High-Resolution Study of Selected
|ntraday Variable Sources

Dissertation
zur
Erlangung des Doktorgrades (Dr. rer. nat.)
der
M athemati sch-Naturwissenschaftlichen Fakultat
der

Rheinischen Friedrich-Wilhelms-Universitat Bonn

vorgelegt von
Krisztina Eva Gabanyi
aus

Budapest (Ungarn)

Bonn, 2006



Angefertigt mit Genehmigung der M athematisch-Naturwissenschaftlichen
Fakultat der Rheinischen Friedrich-Wilhelms-Universitat Bonn

1. Referent: Prof. Dr. Uli Kleain
2. Referent: Priv. Doz. Dr. Walter Huchtmeier
Tag der mandlichen Prafung: 12.06.2006



Contents

Preamble
Conventions and constants used in thisthesis

1 Introduction

1.1 Activegadacticnucle . . . ... ... ... e
111 Classicaionof AGN . ... ... ... ... . .........
112 Unicationmode . ......... ... ... ... . ...,

1.2 Rédativisticjets . . . . . . ... . e
121 Synchrotronradiation. . . . . . .. ... ... ... ... ...
1.2.2 InverseComptonradiation . . . . .. .. ... ... .......
1.2.3 Superlumina motion and relativisticbeaming . . . . . ... ...
1.24 VLBI characteristicsof jets . . . . ... ... ... ... ...,

1.3 Vaiabilityof AGN . . .. ... ... .. . . . ...
1.3.1 Component gjectionand variability . . . ... ... .......

Intraday Variability

21 Intrinsicexplanations . . . . . . . ...
2.1.1 Observationa evidence in favour of extrinsic explanations . . . .

2.2 Extrinsic explanation, scattering of radio wavesinthelSM . . . . .. ..
2.2.1 Parameterizations of electron density turbulence in the ISM .
222 Scatteringregimes . . . . . ...
223 Annua modulation . . . .. ..o
2.24 Observationa evidence in favour of extrinsic explanations . . . .

23 SUMMAY . . . .o e e e

Intraday Variability observations
3.1 Investigations of galactic latitude dependence of IDV source positions . .
32 Newobservations . . . . .. ...
33 Datareduction. . . . . . . ...
34 Thetoolsof variabilityanalysis. . . . ... ... .............
35 Results. . . . . .
35.1 Total uxdensity variations . . . . ... ... ...
3.5.2 Polarized ux density variations . . . . . . ... ... ... .. .
353 Summary . . ...
3.6 ThesourceJ1128+5925 . . . . . . . . . . . . ...



Contents

B

C

3.6.1 Follow-up observationsof J1128+5925 . . . . ... ... .. ..
3.6.2 Annua modulationinJ1128+592? . . . .. ... ... ... ..
3.6.3 Freguency dependence of the modulation index and the variabil-
ityamplitude . . . . ... ... ...
3.64 Summary . . .. ...

The scatter-broadened quasar B 2005+403

4.1
4.2
4.3

4.4
4.5

4.6

The importance of scatter-broadening . . . . . ... ... ... .....
IntroducingB2005+403 . . . . . . . . . .. ...
Very Long Baseline Interferometry . . . . . . . . ... ... .. .. ...
4.3.1 VLBI observationsand scatteringe ects . . . ... ... .. ..
VLBI datasets of B 2005+403 and datareduction . . . . .. ... .. ..
Resultsanddiscussion . . . .. .. ... ... ... .. ... ... ...
45.1 Propagatione ect |: Scatter broadening of B2005+403 . . . . . .
45.2 Propagatione ectll: IDV behaviour of B2005+403 . . . . . ..
453 Theintrinsic structureof B2005+403 . . . . . ... ... .. ..
45.4 Long-term ux density evolutionof B2005 +403 . . . . . . . ..
455 Polarization . . . .. ..
SUMMAY . . . o e e e e e e

Space-VLBI observations of B 2007+777

5.1

5.2

5.3

Space-VLBI observationsof IDV sources . . . . ... ... ... ....
511 Theobservationsof B2007+777 . . . . . . . . .. .. ... ...
5.1.2 Reduction of thetotal intensitydata . . . .. ... ........
5.1.3 Reduction of thepolarizationdata . . . . . ... ... ... ...
ResUlts. . . . . o
521 Groundbasdlines . . . ... ... ... .
522 SpaceVLBldata . .. ... ... ... ... ... ... . ...,
Conclusions . . . . . . . .

Summary and outlook
Futureprojects . . . . . . . . . e

| DV observations
A1l Thedatisticaltests . . . . . . . . . . . .
A2 IDVlightcurves. . . . . . . . . . . . e

B 2005+403 model- tting results

B 2007+777 model- tting results

Bibliography

Acknowledgements

Curriculum Vitae

63
63
65
66
68
70
73
73
79
83
88
93
94

97

98
100
101
102
104
104
107
115

117
119

121
121
122

129

135

135

147

149



Preamble

In the 1930's, a new window on the sky was opened. Karl Jansky’s discovery of theradio
emission of the Milky Way was the birth of a new eld in astrono my, radio astronomy.
Astonishing new objects were discovered during the coming decades. pulsars, quasars,
the cosmic microwave background, etc.

Radio waves are a ected by theionized interstellar medium through which they pass.
Wide ranges of scattering e ects can occur and in uence the observed characteristics of
compact radio objects. Distinguishing between scattering-induced and source-intrinsic
phenomena is very important, both in studying the interstellar matter of the Milky Way
and in investigating the physical properties of the background source itself.

A large number of at spectrum extragalactic radio sources e xhibit Intraday Vari-
ability, which is thought to be at least partly due to interstellar scintillations. This phe-
nomenon is still not understood completely. Can propagation e ect alone account for all
of the observed variability characteristics? How important is the contribution from the
intrinsic structure of the source? What is the mixing ratio between extrinsic and intrinsic
e ects? In what extent are the radio observations of Active Galactic Nuclei in uenced by
the interstellar matter of the Milky Way?

In this thesis, these questions are investigated through di erent observational ap-
proaches:

IDV observations of selected samples of at spectrum radio s ources are presented.
The dependence of variability characteristics on the galactic latitude is discussed.

The interplay between extrinsic and source intrinsic e ectsis studied in detail for
a specially selected scatter broadened quasar using single dish and interferometric
measurements.

Investigating the milliarcsecond to sub-milliarcsecond structure of an IDV source
at the highest angular resolution in closely-spaced epochs in time can revea the
possible changes in the source structure on IDV time-scales. Space-VLBI data of
total and polarized intensity of an IDV blazar are analyzed and discussed.






Conventions and constants used in this
thess

Cosmology Throughout this thesis Cold Dark Matter (CDM) cosmology is used. The
cosmol ogical parameters are those derived from the Wilkinson Microwave A nisotropy
Probe (WMAP) Observations (Spergel et al. 2003):

The Hubble constant is: Hy = 71kms *Mpc ?
Dark energy density: =073
Matter density: = 0:27

Spectral index Thespectra index ( )isdenedas. S * ,whereSis ux density and
is the observing frequency.

Non standard units Measurement units used in thisthesis:
Rayleigh: 1 Rayleighisthe ux of 10 ° photons emitted in all directions per square
centimetre, per second.
Jansky: 1Jy = 10 ZWHz 'm 2
Parsec: 1pc = 3:08568 10'*m
Astronomical Unit: 1AU = 1.5 10" m






1 Introduction

1.1 Activegalactic nuclei

The term active galactic nuclei (AGN) refers to the central regions of those 7% of all
gaaxiesin which the energy output exceeds the amount that can be attributed to ordinary
stellar processes. The luminosities of AGN range between 10 ergs * and 10¥erg s ¢,
10* times larger than that of atypical galaxy. These enormous luminosities are produced
within a small volume of afew pc and can be observed over broad range of frequencies,
from radio bands to the extreme -raysat TeV energies.

1.1.1 Class cation of AGN

Various types of AGN exist. The rst AGN type objects were dis covered in the 1940s
in the optical waveband by Carl Seyfert (Seyfert 1943). This class of extremely bright,
mostly spiral galaxieswerethen named Seyfert galaxies. (Although their unusual emission-
lie spectra had been noticed earlier, see Mayall 1934, and references therein). They are
characterized by aluminous core and very bright emission lines. Type 1 Seyfert galaxies
exhibit both narrow and broad emission lines, whilst type 2 show only narrow emission
lines. Recently, there are indications that the two types of Seyfert galaxies do not group
in clearly separated classes, but they follow a continuous distribution between the types
(Williams et al. 2002; Dewangan & Gri  ths 2005).

