.43 1.14 56.040 4.003
0716+714 15 0.661 0.007 1.01 2.96 293.653 20.975
0718+793 15 0.818 0.003 0.35 0.86 37.839 2.703
0836+710 15 2.459 0.005 0.20 13.026 0.930
0917+624 14 1.466 0.010 0.68 1.94 132.291 10.176
0951+699 15 3.264 0.005 0.15 8.371 0.598
0954+658 15 0.432 0.004 0.86 2.50 192.037 13.717

Epoch 7 03. November 2000 T = 14hrs m0 = 0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 20 0.620 0.002 0.34 0.89 56.926 2.996
0716+714 20 0.677 0.005 0.75 2.18 268.655 14.140
0718+793 19 0.823 0.003 0.31 0.76 44.886 2.494
0836+710 19 2.469 0.004 0.17 14.552 0.808
0917+624 19 1.460 0.009 0.60 1.73 176.843 9.825
0951+699 18 3.275 0.004 0.14 10.536 0.620
0954+658 19 0.421 0.004 0.91 2.69 329.268 18.293

Epoch 8 04. November 2000 T = 10hrs m0 = 0.3%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 16 0.620 0.003 0.55 1.47 136.437 9.096
0716+714 16 0.672 0.005 0.67 1.88 193.027 12.868
0718+793 16 0.819 0.003 0.32 0.59 47.192 3.146
0836+710 16 2.468 0.006 0.24 28.266 1.884
0917+624 14 1.447 0.003 0.19 14.898 1.146
0951+699 15 3.264 0.003 0.10 6.492 0.464
0954+658 16 0.426 0.005 1.10 3.21 464.836 30.989

Table B.2— Results of the variability analysis for all sources observed between October and November 2000
(Epoch 5 - 8, cont.).
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Epoch 9 06. November 2000 T = 5hrs m0 = 0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 2 0.625 0.005 0.84 2.40 7.054 7.054
0716+714 4 0.693 0.008 1.21 3.55 35.410 11.803
0718+793 4 0.818 0.014 1.77 5.24 61.130 20.377
0836+710 5 2.486 0.006 0.25 3.070 0.768
0917+624 6 1.508 0.034 2.26 6.75 315.989 63.198
0951+699 6 3.294 0.008 0.24 3.860 0.772
0954+658 4 0.417 0.005 1.31 3.86 51.523 17.174

Epoch 10 07. November 2000 T = 5hrs m0 =0.3%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 6 0.619 0.006 0.96 2.73 36.403 7.281
0716+714 5 0.673 0.003 0.51 1.22 8.435 2.109
0718+793 5 0.808 0.005 0.56 1.41 10.113 2.528
0836+710 6 2.461 0.007 0.29 3.654 0.731
0917+624 6 1.458 0.023 1.57 4.61 103.892 20.778
0951+699 7 3.247 0.010 0.29 4.396 0.733
0954+658 7 0.420 0.005 1.19 3.45 62.029 10.338

Epoch 11 10 - 11. November 2000 T = 10hrs m0 = 0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 15 0.627 0.003 0.44 1.20 60.644 4.332
0716+714 18 0.711 0.012 1.66 4.93 1030.189 60.599
0718+793 18 0.831 0.003 0.39 1.03 58.079 3.416
0836+710 18 2.498 0.005 0.18 13.119 0.772
0917+624 13 1.488 0.011 0.72 2.07 133.287 11.107
0951+699 15 3.303 0.005 0.15 7.525 0.537
0954+658 16 0.426 0.006 1.47 4.38 590.917 39.394

Epoch 12 24 - 27. November 2000 T = 24hrs m0 = 0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 29 0.627 0.004 0.69 1.94 191.453 6.838
0716+714 31 0.742 0.014 1.82 5.42 1433.516 47.784
0718+793 31 0.830 0.004 0.52 1.41 122.556 4.085
0836+710 32 2.485 0.006 0.23 24.277 0.783
0917+624 29 1.466 0.009 0.65 1.81 174.376 6.228
0951+699 30 3.296 0.006 0.19 16.587 0.572
0954+658 30 0.456 0.006 1.21 3.57 603.164 20.799

