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Preamble

In the 1930’s, a new window on the sky was opened. Karl Jasskgtovery of the radio
emission of the Milky Way was the birth of a new field in astrong radio astronomy.
Astonishing new objects were discovered during the comerpdes: pulsars, quasars,
the cosmic microwave background, etc.

Radio waves areftected by the ionized interstellar medium through which thass.
Wide ranges of scatterindgtects can occur and influence the observed characteristics of
compact radio objects. Distinguishing between scattendgced and source-intrinsic
phenomena is very important, both in studying the intdiestehatter of the Milky Way
and in investigating the physical properties of the backgtbsource itself.

A large number of flat spectrum extragalactic radio sourcésbé Intraday Vari-
ability, which is thought to be at least partly due to intelistr scintillations. This phe-
nomenon is still not understood completely. Can propagadi@ct alone account for all
of the observed variability characteristics? How impatrtarthe contribution from the
intrinsic structure of the source? What is the mixing ragtween extrinsic and intrinsic
effects? In what extent are the radio observations of Activa&ial Nuclei influenced by
the interstellar matter of the Milky Way?

In this thesis, these questions are investigated throufjbreint observational ap-
proaches:

¢ IDV observations of selected samples of flat spectrum raalinces are presented.
The dependence of variability characteristics on the gial&atitude is discussed.

e The interplay between extrinsic and source intringfeds is studied in detail for
a specially selected scatter broadened quasar using siistl@nd interferometric
measurements.

¢ Investigating the milliarcsecond to sub-milliarcsecotrdicture of an IDV source
at the highest angular resolution in closely-spaced epockime can reveal the
possible changes in the source structure on IDV time-sc&pace-VLBI data of
total and polarized intensity of an IDV blazar are analyzed discussed.






Conventions and constants used In this
thesis

Cosmology Throughout this thesis Cold Dark Matter (CDM) cosmology s&d. The
cosmological parameters are those derived from the Witkildicrowave Anisotropy
Probe (WMAP) Observations (Spergel et al. 2003):

The Hubble constant iddy = 71 km s* Mpc™?
Dark energy densityQ, = 0.73
Matter densityQy = 0.27

Spectral index The spectral indexa) is defined asS ~ v**, whereS is flux density and
v is the observing frequency.

Non standard units Measurement units used in this thesis:
Rayleigh: 1 Rayleigh is the flux of 2@hotons emitted in all directions per square
centimetre, per second.
Jansky: 1Jy 1026WHztm™
Parsec: 1pe 3.08568- 10'*m
Astronomical Unit: 1 AU= 1.5- 10" m






1 Introduction

1.1 Active galactic nuclei

The term active galactic nuclei (AGN) refers to the centegions of those 7 % of all
galaxies in which the energy output exceeds the amount émgbe attributed to ordinary
stellar processes. The luminosities of AGN range betweéfet@ s and 1d8erg s?,
10* times larger than that of a typical galaxy. These enormomnniasities are produced
within a small volume of a few pc and can be observed over braage of frequencies,
from radio bands to the extremerays at TeV energies.

1.1.1 Classification of AGN

Various types of AGN exist. The first AGN type objects werecdigered in the 1940s
in the optical waveband by Carl Seyfert (Seyfert 1943). Thss of extremely bright,
mostly spiral galaxies were then nantasifert galaxies. (Although their unusual emission-
lie spectra had been noticed earlier, see Mayall 1934, dedereces therein). They are
characterized by a luminous core and very bright emissiasli Type 1 Seyfert galaxies
exhibit both narrow and broad emission lines, whilst typén@vs only narrow emission
lines. Recently, there are indications that the two typeSeyffert galaxies do not group
in clearly separated classes, but they follow a continuastsilobution between the types
(Williams et al. 2002; Dewangan & Gfiths 2005).

Naturally, as the observing technique develops, the ¢leason evolves as well. An-
other type of AGN, nameduasar was originally the abbreviation of quasi stellar radio
object, since the first ones were observed as the point{ikieal counterpart of the radio
sources 3C 48 by Matthews & Sandage (1963) and 3C 273 by Stfi83). Nowadays
though, quasars are divided into subgroups depending arrélaéo luminosities, and the
ratio between radio-loud and radio-quiet quasars is rgughé to ten. Quasars outshine
their host galaxies, their hosts appear usually just aséanission in deep optical images.

Interestingly, the name of another class of AGN, the so ddle Lac objects or BL
Lacs, is also a “living proof” of the history of identification of BN. The designation BL
Lacertae was originally meant to indicate a variable stahéLacerta constellation, but
later turned out to be an extragalactic object, an archeif/pghly variable type of AGN.
Other typical features are the high polarisation and thie édi@mission lines.