Naturally, as the observing technique devel ops, the classi cation evolves as well. An-
other type of AGN, named quasar was originally the abbreviation of quas stellar radio
object, sincethe rst ones were observed as the point-like o ptical counterpart of the radio
sources 3C 48 by Matthews & Sandage (1963) and 3C 273 by Schmidt (1963). Nowadays
though, quasars are divided into subgroups depending on their radio luminosities, and the
ratio between radio-loud and radio-quiet quasars is roughly one to ten. Quasars outshine
their host galaxies, their hosts appear usually just as faint emission in deep optical images.

Interestingly, the name of another class of AGN, the so called BL Lac objects or BL
Lacs, isalso a living proof of the history of identi cation of A GN. The designation BL
L acertae was originally meant to indicate a variable star in the Lacerta constellation, but
later turned out to be an extragal actic object, an archetype of highly variabletype of AGN.
Other typical features are the high polarisation and the lack of emission lines.

Blazars unite the highly variable AGN, the BL Lacs, and the so called optically vio-
lently variable (OVV) quasars.

Radio galaxies, another type of active galaxies, show strong radio emission and ex-
tended structure (up to the order of 1Mpc). Their radio emission usually comes from
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1 Introduction

regions far away from the corresponding optical objects. These regions, called lobes,
are powered by highly collimated jets, originating from the galactic nucleus. A typica
classi cation scheme of radio galaxiesis based upon their m orphology. Fanaro & Riley
(1974) distinguish between radio galaxies, depending upon whether their highest surface
brightness region(s) is (are) close to the core (edge darkened, FR sources), or are at
larger distances (edge brightened, FR  sources). Fanaro & Riley (1974) found that this
taxonomy coincideswithdi erencesinradio luminosity: FR  sources are more powerful
than FRI. More precisely, most of the sourcesthat have aluminosity at 178 MHz less than
2 10® h&GWHz tare FR sources (Where ho is the Hubble constant in units of 100
kms *Mpc 1), whilst brighter sources are nearly all FR . It isnot clear, what causes the
dichotomy. Perhapsthe central engines of thetwo typesareintrinsically di erent and thus
producedi erent kinds of jets, or the host galaxies have di erent environments. Even the
distinction is not clear, some sources have been found with a hybrid structure: they
reveal FR morphology ononesideand an FR -like jet on the other side (Gopal-Krishna
& Wiita 2000).

Similar to the Seyfert galaxies, radio galaxies can aso be divided into subgroups of
narrow line and broad line radio galaxies according to their line spectrum. As this dis-
tinction occursindi erent AGN types, the designation of type AGN and type AGN is
formed. Type AGN have both narrow and broad emission lines, type AGN have only
narrow emission lines.

There are numerous other types and subclasses of AGN, such as Low Luminosity
AGN (LLAGN), Low lonization Nuclear Emission Region Galaxies (LINERs), Ultra-
Luminous Infra-Red Galaxies (ULIRGS), Gigahertz Peaked Sources (GPS), Compact
Seep-Spectrum Source (CSS), etc. Here, they are not presented in detail, since the fo-
cusof thisthesisisdi erent.

1.1.2 Uni cation modd

Uni cation models have been proposed to explainthedi  erent typesof AGN asdi erent
manifestations of the same type of object viewed under di erent aspect angle. The con-
cept of the uni cation paradigm (see reviews by Urry & Padova ni 1995; Urry 2004) isthe
following (see Figure 1.1):

The central engine powering the AGN isasuper-massive (10° M to 10*° M ) black
hole accreting matter from its surrounding.

The in-falling matter forms an accretion disk. The typical radius of the accretion
disk is of the order of afew AUs. It is heated by viscous and magnetic processes,
emits at optical through X-ray energies. The most important unsolved problems are
the structure of the accretion disk (clumpy or smooth), the applicability of advection
dominated accretion ow (ADAF) models to the innermost part of the disks, and
the existence of a hot X-ray emitting corona above the disk.

The fast-moving clouds producing the broad emission lines (from the broad line
region, BLR) are located around and above the accretion disk.

A dusty torus surrounds the central engine with an inner radius of order one parsec.
The actual shape of this structureisstill uncertain; it is not clear whether itisrealy

10



1.1 Activegalactic nuclei

Radio jet
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Accretion disk ‘ Black Hole

’

Figure 1.1: Schematic diagram of the uni ed model of AGN (following Urry & Padovani 1995).

torus-like. Recent ndings of infrared observations sugge st a clumpy structure of
the obscuring torus (e.g. Beckert 2005, and references therein).

Beyond the obscuring torus, slower moving clouds of gas compose the narrow line
region (NLR), producing the emission lines with narrower widths.

Perpendicular to the plane of the accretion disk, plasma is gected in the form of
highly collimated jets. The speed of the plasma is relativistic, and the opening
angle of the jet is thought to be narrow, less than 10 . The jets are thought to
be formed within a few tens to 100 Schwarzschild radii of the black hole. They
extend outward to several kpc, in some cases as far asaMpc, and the most powerful
ones form huge radio lobes. How the jets are formed and how they maintain their
shapeis studied through more and more elaborate numerical simulations. In thelast
decades there has been growing evidence that magnetic elds play an important
role in the process. Di erent magneto-hydrodynamica simulations can produce
collimated relativistic jets. However, they are not able to maintain the out ows
seen kiloparsecs or even parsecs away from the black hole (Camenzind 2005, and
references therein). No code is available yet that follows the evolution of plasma
out ows from the immediate vicinity of the black hole to the r egion where the
collimation occurs. Observations of M 87 for example suggest that the opening
angle of the jet at itsbaseislarge ( 60 ) and collimation takes place after afew
tens Schwarzschild radii (Junor et a. 1999; Krichbaum et al. 2004).

Thisparadigm seemsto bevalidfor al radio loud AGN, and without the last ingredient
(jets) it holdsfor radio quiet AGN as well.

11



1 Introduction

According to this paradigm, when the observer looks at the same beast , depending
upon the viewing angle one can see objectswith di  erent characteristic features. Looking
in the jet direction, we observe BL Lacs, or OVVs. Otherwise, at larger, but still small
angles, we can observe both the narrow and broad emission lines (type AGN). As the
angle between the jet and the line of sight increases further, we see quasars. At large
enough angles the torus starts to obscure the inner broad line region and we see narrow
lineradio galaxies or Seyfert 2 (type ) AGN.

This work is focused on radio loud quasars. When | use the word quasar or AGN |
refer to radio loud objects.

Nowadays, it is generally assumed, that every massive galaxy (including our Milky
Way) harbours super-massive black holesin their centres. Direct observationa evidence
(based upon detections of stellar dynamics) exist in at least three prominent galaxies: the
Milky Way, NGC 4258 andin M 31 (Bender et al. 2005, and references therein). The ques-
tion, how (and whether) activeness can be related to the ev olutionary stage of galaxies
Isstill unanswered. These theories are referred to as Grand Uni cation .

1.2 Relativisticjets

1.2.1 Synchrotron radiation

Synchrotron radiation is named after a type of particle accelerators, where this kind of
radiation was rst produced. (It was also called magneto-br emsstrahlung in the past, al-
though thisterm is not used nowadays). Synchrotron radiation is emitted when arelativis-
tic charged particle is accelerated in a magnetic eld. Let’ s consider a charged particle
moving in amagnetic eld B with avelocity of v. The Lorentz force (v B) causes the
particle to move aong ahelical path around the magnetic e d line given by:

R (LD)
: . . . P———
where 4 is the gyration frequency, q is the charge, misthe mass, = 1= 1 32=¢?
is the Lorentz factor of the particle and c is the speed of light. In the case of a non-
relativistic particle, the emitted radiation would be dipole radiation. For an observer at
rest, relativistically moving particle emits radiation into a narrow cone with an opening
angle of 1= . Because the mass of the electron is much smaller (approximately 2000
times) than that of a proton, the acceleration of the electrons is larger than that of the
protons for the same kinetic energy, and so astronomically observed radiation originates
from mainly electrons (or positrons), the contribution of protonsis mostly negligible.
The observed radio spectra of AGN can usually be described by a power law, S ,
where S isthe ux density, istheobserving frequency and isthe spectral index. Such
spectracan be produced by an ensembl e of electronswith apower law energy distribution:

n(E)dE E PdE; (1.2)

where E isthe particlekinetic energy and p isaconstant related to the spectral index, , as
=(1 p)=2. Thisspectrumisstrictly valid if thereisno absorption by electrons, that is
inaplasmathat isoptically thintoitsown radiation (i.e. extended regionsof radio source).