Table B.3— Results of the variability analysis for all sources observed in November 2000 (Epoch 9 - 12, cont.).
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Epoch 13 03 - 04. December 2000 T = 43hrs m0 = 0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0346+800 51 0.336 0.006 1.71 5.10 2095.304 41.906
0615+820 49 0.767 0.003 0.34 0.81 128.943 2.686
0716+714 52 0.835 0.017 2.01 6.01 4607.444 90.342
0836+710 51 2.496 0.004 0.16 29.127 0.583
0917+624 49 1.470 0.007 0.50 1.38 269.549 5.616
0951+699 48 3.303 0.005 0.15 27.963 0.595
0954+658 51 0.448 0.008 1.77 5.29 3125.849 62.517

Epoch 14 17 - 18. December 2000 T = 36hrs m0 =0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0346+800 48 0.345 0.008 2.42 7.21 3584.684 76.270
0615+820 44 0.769 0.003 0.42 1.00 139.857 3.252
0716+714 46 0.999 0.009 0.94 2.73 736.668 16.370
0836+710 46 2.488 0.006 0.23 44.624 0.992
0917+624 44 1.470 0.013 0.89 2.56 612.414 14.242
0951+699 45 3.322 0.006 0.18 27.737 0.630
0954+658 44 0.456 0.006 1.38 4.09 1417.213 32.958

Epoch 15 25. December 2000 T = 8hrs m0 = 0.1%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 12 0.636 0.003 0.47 1.33 59.439 5.404
0716+714 11 0.989 0.012 1.24 3.70 399.733 39.973
0718+793 11 0.839 0.004 0.45 1.26 53.656 5.366
0836+710 11 2.487 0.004 0.15 6.056 0.606
0917+624 11 1.467 0.006 0.41 1.15 47.031 4.703
0951+699 10 3.318 0.004 0.12 3.978 0.442
0954+658 10 0.458 0.005 1.18 3.52 286.422 31.825

Epoch 16 09 - 10. February 2001 T = 27hrs m0 = 0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 36 0.628 0.004 0.64 1.81 252.469 7.213
0716+714 36 0.780 0.007 0.86 2.52 473.136 13.518
0718+793 36 0.828 0.002 0.27 0.54 47.407 1.354
0836+710 36 2.539 0.005 0.19 23.584 0.674
0917+624 36 1.444 0.007 0.47 1.29 141.206 4.034
0951+699 36 3.309 0.006 0.19 25.447 0.727
0954+658 36 0.441 0.007 1.55 4.60 1344.981 38.428

Table B.4— Results of the variability analysis for all sources observed between December 2000 and February
2001 (Epoch 13 - 16, cont.).
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Epoch 17 12. February 2001 T = 5hrs m0 = 0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 5 0.614 0.007 1.17 3.47 67.671 16.918
0716+714 5 0.744 0.006 0.82 2.37 43.520 10.880
0718+793 6 0.819 0.005 0.62 1.77 32.066 6.413
0836+710 6 2.528 0.005 0.19 3.395 0.679
0917+624 5 1.435 0.006 0.42 1.12 12.600 3.150
0951+699 6 3.301 0.006 0.18 3.381 0.676
0954+658 5 0.463 0.005 1.06 3.13 69.655 17.414

Epoch 18 14. February 2001 T = 7hrs m0 =0.1%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0604+728 12 0.628 0.003 0.50 1.47 94.576 8.598
0716+714 11 0.701 0.005 0.66 1.95 134.205 13.421
0718+793 11 0.828 0.004 0.49 1.42 72.283 7.228
0836+710 11 2.546 0.002 0.10 3.196 0.320
0917+624 10 1.449 0.008 0.59 1.73 92.014 10.224
0951+699 11 3.306 0.003 0.10 4.275 0.427
0954+658 11 0.457 0.009 1.94 5.80 968.752 96.875