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

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

regions far away from the corresponding optical objectsesthregions, called lobes,
are powered by highly collimated jets, originating from tedactic nucleus. A typical
classification scheme of radio galaxies is based upon thaiphology. Fanand & Riley
(1974) distinguish between radio galaxies, depending wgwether their highest surface
brightness region(s) is (are) close to the core (edge dadkelRRl sources), or are at
larger distances (edge brightened,IFBources). Fanafb& Riley (1974) found that this
taxonomy coincides with éierences in radio luminosity: FiRsources are more powerful
than FRI. More precisely, most of the sources that have anlasity at 178 MHz less than
2-10% - h3,WHz* are FRi sources (where.l is the Hubble constant in units of 100
km s Mpc™), whilst brighter sources are nearly all BRIt is not clear, what causes the
dichotomy. Perhaps the central engines of the two typesarasically diferent and thus
produce diferent kinds of jets, or the host galaxies hav@edlent environments. Even the
distinction is not clear, some sources have been found withylrid” structure: they
reveal FR morphology on one side and an HRike jet on the other side (Gopal-Krishna
& Wiita 2000).

Similar to the Seyfert galaxies, radio galaxies can alsoibeet into subgroups of
narrow line and broad line radio galaxies according to the& spectrum. As this dis-
tinction occurs in diferent AGN types, the designationtype 1 AGN andtype i1 AGN is
formed. Typa AGN have both narrow and broad emission lines, typ&GN have only
narrow emission lines.

There are numerous other types and subclasses of AGN, sulcbmakuminosity
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, sincéothe
cus of this thesis is dlierent.

1.1.2 Unification model

Unification models have been proposed to explain tftewint types of AGN as ferent
manifestations of the same type of object viewed und@emdint aspect angle. The con-
cept of the unification paradigm (see reviews by Urry & Pado®895; Urry 2004) is the
following (see Figure 1.1):

¢ The central engine powering the AGN is a super-massiveNiLto 101° M,,) black
hole accreting matter from its surrounding.

e The in-falling matter forms an accretion disk. The typicadlius of the accretion
disk is of the order of a few AUs. It is heated by viscous and me#ig processes,
emits at optical through X-ray energies. The most impontasblved problems are
the structure of the accretion disk (clumpy or smooth), fidiaability of advection
dominated accretion flow (ADAF) models to the innermost pdurthe disks, and
the existence of a hot X-ray emitting corona above the disk.

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

e A dusty torus surrounds the central engine with an inneuusadf order one parsec.
The actual shape of this structure is still uncertain; itascelear whether it is really

10



1.1 Active galactic nuclei

-° Radio jet
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Figure 1.1: Schematic diagram of the unified model of AGN (following U&yPadovani 1995).

torus-like. Recent findings of infrared observations ssggeclumpy structure of
the obscuring torus (e.g. Beckert 2005, and referencesither

e Beyond the obscuring torus, slower moving clouds of gas asaphe narrow line
region (NLR), producing the emission lines with narrowedths.

e Perpendicular to the plane of the accretion disk, plasmgiges in the form of
highly collimated jets. The speed of the plasma is relaiivisand the opening
angle of the jet is thought to be narrow, less thaf. 1The jets are thought to
be formed within a few tens to 100 Schwarzschild radii of theck hole. They
extend outward to several kpc, in some cases as far as a Mpth@most powerful
ones form huge radio lobes. How the jets are formed and hoyvrttentain their
shape is studied through more and more elaborate numerualesions. In the last
decades there has been growing evidence that magnetic fielgsen important
role in the process. Merent magneto-hydrodynamical simulations can produce
collimated relativistic jets. However, they are not ablemaintain the outflows
seen kiloparsecs or even parsecs away from the black hoteg/@and 2005, and
references therein). No code is available yet that folldvesevolution of plasma
outflows from the immediate vicinity of the black hole to tregion where the
collimation occurs. Observations of M 87 for example sugglest the opening
angle of the jet at its base is large 60°) and collimation takes place after a few
tens Schwarzschild radii (Junor et al. 1999; Krichbaum .€2@04).

This paradigm seems to be valid for all radio loud AGN, andhauitt the last ingredient
(jets) it holds for radio quiet AGN as well.