12



1.2 Reativisticjets

Compact regions of AGN often have at or inverted spectra, ar esult of synchrotron self-
absorption. It can be shown (Rybicki & Lightman 1979) that in an optically thick medium,
the form of the spectrumis:. S 52, So far, the exponent 5/2 has never been observed.
More compact sources have atter spectra, whilst extended s ources have more complex
spectra. This can be explained by a superposition of di erent parts of the source having
di erent turn-over frequencies (they become optically thick at di erent frequencies).

Theintensity of the radiation can be expressed in terms of the brightness temperature.
The brightness temperature is equival ent to the temperature of ablack body which radiates
the same ux density asthe source. It isde ned as:

_cl
= S
where kg isthe Boltzmann’s constant, c isthe speed of light and | istheintensity in MKS
unitg(Js *m 2Hz *sr ). The ux density istheintensity integrated over the solid angle:
S= lcosd .

Equating S with the synchrotron ux density at the self absorption freq uency (Sn,)
and using the usual units, Tg can be written as (see e.g. Ghisallini et al. 1993):
1

Te (1.3)

Tg = 1:77 10% % (1+2); (1.4)
m

where z is the redshift of the source, S, measured inJy, inmas ., in GHzand isthe
source size. The multiplicative constant has aunit of m?J s 2, thusthe T is obtained in
K.

1.2.2 Inverse Compton radiation

In a compact source, the emitted synchrotron photons can be inverse Compton scattered
by their own electrons (so called synchrotron self-Compton process, SSC). In the nor-

mal Compton scattering, photons scatter 0 electrons and |ose some energy in the recoil.
In the inverse Compton process, the photon gains energy from the moving electron. (In
the rest frame of the electron, the kinematics are the same as in the norma Compton

scattering.) The acquired energy is proportional to the square of the Lorentz factor of the
scattering electron. This process can be responsible for the high energy photons of AGN.
Depending on thevalue of , radio and infrared photons can be scattered up to X-ray and
gamma-ray energies.

In the left side of Fig. 1.2 (taken from Camenzind 2002), the spectrum of aBL Lac
object (Mrk 421) is displayed. It isdominated by synchrotron emission from the radio to
the optical region and inverse Compton emission in the X-ray and gammaray regimes. In
contrast the spectral energy distribution (SED) of atypical quasar isdisplayed in the right
plot in Fig. 1.2; it exhibits three distinct bumps in the IR , in the UV, and in the hard
X-ray, corresponding to the dusty torus, to the accretion disk and to the re ection of the
accretion disk.

The energy loss rates of the electron in the synchrotron process and in the inverse

Compton scattering are similar:
I

dE’

4

synch
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Figure1.2: Spectra energy distribution of the BL Lac object Mrk 421 (left hand side) and atypical
quasar (right hand side). The spectra of BL Lac objects are dominated by synchrotron emission
between radio and optical regime and inverse Compton emission in the X-ray and gamma-ray
regimes. In atypical quasar spectrum usually three distinct features can be identi ed. (Images
taken from Camenzind 2002).

]
dE ) _ 4 2 2.

E - - :—)) TCUraj y (16)
where 1 isthe Thomson cross section, umyg and Uy are the energy density of the mag-
netic eld and the electromagnetic radiation respectively . The ratio between the luminos-
ity of the rst scattered Compton photons and the luminosity of the synchrotron photons
isthe ratio between the radiation energy density and the magnetic eld energy density:

Lic _ Umad

1.7
Lwnch Umag ( )

Expressed in terms of the brightness temperature, Tg (Kellermann & Pauliny-Toth 1969):

n #
Lic Ts ° . Ts .

1+ ;
Lsynch 102K 100GHz 102K

(1.8)

where ,istheturnover frequency. When the brightnesstemperatureis below 102K, syn-
chrotron emission dominates. Above this value, however, the luminosity of the Compton
photons dominates of the luminosity of the synchrotron photons. Then the inverse Comp-
ton scattering of the already once-scattered photons (the second order inverse Compton
scattering) becomes important. This leads to the so called Compton catastrophe : elec-

trons lose their energy rapidly and the brightness temperature decreases back to 102K,
where the energy losses from inverse Compton scattering and synchrotron radiation are of
the same order. Kellermann & Pauliny-Toth (1969) conclude that the highest achievable
brightness temperature in AGN is 102 K.

However, Readhead (1994) gaveadi erent valuefor the lower limit for the maximum
intrinsic brightness temperature: 5 10K to 10" K. This is the so called equipartition
brightness temperature limit. He assumed that the sources are near to equipartition of
energy between the radiating particles and the magnetic € d.

14



1.2 Reativisticjets

3 tsin
2

Figure 1.3: Illustration of how the illusion of superluminal motion isformed. The observer isin
the direction of the vertical arrow. A jet component originates in point A, moves with an intrinsic
velocity of 3 towards point B, during atimeinterval t. The apparent separation measured by the
observer issypp =3 tsin . Theapparent timeinterval is tgp, = t 3 tcos . Therefore the
apparent speed can be calculated as34pp = Sgp= tapp-

In several radio loud AGN, however, brightness temperatures in excess of the Comp-
ton limit were deduced from variability time-scales viathe light travel time argument (see
Sect. 1.3). Additionally, in a couple of cases the observed X-ray ux was considerably
lower than predicted by SSC models (Marscher et al. 1979; Ghisellini et al. 1993). The
explanation for these phenomena is relativistic motion within the source which leads to
relativistic Doppler boosting, see Sect. 1.2.3.

This thesis basically deals with apparent Compton-limit violations in various AGN
and the possible explanations for this phenomenon.

1.2.3 Superluminal motion and relativistic beaming

Superluminal motion in AGN was predicted by Rees (1966) to explain the excess of
brightness temperatures in rapidly varying synchrotron sources. Superlumina motion
was rst observed with interferometric technique by Whitney et a. (1971) and Cohen
et a. (1971) in the quasar 3C 279.

Relativistic motion seen at asmall viewing angle (see Figure 1.3) causestheillusion of
an emitting region moving superluminally i.e. faster than the speed of light. Consider an
emitting blob movingwith anangle totheline of sight, with aspeed 3. It emitsradiation
at point A and later, after atime t, at point B. However, from the observer’s point of view
the apparent distanceisonly 3 t sin . During thetime t, theblob travelled 3 t cos
in the direction toward the observer, so the arrival timedi erence between the two signals
is reduced by this factor. Therefore the apparent speed in the plane of the sky perceived
by the observer in units of ¢ (speed of light) is given by:

sin
W= T o5 (1.9

where = 3=c.
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1 Introduction

For agivenvaue of , 4 isthe function of the angle . The maximum occurs at

cos = ,then 2= =sin = ,where istheLorentz factor, In order to detect
superluminal motion, 2> 1hasto beful lled; that means > 1= 2.
The minimum Lorentz factor required for agiven 4, valueis
q
mn= 1+ gpp (1.10)

which corresponds to an angle of
a=cot b (1.11)

When a radiating source moves with relativistic speed toward the observer, the ob-
served ux density is Doppler boosted:

3

So = 13 Se; (1.12)
where isthe Doppler boosting factor denedas = ( (1 cos )) !, and denotes
the spectral index of the source. Due to geometrical considerations, the exponent changes
to(2 ) inthecaseof amoreredlisticjet-likefeature (Scheuer & Readhead 1979). Even
for amoderate Doppler boosting factor of ve, the ux densit y of asource at redshift one,
with aspectral index of = 0:5, will be beamed by a factor approximately ten.

Similarly, when the source moves away from the observer, the ux density isreduced

by the same factor. Theratio of the observed ux density betw een an approaching jet and

areceding counter-jet is: |
Sj _ 1+ cos 2

S; 1 cos
Thise ect naturally provides the explanation for the observed one sided jet sources.

(1.13)

1.2.4 VLBI characteristicsof jets

In the Very Long Baseline Interferometry (VLBI) images of AGN jets, the observed op-
tically thick cores (so called VLBI-cores) represent the self-absorbed part of the conical
jet, the so called jet base. Thisis the point where the jet becomes visible. Usualy, the
VLBI coreisassumed to be stationary (see Sect. 4.5.3).

The observed superluminal features moving along thejet (VLBI components), are re-
gions of enhanced emission (Blandford & Konigl 1979; Reyndds 1982). In some sources
features moving toward the core or stationary features other than the core, can also be
detected. According to shock-in-jet models (e.g. Marscher & Gear 1985; Marscher et al.
1992), the moving components are caused by relativistic shocks propagating down the jet.
This model was successfully applied in a number of sources, in e.g. 4C39.25 (Marcaide
et al. 1994), or BL Lac (Mutel et al. 1990). However, it cannot explain al the observed
properties, for example intrinsic accelerations or long-lived components. The proposed
alternative modelsinvolve interaction with the ambient plasma (Rose et al. 1987), such as
two- uid models (e.g. Pelletier & Sol 1992).