Epoch 19 24. - 26. March 2001 T = 43hrs m0 = 0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0403+765 54 2.860 0.013 0.46 1.19 136.169 2.569
0604+728 3 0.627 0.004 0.56 1.52 7.663 3.831
0716+714 53 0.724 0.013 1.73 5.14 1916.732 36.860
0718+793 3 0.815 0.001 0.15 0.522 0.261
0836+710 55 2.536 0.005 0.20 27.942 0.517
0917+624 56 1.408 0.012 0.83 2.39 459.503 8.355
0951+699 57 3.290 0.008 0.24 41.088 0.734
0954+658 54 0.543 0.007 1.38 4.07 1214.126 22.908
1003+830 43 0.593 0.005 0.86 2.47 370.353 8.818

Epoch 20 09 - 10. April 2001 T = 22hrs m0 = 0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0403+765 29 2.880 0.009 0.31 0.70 59.118 2.111
0716+714 28 0.692 0.017 2.52 7.54 3594.911 133.145
0836+710 27 2.542 0.004 0.17 16.525 0.636
0917+624 27 1.400 0.010 0.71 2.05 286.143 11.006
0951+699 23 3.307 0.005 0.16 14.362 0.653
0954+658 26 0.597 0.012 2.08 6.20 2393.637 95.745
1003+830 23 0.596 0.003 0.48 1.30 103.099 4.686

Table B.5— Results of the variability analysis for all sources observed between February and April 2001 (Epoch
17 - 20, cont.).
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Epoch 21 04. - 07. May 2001 T = 65hrs m0 = 0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0403+765 20 2.913 0.006 0.22 20.909 1.100
0716+714 67 0.616 0.014 2.35 7.03 7984.958 120.984
0828+493 33 0.429 0.008 1.77 5.27 1846.683 57.709
0836+710 65 2.532 0.006 0.22 72.865 1.139
0917+624 65 1.379 0.007 0.47 1.24 311.315 4.864
0951+699 64 3.312 0.005 0.15 37.530 0.596
0954+658 65 0.648 0.012 1.92 5.71 5436.137 84.940
1003+830 65 0.608 0.004 0.71 2.03 718.119 11.221

Epoch 22 18. - 21. May 2001 T = 34hrs m0 =0.2%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0602+673 36 1.006 0.007 0.65 1.86 316.892 9.054
0716+714 37 0.638 0.009 1.33 3.95 1265.268 35.146
0804+499 19 0.739 0.005 0.63 1.78 141.630 7.868
0828+493 7 0.430 0.002 0.42 1.09 19.189 3.198
0831+557 10 5.364 0.059 1.11 3.26 256.218 28.469
0836+710 36 2.529 0.004 0.15 17.624 0.504
0917+624 36 1.376 0.005 0.37 0.94 101.891 2.911
0951+699 36 3.301 0.005 0.14 18.107 0.517
0954+658 38 0.689 0.009 1.32 3.91 1548.281 41.845
1003+830 8 0.613 0.004 0.64 1.83 64.376 9.197

Epoch 23 03. - 06. August 2001 T = 67hrs m0 = 0.3%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0454+844 31 0.336 0.005 1.35 3.95 327.711 10.924
0602+673 26 1.003 0.010 1.00 2.85 175.072 7.003
0716+714 47 0.544 0.011 2.03 6.02 1232.609 26.796
0835+580 50 0.591 0.002 0.35 0.57 40.311 0.823
0836+710 69 2.580 0.007 0.28 37.657 0.554
0917+624 130 1.430 0.007 0.47 1.08 195.981 1.519
0951+699 127 3.298 0.009 0.28 67.617 0.537
0954+658 31 0.621 0.014 2.21 6.58 1047.446 34.915