11



1 Introduction

According to this paradigm, when the observer looks at tineesdeast”, depending
upon the viewing angle one can see objects witfedent characteristic features. Looking
in the jet direction, we observe BL Lacs, or OVVs. Otherwiselarger, but still small
angles, we can observe both the narrow and broad emissis (fiyper AGN). As the
angle between the jet and the line of sight increases fyrihersee quasars. At large
enough angles the torus starts to obscure the inner broaddgion and we see narrow
line radio galaxies or Seyfert 2 (typg AGN.

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

Nowadays, it is generally assumed, that every massive gdiagluding our Milky
Way) harbours super-massive black holes in their centregecobservational evidence
(based upon detections of stellar dynamics) exist in at thase prominent galaxies: the
Milky Way, NGC 4258 and in M 31 (Bender et al. 2005, and refeestherein). The ques-
tion, how (and whether) “activeness” can be related to tlodugonary stage of galaxies
is still unanswered. These theories are referred to as ‘Sdanification”.

1.2 Relativistic jets

1.2.1 Synchrotron radiation

Synchrotron radiation is named after a type of particle l@cators, where this kind of
radiation was first produced. (It was also called magnegpAsstrahlung in the past, al-
though this term is not used nowadays). Synchrotron radiagiemitted when a relativis-
tic charged particle is accelerated in a magnetic field. sLetnsider a charged patrticle
moving in a magnetic fiel® with a velocity ofv. The Lorentz force| x B) causes the
particle to move along a helical path around the magnetid fieé given by:

__GB
- 2rymc’

v, CED

wherevy is the gyration frequencyy is the chargem is the massy = 1/+/1-v?/c?
is the Lorentz factor of the particle ardis the speed of light. In the case of a non-
relativistic particle, the emitted radiation would be dgeoadiation. For an observer at
rest, relativistically moving particle emits radiatiortora narrow cone with an opening
angle of Jy. Because the mass of the electron is much smaller (apprtedyn2000
times) than that of a proton, the acceleration of the elastis larger than that of the
protons for the same kinetic energy, and so astronomicakgved radiation originates
from mainly electrons (or positrons), the contribution odfons is mostly negligible.

The observed radio spectra of AGN can usually be describeddower lawSs ~ v*,
whereS is the flux densityy is the observing frequency ands the spectral index. Such
spectra can be produced by an ensemble of electrons wither pewenergy distribution:

n(E) dE ~ E~PdE, (1.2)

whereE is the particle kinetic energy amis a constant related to the spectral indexas
a = (1 - p) /2. This spectrum is strictly valid if there is no absorptigngbectrons, that is
in a plasma that is optically thin to its own radiation (i.gtended regions of radio source).

12



1.2 Relativistic jets

Compact regions of AGN often have flat or inverted spectrasalt of synchrotron self-
absorption. It can be shown (Rybicki & Lightman 1979) thadmoptically thick medium,
the form of the spectrum iS ~ v>/2. So far, the exponent® has never been observed.
More compact sources have flatter spectra, whilst extenol@tas have more complex
spectra. This can be explained by a superpositionféémint parts of the source having
different turn-over frequencies (they become optically thiakiffierent frequencies).

The intensity of the radiation can be expressed in termsabtightness temperature.
The brightness temperature is equivalent to the temperafa black body which radiates
the same flux density as the source. It is defined as:

R
" U6
wherekg is the Boltzmann’s constant,is the speed of light andis the intensity in MKS
units (Js*m2Hztsrt). The flux density is the intensity integrated over the satidle:
S = [ cosgdQ.

EquatingS with the synchrotron flux density at the self absorption Geacy G,,)
and using the usual unit$g can be written as (see e.g. Ghisellini et al. 1993):

Ts (1.3)

S

Tg=1.77-10% == |(1+2), (1.4)
Vm?262

wherez is the redshift of the sourc&,,, measured in Jyj in masv,, in GHz andd is the

source size. The multiplicative constant has a unit ®8ths 2, thus theTg is obtained in

K.

1.2.2 Inverse Compton radiation

In a compact source, the emitted synchrotron photons canvieese Compton scattered
by their own electrons (so called synchrotron self-Compgimtess, SSC). In the “nor-
mal” Compton scattering, photons scattéradectrons and lose some energy in the recoil.
In the inverse Compton process, the photon gains energy tliermoving electron. (In
the rest frame of the electron, the kinematics are the sanmetas “normal” Compton
scattering.) The acquired energy is proportional to thesgof the Lorentz factor of the
scattering electron. This process can be responsible édnifh energy photons of AGN.
Depending on the value ¢f 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), thecsrum of a BL Lac
object (Mrk 421) is displayed. It is dominated by synchratemission from the radio to
the optical region and inverse Compton emission in the Xaraygamma ray regimes. In
contrast the spectral energy distribution (SED) of a tyimicasar is displayed in the right
plot in Fig. 1.2; it exhibits three distinct “bumps” in the I the UV, and in the hard
X-ray, corresponding to the dusty torus, to the accretick dnd to the reflection of the
accretion disk.