In several sources, apparently bent jet trgjectories and componentsmovingindi erent
ballistic trgectories are observed. Models using helical motions are proposed to explain

16



1.3 Variability of AGN

curved trajectories seen for example in 3C 345 (Ros et al. 2000), S5B 1803+78 (Britzen
et a. 2005). Lobanov & Zensus (2001) observed a double helical structure in 3C 273
and interpreted it within the framework of Kelvin-Helmholtz instabilities. Their model
reproduced the jet structure on scales up to 30 mas consistent with the general morphology
of the jet on scales of up to 1 kpc.

Bent jets can be explained by precession in the region of the nucleus, which can be due
to binary black holes(Begelman et al. 1980; Sillanpaaet al. 1988), or gravitational interac-
tion between galaxies. Binary black hole models are successfully used in the description
of several sources, such as 0J287 (Valtaoja et al. 2000), 3C273 and M 87 (Kaastra &
Roos 1992), 3C 345 (Lobanov & Roland 2005), and PKS0420-014 (Britzen et a. 2001).

1.3 Variability of AGN

Short time-scale variability and the high luminosity observed in AGN led to the discov-
ery that the power of AGN is produced by a process more e cient than ordinary stellar
processes and to the hypothesis that massive black holes are the central engines of AGN
(Fabian 1979; Rees 1978). Variability studies provide crucial information about the parts
of AGN that cannot be resolved with the current observational techniques. The minimum
time-scale of the ux density changes is related to the size o f the emitting region. If the
observed time-scale of the variability (in the source frame) is t.4, then the emission has
to be produced in aregion with size:

R.2 c ty: (1.14)

This condition (so called light-travel time argument) means that all parts of the source of
the variation are causally connected, otherwise they would not vary in phase with each
other and consequently the amplitude of the variations would be reduced.

The luminosity of AGN is observed to vary practically at every wavelength, from
gammarray to radio. The time-scales range from several minutes to many years. The
fastest variations are detected in the gamma-ray and X-ray regime, with a time-scale
of 100s. The time-scales of variations, the correlations between variations at di erent
wavelengths, or the time lags between variations at di  erent wavelengths in continuum
or indi erent line components help in understanding the physical processes governing
the various components of the AGN. Inthedi erent parts of an AGN, di erent emission
mechanisms dominate, and each has its own characteristic frequency range. The sketch
in Fig. 1.4 (taken from Marscher 2005) displays the physical structure, the various emit-
ting regions, and the wavebands of the emitted radiation. In Fig. 1.2, the spectral energy
distribution (SED) of a typical quasar with its various components is shown. The rela
tionship and interconnections of these di erent emission regions and emission processes
are not understood completely (e.g. connection between the inner-jet and accretion disk,
connection between thejet and the central engine, the partia covering of the broadened X-
ray FeK line, etc.). Sincethedi erent components emitting in di  erent wavebands are
connected to each other, the best observational approach involves multi-waveband inves-
tigations across the electromagnetic spectrum. Naturally, multi-waveband, multi-epoch
observations require a large amount of observing time on a number of high-class instru-
ments (often involving satellites as well as ground based tel escopes) with very di erent
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Figure 1.4. The structure and various emitting regions of an AGN without the radio lobes
(Marscher 2005). The logarithmic length scale is in units of Schwarzschild radius. Only one
superluminal knot is shown, usualy many can be observed in the jet.

resolutions (and of course with very di erent weather conditions). Thus, organizing the
observations and reducing the obtained datasets are rather complex and demanding tasks.
However, these observations can provide answers to the most crucial questions concern-
ing emission propertiesin AGN.

A combination of multi-waveband variability monitoring and multi-epoch Very Long
Baseline Interferometry (VLBI) observations is one of the most e ective tools. For ex-
ploring how the jet kinematicsin uence the spectral energy distribution or distinguishing
e ects of relativistic beaming from intrinsic jet parameter changes. With polarization
information, one can pinpoint parcels of plasmaemitting at di erent frequencies.

Another examplefor thee ciency of variability studiesisthe so called reverberation
mapping technique (Peterson et al. 2004, and references therein). In this method, time
delays between optical continuum and emission-line variations are used to deduce the
size of the line-emitting region. Peterson et al. (2004) used this technique to determine
the distance between the BLR and the central engine and hence estimate the masses of
the central black holesin 35 AGN.

There is strong observational evidence that variability increases with decreasing (rest
frame) wavelength, which holds over a wavel ength range spanning at least the ultraviol et
to near-infrared (Ulrich et a. 1997, and references therein). This tswell into a picture
where relativistic electrons are injected or accelerated in the base of the jet giving rise

rst to a are of emission of synchrotron radiation at UV, the n at optical and millimetre
wavebands. Asthe electrons propagate along the jet, through opacity e ectsand radiation
losses, the are shifts into longer radio wavelengths and he nce the observed cm-radio
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1.3 Variability of AGN

radio peaks follow their high frequency counterparts with atime lag.

1.3.1 Component gection and variability

Time-scales of variations in the radio regime range from hours to years and are usually
aperiodic. The mgjor ux density variations in the radio reg ime can be modelled with
exponentialy growing and decaying ares (see Valtagja et al. 1999). The rst studies
linking total ux density variations with moving VLBI compo nents were carried out for
BL Lac by Mutel et a. (1990). They found that the outbursts of BL Lac between 1980
and 1988 can be associated with the emergence of new superluminal components. Abra-
ham et al. (1996) noticed that the estimated gjection times of seven VLBI components of
3C 273 wererelated to increasesin the single-dish ux densi ty. In the same source, T arler
et al. (1999) also found a good correspondence between the gection times of the VLBI
components and the beginning times of total ux density are s. InPKS0528+134, Krich-
baum et al. (1996) reported a correlation between the g ections of mm-VLBI components
and local minima in the 90 GHz light curve (see aso Qian et al. 1998). Similarly, Val-
taoja et al. (1999) were able to associate VLBI components with individual ares in the
millimetre regime in 3C 345. Similar correlations were found in PKS0420-014 (Britzen
et al. 2000) and in 3C 279 (Wehrle et al. 2001).

Savolainen et a. (2002) compared VLBI and total ux density dataof 27 -ray-bright
blazars. They concluded that for most of the events, the beginning of the major total ux
density are can be used as an indicator of the gjection time o f a new VLBI component.
They reported that the most pronounced outbursts occurred in the innermost few tenths of
mas of the core. Because of the limited resolution, these events could be detected in the
VLBI images only as the brightening of the core (so called core ares). They were not
able to determine how much of the areiscontained in the shoc k and how much is due to
changesin the coreitself. However, they suggest that it is possible to explain all the radio
variations as shocks created and propagating down the jet.

From the variability time-scale, the size of the emitting region, and hence the bright-
ness temperature can be calculated. Knowing the theoretical limit on Tg of a synchrotron
source, the Doppler boosting factor can be obtained (e.g. Lahteenmaki et al. 1999). Usu-
ally, the logarithmic variability time-scale is used (e.g. Wagner et a. 1996):

_dins *_hsi

bar = s (1.15)

where hSi isthe mean ux density inJy, S isthe standard deviationin Jy, and tisthe
duration of the variation in days. Then the source size can be written as:
!

1+
=356 10 “day 1Gpc ty —
L

mas, (1.16)

where D, isthe luminosity distance in Gpc.! Substituting these valuesinto equation 1.4,
the apparent brightness temperature can be calculated. In the case of Doppler boosting,

The luminosity distance is delged by the relationship betwe en the bolometric ux Syq and the bolo-
metric luminosity (Lyg) @ DL = * Lpo=4 Spal-

19



1 Introduction

the observed brightness temperature is connected to the intrinsic brightness temperature
as:
TaP=° Tt (117)

For T‘B”t usualy the Compton brightness temperature ( 10*2K) or the equipartition
brightness temperature (10! K) is assumed.

It is obvious, that the more rapid variations with time-scales of few daysor less, in the
radio bandsimply the smaller emitting size and higher brightnesstemperatures. The most
rapid observed variations infer brightness temperatures in the range of 10**K to 10° K
which, in the framework of standard jet models, are hard to explain, since they would
require excessive Doppler factors (30 to 200). In the next chapter, these fast variations
and proposed explanations will be presented and discussed in detalil.
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2 Intraday Variability

Rapid ux density variations on time-scales of days or lesst han a day are observed in
quasars and BL Lac aobjects through the entire spectrum from radio to gamma-ray. Short
time-scale variations of quasars in the radio regime were discovered in the mid-eighties
by Witzel et al. (1986) and Heeschen et al. (1987) and were named Intraday Variability
(IDV, for areview see Wagner & Witzel 1995).