Epoch 24 20 - 22. October 2001 T = 49hrs m0 = 0.03%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0836+710 43 2.597 0.001 0.03 1.253 0.030
0917+624 85 1.413 0.011 0.75 2.26 2330.044 27.739
0951+699 39 3.308 0.001 0.03 1.567 0.041
J0422+53 19 0.386 0.005 1.18 3.55 756.967 42.054
J0834+55 30 5.422 0.027 0.50 1.48 323.580 11.158
J0949+66 42 1.203 0.006 0.52 1.57 511.001 12.463
J0957+55 27 1.964 0.014 0.71 2.12 516.675 19.872
J1814+41 19 0.558 0.007 1.21 3.64 1251.354 69.520
J1819+38 26 0.211 0.041 19.44 58.32
J1852+40 22 0.798 0.006 0.77 2.31 511.687 24.366

Table B.6— Results of the variability analysis for all sources observed between May and October 2001 (Epoch
21 - 24, cont.).
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Epoch 25 25. - 26. December 2001 T = 23hrs m0 = 0.5%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0716+714 26 0.660 0.013 1.98 5.76 293.451 11.738
0835+580 27 0.591 0.001 0.20 2.837 0.109
0836+710 28 2.622 0.012 0.46 16.539 0.613
0917+624 39 1.433 0.009 0.61 1.05 40.399 1.063
0951+699 20 3.293 0.007 0.20 2.249 0.118
0954+658 21 0.766 0.007 0.91 2.28 47.641 2.382
1031+567 14 1.210 0.006 0.46 .00 7.941 0.611

Epoch 26 12. - 14. April 2002 T = 37hrs m0 =0.3%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0716+714 14 0.690 0.024 3.44 10.28 1392.278 107.098
0836+710 15 2.632 0.009 0.33 14.381 1.027
0917+624 14 1.311 0.007 0.55 1.27 35.387 2.722
0951+699 13 3.303 0.011 0.34 13.257 1.105
0954+658 15 0.627 0.014 2.29 6.80 636.288 45.449

Epoch 27 07. - 08. August 2002 T = 14hrs m0 = 0.1%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0917+624 7 1.208 0.006 0.46 1.31 41.746 6.958
0951+699 10 3.293 0.004 0.12 4.134 0.459

Epoch 28 03. October 2002 T = 7hrs m0 = 0.1%

Source Scans S [Jy] σ [Jy] m [%] Y [%] χ2 χ2

r

0716+714 18 0.985 0.004 0.43 1.23 74.783 4.399
0836+710 18 2.570 0.003 0.12 6.831 0.402
0917+624 18 1.166 0.016 1.35 4.05 789.397 46.435
0951+699 18 3.287 0.004 0.11 6.295 0.370

Table B.7— Results of the variability analysis for all sources observed between December 2001 and October
2002 (Epoch 25 - 28, cont.).
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IDV Source List

An up-to-date (November 2003) source list of known type I and type II - IDV sources is given.
The list with a total of 101 entries was conducted in the framework of the statistical analysis
presented in Chapter 7.
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Complete list of known IDV sources

Source α2000 δ2000 α1950 δ1950 lII [
◦] bII [

◦]

0016+731 00h19m45.7863s +73d27m30.017s 00h16m54.1934s +73d10m51.359s 120.64 10.73
0059+581 01h02m45.7623s +58d24m11.136s 00h59m43.4736s +58d08m04.751s 124.42 –4.44
0104–408 01h06m45.1079s –40d34m19.959s 01h04m27.5774s –40d50m21.698s 290.67 –76.19
0133+476 01h36m58.5947s +47d51m29.100s 01h33m55.1073s +47d36m12.765s 130.79 –14.32
0147+2631 01h50m02.86s +26d46m28.2s 01h47m13.80s +26d31m36.6s 138.79 –34.29
0153+744 01h57m34.9648s +74d42m43.230s 01h53m04.3293s +74d28m05.580s 127.34 12.41
PKS 0235+164 02h38m38.9301s +16d36m59.275s 02h35m52.6341s +16d24m03.920s 156.77 –39.11
0300+470 03h03m35.2422s +47d16m16.275s 03h00m10.1131s +47d04m33.606s 144.99 –9.86
0340+3612 03h43m28.9524s +36d22m12.430s 03h40m14.7894s +36d12m44.379s 157.53 –14.69
PKS 0346–279 03h48m38.136s –27d49m13.21s 03h46m34.030s –27d58m20.70s 224.53 –50.91
PKS 0405–385 04h06m59.0352s –38d26m28.039s 04h05m12.0258s –38d34m26.122s 241.29 –47.89
0408+0835 04h11m33.8575s +08d43m11.408s 04h08m51.0882s +08d35m29.452s 183.67 –29.73
PKS 0422+004 04h24m46.8420s +00d36m06.329s 04h22m12.5176s +00d29m16.647s 193.59 –31.78
J0422+5345 04h22m25.3s +53d45m54s 04h18m29.1s +53d38m52s 151.04 2.83
0437–454 04h39m00.8547s –45d22m22.562s 04h37m30.6642s –45d28m12.687s 250.85 –41.76
0440–003 04h42m38.6607s –00d17m43.418s 04h40m05.2928s –00d23m20.601s 197.20 –28.46
0450–469 04h51m53.35s –46d53m19.3s 04h50m27.90s –46d58m16.0s 252.78 –39.49
0450+0123 04h53m02.2386s +01d28m35.625s 04h50m26.8943s +01d23m41.511s 197.00 –25.32
0454+844 05h08m42.3633s +84d32m04.544s 04h54m57.1349s +84d27m52.954s 128.35 24.66
0459+135 05h02m33.2195s +13d38m10.958s 04h59m43.8443s +13d33m56.389s 187.41 –16.75
0502+049 05h05m23.1847s +04d59m42.725s 05h02m43.8145s +04d55m40.507s 195.48 –20.86
0528–250 05h30m07.9627s –25d03m29.898s 05h28m05.2117s –25d05m44.666s 228.30 –28.24
0602+67 06h07m52.6716s +67d20m55.409s 06h02m38.8678s +67d21m18.499s 146.80 20.86
0607–157 06h09m40.9494s –15d42m40.671s 06h07m25.9826s –15d42m03.328s 222.61 –16.18
0621+4441 06h25m18.2653s +44d40m01.626s 06h21m38.8058s +44d41m44.104s 169.77 14.39
J0642+8811 06h42m06.134s +88d11m55.01s 06h04m00.726s +88d13m36.01s 124.95 27.04
PKS 0646–306 06h48m14.0964s –30d44m19.658s 06h46m19.2128s –30d40m54.448s 240.54 –14.11
0711+356 07h14m24.8174s +35d34m39.796s 07h11m05.6001s +35d39m52.587s 182.22 19.74
0716+4743 07h20m21.4977s +47d37m44.124s 07h16m38.6652s +47d43m20.696s 170.14 24.35
0716+714 07h21m53.4484s +71d20m36.363s 07h16m13.0061s +71d26m15.256s 143.98 28.02
PKS 0728–320 07h30m38.31s –32d08m21.2s 07h28m43.30s –32d01m59.0s 245.80 –6.56
0735+178 07h38m07.3937s +17d42m18.998s 07h35m14.1294s +17d49m09.291s 201.85 18.07
0754+100 07h57m06.6429s +09d56m34.852s 07h54m22.5826s +10d04m39.741s 211.31 19.06
0756+4902 08h00m34.36s +48d54m23.7s 07h56m53.91s +49d02m39.9s 170.11 31.16
0804+499 08h08m39.6662s +49d50m36.530s 08h04m58.3932s +49d59m23.138s 169.16 32.56
PKS 0808+019 08h11m26.7073s +01d46m52.221s 08h08m51.1407s +01d55m51.262s 220.71 18.57
0814+425 08h18m15.9996s +42d22m45.415s 08h14m51.6680s +42d32m07.787s 178.23 33.40
0828+493 08h32m23.2167s +49d13m21.038s 08h28m47.9655s +49d23m33.092s 170.14 36.38
0833+585 08h37m21.0s +58d24.6m 08h33m22s +58d35.0m 158.67 36.60
J0834+5513 08h34m40.6s +55d13m59s 08h30m51.0s +55d24m18s 162.65 36.55
0850+581 08h54m41.9963s +57d57m29.939s 08h50m50.1504s +58d08m55.758s 158.79 38.93
0851+202 08h54m48.8749s +20d06m30.641s 08h51m57.2541s +20d17m58.491s 206.81 35.82
0859+470 09h03m03.9901s +46d51m04.137s 08h59m39.9831s +47d02m56.889s 173.04 41.56
0906+430 09h09m26.52s +42d42m28.1s 09h06m10.53s +42d54m40.4s 178.58 42.82
J0914+0245 09h14m37.9134s +02d45m59.246s 09h12m01.9428s +02d58m27.932s 228.35 32.82
0914+0255 09h16m41.4s +02d43m00s 09h14m05.5s +02d55m35s 228.72 33.23
0917+624 09h21m36.2311s +62d15m52.180s 09h17m40.2985s +62d28m38.738s 152.20 40.99
J0929+5013 09h29m15.4402s +50d13m35.990s 09h25m51.9736s +50d26m44.405s 167.66 45.42
0942+5034 09h46m15.70s +50d20m02.8s 09h42m56.90s +50d33m55.0s 166.57 48.03
0945+408 09h48m55.3381s +40d39m44.587s 09h45m50.0787s +40d53m43.471s 180.99 50.28