The IDV time-scales range from a few hours to several days. Originaly, structure
function (SF) analysisof thelight curvesled Heeschen et al. (1987) to distinguish between
more rapid, type 1DV sources with time-scalesof 0:5daysto 2days and slower
type sources. The latter did not show clear maximain their SF, but rather a monotonic
increase within the observing time, suggesting atime-scale of 2days. This classi ca-
tion mainly resulted from the limited observing time. (SF analysisis described in detail
in Sect. 3.4.) Changes in the characteristic time-scales, such as a slow down or appear-
ance of a sudden more pronounced state of variability are also common phenomena and
have been observed in several sources, i.e. S50716+714 (Wagner & Witzel 1995; Qian
et al. 1996b), PK S0405-385 (Kedziora-Chudczer et a. 2001a), and S50917+624 (Kraus
et a. 1999). Recently, extremely rapid IDV sources have been discovered: PKS0405-385
(Kedziora-Chudczer et al. 1997), GB6J1819+3845 (Dennett-Thorpe & de Bruyn 2000),
and PKS1257-326 (Bignall et al. 2002). The time-scales of variations in those sources
are as short as afew hours.

According to IDV surveys (such as Lovell et a. 2003; Kraus et al. 2003; Cimo 2003;
Kedziora-Chudczer et al. 2001b), 20 % to 25% of all compact at spectrum extragalactic
radio sources show IDV. Steep spectrum sources or more extended core-jet sources do not
show IDV.

The variability is usualy strongest at lower radio frequencies (2 GHz to 5 GHz), but
IDV was aso detected in the millimetre regime (Kraus et al. 2003; Cime 2003). Corre-
lation between the short time-scale variations in di erent wavebands (radio and optical)
has been observed in S50716+714 (Wagner et al. 1996; Quirrenbach et al. 1991) see Fig.
2.1 and in $40954+658 (Wagner et a. 1993).

The peak-to-peak variationsarein the order of acouple of percent intotal intensity and
usually much morein polarizedintensity  20% to 100 %. Polarization angle swingshave
been observed within afew hours for example in S50917+624 (Quirrenbach et a. 1989)
and S51150+812 (Kochenov & Gabuzda 1999). Both correlation and anti-correlation
between total and polarized intensity variations have been detected. Several timeswithin
the same sources both phenomena were detected and additionally transitions between
these two stages have been observed as well.

LIn the following, we refer to this source as J1819+3845.
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Figure 2.1: Normalized optical (top) and radio (bottom) light curves of S50716+714 by Quirren-
bach et d. (1991).

To describe the strength of the variability, the modulation index and the variability
amplitude are used. The modulation index is de ned astherat io of the standard deviation
of ux density to the mean value of the ux density:

= — 2.1
M= s @D
It is useful to the compare the modulation index of atarget source to that of an assumed
non-variable, secondary calibrator. That appearsin the de nition of the variability ampli-
tude:

q

Y= 3m nm; (22)

where m, denotes the modulation index of a source regarded to be stationary, during the
observation. The variability amplitude of a secondary calibrator is by de nition zero.
(Both mand Y can be derived for variations of the total ux density aswell asfor varia
tionsin polarized ux density.)

Based upon the observed time-scales, causality arguments (as described in Sect 1.3)
limit the size of the emitting region to a coupl e of light-days or light-hours, in the range of

as. Consequently, theinferred brightnesstemperaturesareintherangeof 10K to 10'8K;

in the case of PK S 0403-385 the apparent brightnesstemperaturesmay reach 10?2 K ac-
cording to Kedziora-Chudczer et a. (1997). These are far in excess of the inverse Comp-
ton limit. Compton limit violations have already been observed in many cases and were
explained by introducing relativistic beaming and Doppler boosting. However, in the case
of IDV sources, the required Doppler factors are much larger than those so far observed
with VLBI: in the range of 100 to 1000.

The theoriesfor explaining IDV phenomenon can be divided into intrinsic and extrin-
sic explanations. These theories will be summarized in the following.

2.1 Intrinsic explanations

Source intrinsic theories try to explain the observed high brightness temperatures with
di erent physical processes taking place in the varying sources. Most of these models
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2.1 Intrinsic explanations

produce the required high Doppler boosting factors, for example with modi ed shock-

in-jet models, or special geometrical considerations, etc. These theories dea with the
standard synchrotron self-Compton processes, other explanations however propose alter-
native radiation processes. In the latter case, Compton catastrophes do not occur, thus
the attainable brightness temperature is not limited.

Shocks in turbulent relativistic jets have successfully explained ares and outbursts
seen in radio light curves (see Sect.1.3) and their propagation from higher to lower fre-
guencies. In the shocks, magnetic elds are compressed and h ence the variations aso
lead to variations in polarization and polarization angles (Hughes et al. 1985; Koenigl &
Choudhuri 1985). Also, the simultaneous swings in radio and optical polarization can be
explained via these models (Kikuchi et al. 1988). Di erent modi cations of this model
were invoked to explain the time-scales, quasi-periodicity, and frequency dependences
observed in IDV sources.

Qianet a. (1991) propose a shock-in-jet-model, where the shock propagates through a
jet, in which both the synchrotron-emitting electrons and the magnetic eld are turbulent.
The moving thin shock illuminatestheinhomogeneous structure of the underlying jet. The
size of the emitting region in thismodel is determined by the jet radius and the thickness
of the shock. Hence, without invoking unreasonably high Doppler boosting factors, the
brightness temperature problem can be avoided. In another model of Qian et al. (1996a)
ashock moves along a magnetically con ned jet with oscillat ing cross section.

A di erent type of theory to explain IDV is the so-called light-house e ect (Camen-
zind & Krockenberger 1992). In that scenario, knotsin thejet move on helical trajectories,
thus the direction of beaming varies with time. The observer close to the axis of the jet
detects ares as the beam sweeps across the line of sight (similar to pulsars). Severd
knots in the jet can produce quite complex light curves. Various VLBI observations in-
deed showed jet components moving on helical trgjectories (e.g. Kellermann et al. 2004;
Gomez et a. 1999). Quasi-periodic oscillations were interpreted in the framework of this
model, for examplein the case of 3C 345 (Ros et a. 2000, and references therein).

The swinging jet model of Gopal-Krishna & Wiita (1992) allows small variationsin
the direction of shocks occurring inside arelativistic jet. They were able to quantitatively
explain the correlation (and anti-correlation) between the total and polarized ux density
variations observed in several IDV sources.

Spada et al. (1999) propose a model, which can account for the observed IDV in
cases where the apparent brightness temperature is lower than 3 10'” K. Their model
isamodi ed version of that by Salvati et a. (1998) which int erprets the extremely fast
variations in the TeV emission of Mrk421. In their scheme, a slab of electrons travels
along the steady jet with the same bulk Lorentz factor; these electrons radiate only when
they pass through a conical shock, where they are accelerated to relativistic velocitiesin
the comoving frame. Thus they radiate in succession rather than simultaneously.

Gopa-Krishnaet al. (2004) argue that, if the jet opening angleisalowedtobe 10
on the parsec scale, then even the modest observed superluminal speeds (3, 3C to
5¢) would be enough to explain the required high Doppler and Lorentz factors. In that
scenario, they associate the VLBI knots directly with shocks in the ultra-relativistic jet

ow. Usually, these features are thought to be connected not to the fast spine but to a
slower surrounding layer (e.g. Ghisellini et a. 2005, an d references therein).

Begelman et al. (1994) examinethe constraintson highly relativistic (with bulk Lorentz
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factors up to 100) synchrotron emitting jets. They argue that the synchrotron radiative ef-
ciency of such jets would be extremely small, implying that the jet would have to carry
large uxes of electromagnetic and kinetic energy to produc ethe observed radio emission.
Thus, theradiativeine ciency places an upper limit on the attainable bulk Lorentz factor
of the jet. Begelman et al. (1994) claim that this limit is just compatible with the obser-
vation (except for the three extreme fast IDV's, which exceed this limit); theoretically the
required Doppler factors can be achieved. To obtain these speeds, they propose hydro-
magnetic accel eration processes instead of radiative or thermal accel eration processes.