continued on next page
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continued from previous page

Source α2000 δ2000 α1950 δ1950 lII [
◦] bII [

◦]

J0949+5819 09h49m41.5s +58d19m06s 09h46m08.5s +58d33m06s 155.35 45.73
J0949+6614 09h49m12.1651s +66d14m59.587s 09h45m14.8430s +66d28m58.078s 145.67 41.94
0954+556 09h57m38.1825s +55d22m57.733s 09h54m14.3525s +55d37m16.457s 158.60 47.93
0954+658 09h58m47.2451s +65d33m54.818s 09h54m57.8379s +65d48m15.656s 145.75 43.13
1022+2347 10h24m53.63s +23d32m34.0s 10h22m07.91s +23d47m48.6s 210.83 56.81
PKS 1034–293 10h37m16.0797s –29d34m02.812s 10h34m55.8356s –29d18m26.874s 270.95 24.85
1039+811 10h44m23.0626s +80d54m39.443s 10h39m27.7453s +81d10m23.782s 128.74 34.74
1047+1445 10h49m46.7s +14d30m00s 10h47m07.6s +14d45m54s 230.79 59.01
PKS 1048–313 10h51m04.7775s –31d38m14.306s 10h48m43.3658s –31d22m18.462s 274.93 24.61
PKS 1144–379 11h47m01.3706s –38d12m11.022s 11h44m30.8624s –37d55m30.531s 289.24 22.95
1150+812 11h53m12.4993s +80d58m29.154s 11h50m23.4860s +81d15m10.408s 125.72 35.84
1156+2931 11h59m31.8339s +29d14m43.827s 11h56m57.7910s +29d31m25.874s 199.41 78.37
PKS 1256–220 12h58m54.475s –22d19m31.33s 12h56m13.940s –22d03m20.40s 305.20 40.51
PKS 1257–326 13h00m42.4s –32d53m12s 12h57m57.6s –32d37m03s 305.18 29.94
1308+326 13h10m28.6638s +32d20m43.783s 13h08m07.5645s +32d36m40.353s 85.70 83.35
J1326–5206 13h26m18.8s –52d06m24s 13h23m14.1s –51d50m49s 308.36 10.40
1326+6237 13h28m40.0s +62d21m41s 13h26m54.2s +62d37m10s 115.56 54.23
1329+1727 13h31m33.47s +17d12m49.8s 13h29m07.72s +17d28m15.0s 348.08 76.43
1404+286 14h07m00.3944s +28d27m14.690s 14h04m45.6213s +28d41m29.358s 41.86 73.25
1418+546 14h19m46.5974s +54d23m14.787s 14h18m06.1985s +54d36m58.157s 98.30 58.31
1435+638 14h36m45.8021s +63d36m37.866s 14h35m37.2491s +63d49m35.974s 105.17 49.73
PKS 1502+036 15h05m06.4771s +03d26m30.813s 15h02m35.6731s +03d38m07.493s 2.23 50.25
1504+377 15h06m09.5299s +37d30m51.132s 15h04m12.9628s +37d42m23.412s 61.65 59.90
PKS 1519–273 15h22m36.68s –27d43m28.6s 15h19m36.00s –27d32m48.0s 339.44 24.23
PKS 1556–245 15h59m41.416s –24d42m39.36s 15h56m41.220s –24d34m11.30s 348.40 21.11
J1610+7809 16h10m50.626s +78d09m00.58s 16h13m02.030s +78d16m35.66s 111.97 34.34
1611+343 16h13m41.0642s +34d12m47.908s 16h11m47.9210s +34d20m19.882s 55.15 46.38
PKS 1622–297 16h26m06.0208s –29d51m26.970s 16h22m57.2466s –29d44m41.358s 348.82 13.32
1637+574 16h38m13.4563s +57d20m23.978s 16h37m17.4367s +57d26m15.810s 86.64 40.36
1642+690 16h42m07.8485s +68d56m39.756s 16h42m18.0774s +69d02m13.288s 100.71 36.62
1652+398 16h53m52.2167s +39d45m36.609s 16h52m11.7373s +39d50m25.191s 63.60 38.86
J1656+5321 16h56m39.6252s +53d21m48.763s 16h55m32.3288s +53d26m24.461s 81.04 38.38
1722+6108 17h22m48.62s +61d04m56.2s 17h22m14.26s +61d07m39.3s 90.17 34.16
1739+522 17h40m36.9778s +52d11m43.407s 17h39m29.0173s +52d13m10.447s 79.57 31.75
1749+701 17h48m32.8401s +70d05m50.768s 17h49m03.4099s +70d06m39.669s 100.53 30.72
1803+784 18h00m45.6839s +78d28m04.018s 18h03m39.2265s +78d27m54.310s 110.04 29.07
1807+698 18h06m50.590s +69d49m28.10s 18h07m18.473s +69d48m57.14s 100.13 29.17
J1814+4113 18h14m22.7062s +41d13m05.608s 18h12m47.3255s +41d12m06.186s 68.52 24.09
1817+5015 18h18m30.5192s +50d17m19.743s 18h17m16.8964s +50d16m01.524s 78.41 25.61
J1819+3845 18h19m27.1s +38d45m08s 18h17m46.8s +38d43m47s 66.25 22.46
J1821+6818 18h21m59.4931s +68d18m43.015s 18h22m12.7767s +68d17m06.501s 98.46 27.77
1823+568 18h24m07.0683s +56d51m01.490s 18h23m14.9668s +56d49m18.067s 85.74 26.08
J1852+4019 18h52m30.3725s +40d19m06.608s 18h50m51.7856s +40d15m22.481s 70.07 16.97
1928+738 19h27m48.4951s +73d58m01.569s 19h28m49.3806s +73d51m44.934s 105.63 23.54
1929+4737 19h31m15.7s +47d43m31s 19h29m49.6s +47d37m05s 79.97 13.53
1954+513 19h55m42.7382s +51d31m48.546s 19h54m22.4856s +51d23m46.376s 85.30 11.76
2007+777 20h05m30.9298s +77d52m43.137s 20h07m20.4000s +77d43m58.000s 110.46 22.73
2200+420 22h02m43.2913s +42d16m39.979s 22h00m39.3723s +42d02m08.495s 92.59 –10.44
2214+350 22h16m20.0099s +35d18m14.180s 22h14m07.0204s +35d03m14.994s 90.50 –17.62
2234+4201 22h37m04.0s +42d16m45s 22h34m51.9s +42d01m10s 97.98 –13.99
2239+2939 22h42m15.3s +29d55m18s 22h39m54.5s +29d39m35s 92.17 –25.12
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G., Ciprini, S., Fuhrmann, L., Kimeridze, G. N., Lanteri, L., Maesano, M., Montagni, F.,
Nucciarelli, G., and Ostorero, L.: 2003, A&A 402, 151