Coherent radiation mechanisms avoid the problem of Compton catastrophes. For ex-
ample, Benford (1992) reports on laboratory experiments of collective emission in tur-
bulent plasma. Lesch & Pohl (1992) suggest a scenario, where coherent and incoherent
processes together are responsible for the observed variability characteristics in AGN.
Begelman et al. (2005) propose that high brightness temperature radiation could be are-
sult from electron cyclotron maser instability in athin layer along the wall of the jet.

2.1.1 Observational evidencein favour of extrinsic explanations

Shock-in-jet models with ne-tuning of their parameters ca n successfully explain the be-
haviour of severa IDV sources:

The model of Qian et al. (1991) can account for amost all of the observed features
in S50917+624. Qian et al. (2002) showed that a two component shock model,
where the polarization orientation of the shock component is approximately perpen-
dicular to that of the underlying background component can explain the variations
in polarized ux density, and the polarization angle aswell .

A dlightly di erent shock-in-jet model (Qian et al. 19964) was able to successfully
interpret the correlated short time-scal e optical and radio variationsin S50716+714
and the quasi-periodicity in the radio spectral index between 5 and 8.3 GHz.

Spada et a. (1999) demonstrate the e ectiveness of their model on S50716+714.

Begelman et al. (2005) claimsthat their cyclotron maser model can give account for
the observed high brightness temperature of one of the most extreme IDV sources,
J1819+3845.

2.2 Extrinsic explanation, scattering of radio waves in
the | SM

While the intrinsic theories try to account for the inferred high Doppler boosting factors,
the extrinsic explanation attack the problem from adi erent direction, claiming that the
variations observed do not originate in the source itself, but are caused by a propagation
e ect, taking placein our Milky Way.

It has been known since the early 1970s that pulsars are subject to interstellar scin-
tillation (1SS). Several e ects of ISS have been observed on pulsars, such as angular
broadening, intensity scintillations, broadening of the pulsar pro les due to the delayed
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2.2 Extrinsic explanation, scattering of radio wavesin the ISM

arrival of the scattered radiation, angular wandering of the scattered image and systematic
drift slopes of the intensity scintles in pulsar dynami ¢ spectra.
Low frequency variationsin extragal actic radio sources are con rmed to be connected

to ISS as well. Low frequency variable extragalactic (LFV) sources (Fanti et al. 1981)
experience variations of 3% to 30 % over periods of months at frequencies below 1 GHz.
First Shapirovskaya (1978) proposed ISS as an explanation for low frequency variability,
later Rickett (1986) and Spangler et a. (1993) demonstrated that refractive interstellar
scintillation (RISS) provides a satisfactory explanation for at least part of the observed
LFV.

2.2.1 Parameterizationsof electron density turbulencein the | SM

The electron density uctuationsin the interstellar mediu m are usually discussed in terms
of apower spectrum: P (q), where q isthe three dimensional wavenumber. For wavenum-
bers between the inner scale (1=0inner) and outer scale (1=qouer), P () can be described as
apower law:

P(a)=Ci(Nid (2.3)

where the factor CZ (r) is assumed to vary slowly with position. For jgj > Giner P (0) falls
rapidly to zero, for jqj < Qouter, it SAtUrates at a constant val ue.

Although observations have been made for more than 30 years now, none of the pa-
rameters (C2, , Qime Couwer) iN €quation 2.3 are fully characterized. To complicate the
picture, these parameters can also depend upon the regions where the scattering material
islocated. The plot from Armstrong et al. (1995) in Fig. 2.2 shows the (logarithm of the)
inferred three-dimensional electron density power spectrum versus the logarithm of the
wavenumber. The gureillustratesthedi erent observational techniques which are used
to study the electron density power spectrum.

Theinner and outer scalesdi er by at least seven orders of magnitude (e.g. Armstrong
et al. 1995). Estimations of the inner scale range from 10° m to 10°m (e.g. Rickett et al.
1984; Gupta et al. 1993; Wilkinson et al. 1994; Molnar et al. 1995). Proposed estimates
for the outer scale, range from afew AU to tens of parsecs (Desai et al. 1994; Guptaet al.
1993).

Usually the Kolmogorov value of 11=3 is assumed for the power spectral index , de-
rived from most of the observations. However, there are particular lines of sight, where
observations suggest valuesup to 4 (Bhat et al. 1999). A spectrumwith = 4 would mean
that the interstellar plasma is entirely made of clouds with abrupt edges (for example
shocks due to a supernova explosion). Armstrong et a. (1995) summarized the ISS ob-
servations of the nearby interstellar medium (up to 1 kpc) and concluded that the data are
consistent with a Kolmogorov spectrum over the wavenumbers 10 *m * to 10 63m 1,
and equal to four is compatible with the data in this range, only if an outer scale of
10 m to 10'® misinvoked.

The scattering measure (SM) is de ned as the line of sight int egral of the amplitude
of the uctuations:

/D
SM= Cids (2.4)
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Figure 2.2: Logarithmic plot of the electron density power spectrum versus wavenumber from
Armstrong et al. (1995). Di erent observational techniques are used in di erent part of the spec-
trum to revea its characteristics. Dotted lines are Kolmogorov spectra with outer scale of 108 m
and inner scales of 10° m and 10® m. Dot-dashed line is a model spectrum having power law
exponent of 4.

where D is the path length through the scattering medium. The strength parameter, C2,
and the SM can change by orders of magnitude over afew degrees. The model of Cordes
et al. (1985) describes the electron density turbulence with two components. a thin one
(scale height ~ 100pc) with CZ 10 3to1 m 23, and a thick one (scale height

500pc) with C3 10 ¥**m 3, From the scintillation study of 20 pulsars, Bhat
et a. (1998) modelled the local interstellar medium (LISM). Their best t model requires
a three-component scattering medium, where the solar neighbourhood is surrounded by
a shell of much higher density uctuations embedded in the no rmal, large-scale ISM.

The line-of-sight-averaged value of C for the inner cavity is 10 ™m 2% < C2 <
0 %2m 203 for theouter ISM isCZ < 10 3¥m 23 and for theshell is10 “®pcm = <

Od CZ (s)ds < 10 9*®*pcm 2%3, where d is the thickness of the shell.
Beside the SM, other integrated measures are al so used to describe the el ectron density
and its uctuations along the line of sight. These are the fol lowing.

Dispersion measure, the path integral of the electron density:

/P
DM = n.dspccm 3 (2.5)
0

where ne is the number density of free electrons along the line of sight. DM values
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2.2 Extrinsic explanation, scattering of radio wavesin the ISM

are obtained from measurements of thedi erential arrival times of pulsars pulses at
di erent frequencies.

Emission measure, path integral of the squared electron density:

/D
EM = nZdspccm © (2.6)
0

EM can be measured from recombination line and free-free absorption or observa-
tionsof H .

Rotation measure, the path integral of the parallel component of the magnetic eld
(B;) multiplied by the electron density along the line of sight from the source to the

observer:
ZD

RM =812 n.Bjdsradm ?; (2.7)
0

where B; is in mG. RM is sensitive to the correlation of electron density and
magnetic eld. Observations suggest that magnetic eld uc tuations accompany-
ing or driving the density uctuations are responsible for s cattering. 1n magneto-
hydrodynamical (MHD) turbulence, the density uctuations are expected to be
aligned with the direction of the magnetic eld and thus to sh ow anisotropy. Ef-
fects of anisotropy were observed in the case of several highly scattered sources,
such as Cyg X-3 (Wilkinson et al. 1994) and NGC 6334B (Trotter et al. 1998).

2.2.2 Scattering regimes

This subsection is based mainly upon the paper of Narayan (1992), which reviews and
summarizes the scattering regimes of scintillation.

For an assumed originally unit amplitude wavefront from aradio source, the Fresnel-
Kirchho integral describes the amplitude received at the observer plane (in the point
(X;Y)) after the wavefront crosses the scattering screen at a distance L from the observer:

e (x X+l VP

exp i (Xy)+i
2 rZ 2r2

(XY) = dxdy; (2.8)

here (X;y) isthe phase changeintroduced by the scattering medium at apoint (x;y), is
the wavelength, rg isthe Fresnel scale:

r—
L

e = 2—: (29)
For observations at 1 m wavelength over alength scale of 1kpc, the Fresnel scaleisre
10 8pc. The second term in the exponential of equation 2.8 is the contribution to the
phase due to the additional path length between (x;y) and (X;Y).2 When there is no

2Inthe limit of small scale scattering, i.e:jx Xj Landjy Yj L.
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2 Intraday Variability

scattering, (x;y) =0, (Xy) = 1. When scattering occurs, random phase uctuations
are introduced to the wavefront. If there is a transverse velocity between the scattering
medium and the observer-source line-of-sight, then temporal variationswill be observed.