180 BIBLIOGRAPHY

Readhead, A. C. S.: 1994, ApJ 426, 51
Rees, M. J.: 1967, MNRAS 135, 345
Reich, P. and Reich, W.: 1986, A&AS 63, 205
Rickett, B. J.: 1970, MNRAS 150, 67
Rickett, B. J.: 1986, ApJ 307, 564
Rickett, B. J.: 1990, ARA&A 28, 561
Rickett, B. J., Coles, W. A., and Bourgois, G.: 1984, A&A 134, 390
Rickett, B. J., Kedziora-Chudczer, L., and Jauncey, D. L.: 2002, ApJ 581, 103
Rickett, B. J., Quirrenbach, A., Wegner, R., Krichbaum, T. P., and Witzel, A.: 1995, A&A 293,

479
Rickett, B. J., Witzel, A., Kraus, A., Krichbaum, T. P., and Qian, S. J.: 2001, ApJ 550, L11
Roberts, D. H., Kollgaard, R. I., Brown, L. F., Gabuzda, D. C., and Wardle, J. F. C.: 1990, ApJ

360, 408
Rohlfs, K. and Wilson, T. L.: 1996, Tools of Radio Astronomy, Tools of Radio Astronomy, XVI,

423 pp. 127 figs., 20 tabs.. Springer-Verlag Berlin Heidelberg New York. Also Astronomy and
Astrophysics Library

Romani, R. W.: 1988, in AIP Conf. Proc. 174: Radio Wave Scattering in the Interstellar
Medium, pp 156–162

Roshi, D. A. and Anantharamaiah, K. R.: 2000, ApJ 535, 231
Roshi, D. A. and Anantharamaiah, K. R.: 2001, ApJ 557, 226
Rybicki, G. B. and Lightman, A. P.: 1979, Radiative processes in astrophysics, New York,

Wiley-Interscience, 1979. 393 p.
Ryle, M., Hine, G., Shakeshaft, J., and Caswell, J. L.: 1978, Nature 276, 571
Salter, C. J.: 1983, Bulletin of the Astronomical Society of India 11, 1
Schmidt, M.: 1963, Nature 197, 1040
Shapirovskaia, N. I.: 1978, AZh 55, 953
Sholomitsky, G. B.: 1965, Informational Bulletin on Variable Stars 83, 1
Sieber, W.: 1982, A&A 113, 311
Simonetti, J. H., Cordes, J. M., and Heeschen, D. S.: 1985, ApJ 296, 46
Slysh, V. I.: 1992, ApJ 391, 453
Snowden, S. L., Cox, D. P., McCammon, D., and Sanders, W. T.: 1990, ApJ 354, 211
Snowden, S. L., Egger, R., Finkbeiner, D. P., Freyberg, M. J., and Plucinsky, P. P.: 1998, ApJ

493, 715
Sorochenko, R. L. and Tsivilev, A. P.: 2000, Astronomy Reports 44, 426
Spada, M., Salvati, M., and Pacini, F.: 1999, ApJ 511, 136
Standke, K. J., Quirrenbach, A., Krichbaum, T. P., Witzel, A., Otterbein, K., Alef, W., Eckart,

A., Alberdi, A., Marcaide, J. M., Ros, E., Lesch, H., Steffen, W., Kraus, A., and Zensus,
J. A.: 1996, A&A 306, 27

Stickel, M., Fried, J. W., and Kühr, H.: 1993, A&AS 98, 393
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Referats bzw. Koreferats. Herrn Huchtmeier möchte ich desweiteren für seine Unterstützung
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