Besidesthe Fresnel scale, another basic length scalein the theory of scintillationisthe
di ractivescalery . Thisisthetransverse separation over which theinduced phase varia-
tions are coherent within one radian. With these two length scalesthe di  erent scattering
regimes can be de ned.

Weak scattering

Weak scattering (WISS) occurs, when rg; re.  (XY) experiences only weak pertur-
bations, which consequently means that the measured ux var iations are small. A source
is point-like in this regime if its size is smaller than the Fresnel angle, determined from
the Fresnel scaleas: ¢ = re=L. The scintillation time-scale and the modulation index are
given by:

r
tint f (2.10)
ls
6
My rr—F < 100%; (2.11)
di

where 3 isthe transverse vel ocity between the scattering medium and the source’s line-of -
sight.

If the angular size of the source islarger than the Fresnel angle then the scintillations
are dampened:

taing te— (2.12)

.
me £ F < m, < 100 %; (2.13)
I di s
where srefersto the scintillating source size. For example pulsars are subject to WISS at
cm wavelengths and the extrinsic explanation of IDV of extragalactic radio sources also
involves WISS of compact AGN.

Strong scattering

Strong scattering is characterized by r ; re. TheFresnd scalelosesitsrelevanceinthis
regime, as the phase uctuations vary by many radians over re. Instead, rq becomesthe
characteristic scale, asthisisthe scale on which the phase may be assumed to be constant
(within 1 rad). The spectrum of ux density variations in thi s regime has two peaks at
two widely separated length scales. The di ractive scale de nes the branch of di  ractive
scintillation, while the longer refractive scale corresponds to weaker scintillations, and
this branch is referred to as refractive scintillation. The refractive length scale is de ned
as: et = 3T .

The most important featureinthedi ractive regimeis the so-called multi-path propa-
gation. Each (X;Y) point in the observer plane receives radiation from numerous (X; y)
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points of the scattering screen. The scattering screen can be visualized as a sum of
large number of coherent patches (each surrounding the points of stationary phase), with
asizeof rg . Each of them scatters the radiation into a di raction cone of angle:
at S re=L. Therefore, as the observer receives rays from a range of angles
«a, the image of a point source will be scatter broadened by this angle. The rays
contributing in forming a point in the observer plane have random phases; they interfere
with each other and produce a random interference pattern.
Again asource is treated as point-like if its angular size is smaller than the di rac-
tivescaedened angle:. 4 = rg =L. Inthat case, the scintillation time-scale and the
modulation index are:

r .
tecint % (2.14)
m  100%: (2.15)

If the source is extended, the scintillation will be suppressed:

tsgint tai T_S (2.16)
|

m, 4 <100%: (2.17)
S

When the inhomogeneities of the scattering screen are larger, on a length scale of
I'e, then refractive scintillation occurs. In that branch, the observer receives radiation
from alarge number of rg -sized coherent patches; if the phase uctuations have afoc us-
ing pro lethenthereceived ux islarger, if they have defoc using pro lethen the received
ux issmaller. A source is point-like if it is smaller than th e scattering size (de ned by
the refractive scale): s < «a = Ie=L. The scintillation time-scale and the modul ation

index are:

r
tecint rTef (2.18)

s " < 100% (2.19)

For an extended source, the time-scale becomes longer and the modulation index is re-
duced:

S

tsgint Uref (2.20)
i
- 7
. 3 I3
rri 27 < m, < 100%: (2.21)
F S

The source size requirement is much more stringent in the case of di ractive scin-
tillation: for atypica path length through the ISM at metre wavelengths givesa
10 ®arsec Therefore only pulsars are small enough to experience not just refractive but
di ractive scintillation as well. The observed time-scales of DISS in pulsars are in the
order of 100s. Because of the much larger extent of extragalactic radio sources, they
do not exhibit di ractive scintillation. There is only one quasar J1819+385 that showed
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some evidence of di ractive scintillation caused ux density variability (Mac quart & de
Bruyn 2005).

Although AGN are too extended to display DISS-induced ux de nsity variations, their
angular diameters can be comparableto «4 implying that they can show angular broad-
ening.

Moreover, they are also subject to refractive strong and weak scintillation. For a point-
like source in the refractive strong regime, the strength of scintillation (the modulation
index) increases with increasing frequency: m =% (e.g. Goodman 1997). However,
above a transition frequency weak scattering takes place, where the modulation index
goesas. m 2, Thistransition frequency, in the case of high Galactic latitude sources,
is thought to be between 1 GHz and 8 GHz, whilst it is higher for sources closer to the
Galactic plane (Walker 1998, 2001). In almost all cases the intrinsic source size islarger
than the Fresnel scale (at frequencies 1 GHz and scattering screen beyond the Solar
system). Therefore the scintillations are quenched as described above.

2.2.3 Annua modulation

One consequence of the scintillation theory is the annual modulation. An annual cyclein
the observed variability time-scale is caused by the changes of the relative velocity be-
tween the Earth and the scattering screen as the Earth orbits the Sun. When both movein
similar direction, the relative speed islow, hence the variations are slow. Six months|ater,
when the Earth movesin the opposite direction, the variations are faster (for examples see
Fig. 2.3, and Fig.2.4; for details see Sect. 3.6.2).

Apart from being a perfect tool to prove the extrinsic origin of short-time-scale vari-
ations, annual modulation can provide information on the velocity and distance to the
scattering screen and anisotropy of the scattering material. The observations of the sea-
sonal changes in the time-scale can be accomplished theoretically for larger samples of
sources. However, practical di culties exist since accurate sampling of the time-scale
at di erent times of the year is necessary and the observations should continue during a
couple of yearsto provide su cient datato constrain the model.

2.2.4 Observational evidencein favour of extrinsic explanations

The two most convincing pieces of observational evidencein favour of theextrinsic origin
of IDV are the time delay in the variability pattern arrival time and the annual cycle of
the characteristic time-scale of the variability. Measurements of the time delay at two
widely-spaced radio telescopes are feasibleonly for su  ciently rapid sources. Thus, these
measurements were carried out for only the three most extreme ( intra-hour ) variable
sources: PKS0405-385 (Jauncey et a. 2000), J1819+3845 (Dennett-Thorpe & de Bruyn
2002), and PKS 1257-326 (Bignall et a. 2003).

Annual cycles have now been found in three sources. J1819+3845 (Dennett-Thorpe
& de Bruyn 2003, see Fig.2.3 and 2.4) PKS1257-326 (Bignall et al. 2003; Bignall 2003),
and PKS1519-273 (Jauncey et a. 2003). There isincreasing evidence that $4 0954+658
also shows an annual modulation (L. Fuhrmann priv. comm.). Krauset al. (1999) reported
a remarkable slow-down in the variability of S50917+624 and predictions of an annual
cyclewere performed by Rickett et al. (2001) and Jauncey & Macquart (2001). However,
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2.2 Extrinsic explanation, scattering of radio wavesin the ISM

Figure 2.3: Monitoring observations of J1819+3845 at 5 GHz over 15 months from 2000 until

2001, performed by Dennett-Thorpe & de Bruyn (2003) with the Westerbork Synthesis Radio

Telescope (WSRT). The annual change in the time-scale of the modulations is clearly apparent.

Each panel covers up 12 hours. The time-scale when the source is most rapid can be as short

as 15min. Between August and December it slows down, then the variability time-scale is
120 min.

the fast variations in S50917+624 have not restarted since September 2000 (Fuhrmann
et al. 2002b).

A similar problem occurs in the case of the above mentioned extra rapid variable
PKS0405-385. It shows short-lived phases (lasting several months) of fast variations
followed by aslow ux density evolution during years (Kedzi ora-Chudczer et a. 2001a).
These episodic IDV events can be attributed to source intrinsic changes or changes in the
scattering material. Changes in the source structure, e.g. gjection of a new component or
expansion of the scintillating component can severely in u ence the observed variations,
since the time-scale and modulation index are functions of the intrinsic source size (see
Sect. 2.2.2).

Additional support for ISS comes from the strong frequency dependence of variations
observed in IDV, which is mostly (however not entirely) consistent with the predictions
of ISS. In most of the cases the variability modulation index has a maximaaround 3 GHz
to 5GHz, and the variations are reduced both below and above thisvalue. This frequency
behaviour is expected from ISS theory. Above a transition frequency, the observed vari-
ability can be described asweak scattering (and it gets weaker with increasing frequency).
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2 Intraday Variability

Figure 2.4: The time-scale of the variations in J1819+3845 as a function of observation date
(taken from Dennett-Thorpe & de Bruyn 2003). The slow-down can be clearly seen at around
days 240 to 280. The dotted line corresponds to the prediction if the scattering plasma has no
peculiar velocity. The solid line gives the best t to the dat a if the plasma is alowed to have a
peculiar velocity. The screen velocity in declination is31kms 1, inright ascensionis 1kms 1.

Below thistransition frequency strong scattering takes place, and the variability strength-
ens with increasing frequency.

Rickett et al. (2005) identi ed variations with time-scale s of 5days to 50 days at
2GHz, which they interpreted also as ISS phenomenon, an intermediate stage between
LFV and IDV.

Using the results of the MASIV survey (Lovell et a. 2003) and publicly available
VLBA images, Ojhaet al. (2004) studied the morphological di erences between scintil-
lating and non-scintillating sources. The scintillating sources have alarger portion of their
ux in a compact core, and have smaller angular sizes than the non-scintillating sources.
Low and high ux density scintillatorsdo not show di  erent morphologies. These results
are consistent with the 1SS theory.

2.3 Summary

Apart from observational evidence, another argument in favour of 1SS-induced IDV is
that even intrinsic explanations of the variability introduce source sizes so small that they
have to experience ISS as well.® Thus, the 1SS surely playsarolein IDV.

On the other hand, even though ISS provides very convincing explanation for IDV
in general, numerous intriguing problems remain. The strongest argument against the
extrinsic origin of IDV isthe observed correlated variations over wide frequency ranges.
Quirrenbach et al. (1991) and Wagner et al. (1996) report on correlated optical and radio
variations in S50716+714 (see Fig. 2.1). Also a correlation between radio and optical
ares were detected in S4 0954 +658 by Wagner et al. (1993). Whilst changesin theradio

3Exceptionsarethoseintrinsic theories, that introduce new radiation procedures. However these theories
are not con rmed by any other observed phenomena.

32



2.3 Summary

regime can be explained vial SS, variations at the much shorter wavelength inthe optical
cannot be caused by scattering.

Similarly, the IDV phenomenon has also been observed in the millimetre regime, and
the variations were too large compared to the prediction of 1SS theory (Kraus et a. 2003).
In several sources the frequency dependence of the modulation index did not follow the
prediction of 1SS even at centimetre wavelengths (Krichbaum et a. 2002). For example,
$40954+658 instead of a peak, exhibits a minimum modulation index in the range of
3 GHz to 5GHz, and mincreases with increasing frequency above 8 GHz.

In explaining the changes in polarization ux density and po larization angles within
the framework of 1SS, sources had to be described by multiple component models with
di erent polarization characteristics. For example in PKS0405-385 see Rickett et al.
(1995, 2002), or in S50917+624 see Quirrenbach et al. (1989); Qian et a. (2002, 2001).
But still these fairly complicated models were not able to describe all the observed vari-
ability characteristics.

These phenomena either imply that the theory of 1SS in its present form is not yet
developed enough to account for al the observations (for example inhomogeneitiesin the
scattering material, non-Kolmogorov type turbulence), or especiadly at higher frequen-
cies source intrinsic changes play an important role as wel |. Episodic changes in the
IDV time-scale (discussed in Sect. 2.2.4) support the ideathat IDV is a complex mixture
of ISS and variationsin the source itsalf.

Although, extrinsic explanation avoids unreasonably high Doppler factors, in some
casesit requires such small (scintillating) source sizes, that the cal cul ated brightness tem-
peratures are in excess of the Compton limit in the range of Tg 103K to 104K and
so still require Doppler boosting factors of 10 to 100. For example, in the extremely
fast source PK'S0405-385 the derived brightness temperature is Tg = 5 10 K. and in
J1819+3845 Macquart & de Bruyn (2005) aso report on the observed di  ractive scintil-
lation and a brightness temperature of 104 K.

In calculating the scintillating source size and hence the brightnesstemperature val ues,
the distance to the scattering screen isavery important parameter. More reasonable values
can be obtained for the intra-hour variables assuming nea rby scattering screens, less
than 100pc. These distancesare:  12pc in the case of J1819+3845 (Dennett-Thorpe
& de Bruyn 2003), 10pc to 15pc in the case of PKS1257-326 (Bignall et a. 2003), and

25pc in the case of PKS0405-385 (Rickett et al. 2002). However in normal (slower)
IDV sources, where time-delay measurements are not feasible, the estimates of scattering
screen distances are cruder.

If IDV is caused by scattering of the radio waves in the turbulent ISM of the Milky
Way, naively one can expect to see a Galactic-latitude dependence of the observed vari-
ability characteristics and the distribution of IDV sources on the sky. In the case of LFV
such dependence was detected. Also the early observationsby Heeschen & Rickett (1987)
showed a correlation with Galactic latitude. However, the already known IDV sources do
not show a clear correlation of variability characteristics with the Galactic latitude. This
also supports the idea that the scattering screens responsible for scintillation are nearby,
therefore one cannot expect to see the re ection of the large -scale distribution of the
Galactic materia on the locations of the observed IDV sources. If thisisthe casein most
IDV sources, then the scattering material is more likely to be connected to the local in-
terstellar medium (LI1SM) for example to the boundary of the Local Bubble. The Local
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Bubbleisahot, low-density structure, irregular shaped void (Cox & Reynolds 1987). Un-
fortunately, still not much is known about the amount of ionized materia within the Local
Bubble, and the nature of its boundary.

Fuhrmann (2004) investigated the possible connection between di erent H regions,
Galactic loop structures, and the positions of known IDV sources, and tried to detect
directly the screensin front of 1DV sources via spectral line observations. Altogether six
IDV sources (out of surveyed 15) were found to exhibit intervening CO material along
their lines of sight (e.g. $40954+658 Fuhrmann et al. 20023).

Inthefuture, the Square Kilometre Array (SKA) will provide ahuge amount of dataon
scintillating radio sources (Lazio et a. 2004) and thus help to better constrain the model
of ISM and the LISM and consequently to understand more thoroughly the connection
between IDV and ISS and to better disentangleintrinsic and 1SS-induced short time-scale
variations.
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3 Intraday Variability observations

3.1 Investigations of galactic latitude dependence of 1DV
sour ce positions

The distances to the scattering screens of 1DV sources are very crucial parametersin the
extrinsic explanations of the IDV phenomenon (see Sect. 2.3). The farther away the
screen from the observer, the longer the time-scale of the variations will be, assuming the
same scintillating source size and same velocity for the scattering screen.

From pulsar dispersion-measure studies Nordgren et al. (1992) reported that the Gal ac-
tic scattering medium follows a well de ned latitude depend ence. If IDV is caused by
RISSintheturbulent ISM of the Milky Way, one would similarly expect to detect a Galac-
tic latitude dependence in the distribution of 1DV sources on the sky. Quirrenbach et al.
(1992) presented a statistical analysis of results of IDV observations performed at 6cm
and found no dependence of the strength of Intraday variations on Galactic latitude, and
that thee ect isnot con ned to acertain region in the sky. Shapirovska ya& Larchenkova
(1995) examined the modulation index dependence on Galactic latitude. Their statisti-
cal analysis was based mainly upon the observational data of low frequency variability
(Simonetti & Cordes 1990), ickering of extragalactic ra dio sources (Heeschen 1984,
Heeschen & Rickett 1987) and IDV data of Quirrenbach et al. (1992). They found acorre-
|ation between the modul ation index and Galactic latitude. However, this correlation does
not follow the one predicted by the RISS theory of Rickett (1986) tobem  (sinb) 2,
where b is the Galactic latitude. Based upon these results, they noted there should be a
much stronger correlation between m of IDV sources and the Galactic latitude than was
observed.

Kedziora-Chudczer et al. (2001b) reported that, from the Australia Tel escope Compact
Array (ATCA) IDV survey, the distribution of 1DV sources with respect to the Galactic
plane is not random, but does not follow the simple predictions of the ISS theory.

Cimo (2003) statistically analyzed the results of IDV monitoring projects performed
withthe E elsberg 100 metre radio tel escope and with the Very Large Array (VLA) from
1985 to 2000. He found no any evidence for a latitude dependence of the strength of
the variability. He argued that the observed features of IDV are not caused by the global
distribution of matter in the ISM, but rather by local clouds.

Fuhrmann (2004) introduced a new approach: direct detection clouds in front of
known IDV sources. Observations of radio recombination lines of hydrogen did not
yield results (four IDV source positions were checked). However, CO lines were de-
tected towards four known IDV sources out of a sample of 13 (e.g. in the direction of
4 0954+658, see Fuhrmann et a. 2002a) and a literature search revealed that CO clouds
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