The energy loss rates of the electron in the synchrotrongsand in the inverse
Compton scattering are similar:

dE 4 -
_|== - _ 1.5
(dt )y 37 TCHmady (1.5)
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Figure 1.2: Spectral energy distribution of the BL Lac object Mrk 42 ft(leand side) and a typical

quasar (right hand side). The spectra of BL Lac objects angirtiited by synchrotron emission
between radio and optical regime and inverse Compton emniseithe X-ray and gamma-ray
regimes. In a typical quasar spectrum usually three disfeatures can be identified. (Images
taken from Camenzind 2002).

dt 3

whereot is the Thomson cross sectiam,,g anduy,q are the energy density of the mag-
netic field and the electromagnetic radiation respectivEtye ratio between the luminos-
ity of the first scattered Compton photons and the luminasithe synchrotron photons

is the ratio between the radiation energy density and thenetagfield energy density:

- (dE) = ﬂ-O'Tcuradgzﬁ)’z, (16)
iC

Lic _ Urad (1 7)

I—synch Umag

Expressed in terms of the brightness temperafigéKellermann & Pauliny-Toth 1969):

1+ (1;;()5]’ (1.8)

Lic N( Ts )5 va

10*?K/ 100 GHz

I—synch

wherev, is the turnover frequency. When the brightness temperatineow 13°K, syn-
chrotron emission dominates. Above this value, however|uminosity of the Compton
photons dominates of the luminosity of the synchrotron phst Then the inverse Comp-
ton scattering of the already once-scattered photons étensl order inverse Compton
scattering) becomes important. This leads to the so callexiripton catastrophe”: elec-
trons lose their energy rapidly and the brightness temperatecreases back to &,
where the energy losses from inverse Compton scatteringyarahrotron radiation are of
the same order. Kellermann & Pauliny-Toth (1969) concludg the highest achievable
brightness temperature in AGN is K.

However, Readhead (1994) gave figlient value for the lower limit for the maximum
intrinsic brightness temperature:- 30'°K to 10''K. This is the so called equipartition
brightness temperature limit. He assumed that the soureesear to equipartition of
energy between the radiating particles and the magnetit fiel

14



1.2 Relativistic jets

v v At

B
v Atsiny

Y

Figure 1.3: lllustration of how the illusion of superluminal motion isfmed. The observer is in
the direction of the vertical arrow. A jet component orige®in point A, moves with an intrinsic
velocity of v towards point B, during a time intervalt. The apparent separation measured by the
observer issypp = v At siny. The apparent time interval i$tapp = At — v At cosy. Therefore the
apparent speed can be calculated,gs= ASapp/Atapp.

In several radio loud AGN, however, brightness temperaturexcess of the Comp-
ton limit were deduced from variability time-scales via tight travel time argument (see
Sect. 1.3). Additionally, in a couple of cases the observeayflux was considerably
lower than predicted by SSC models (Marscher et al. 1979%Hmii et al. 1993). The
explanation for these phenomena is relativistic motiorhiwithe source which leads to
relativistic Doppler boosting, see Sect. 1.2.3.

This thesis basically deals with apparent Compton-limidations 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) tplar the excess of
brightness temperatures in rapidly varying synchrotromra®s. Superluminal motion
was first observed with interferometric technique by Whytee al. (1971) and Cohen
etal. (1971) in the quasar 3C 279.

Relativistic motion seen at a small viewing angle (see Fadu8) causes the illusion of
an emitting region moving superluminally i.e. faster thae speed of light. Consider an
emitting blob moving with an angke to the line of sight, with a speed It emits radiation
at point A and later, after a timat, at point B. However, from the observer’s point of view
the apparent distance is onlyt siny. During the timeAt, the blob travelled At cosy
in the direction toward the observer, so the arrival tinfeedénce between the two signals
is reduced by this factor. Therefore the apparent speeckipltme of the sky perceived
by the observer in units af (speed of light) is given by:

B siny

Peon = T B cosy

(1.9)
whereg = v/c.
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1 Introduction

For a given value 0B, Bapp is the function of the anglg. The maximum occurs at

cosy = g, thenpyd = B/ sing = yB, wherey is the Lorentz factor. In order to detect

superluminal motiongz = > 1 has to be fulfilled; that meaigs> 1/ V2.

The minimum Lorentz factor required for a giveg,, value is

which corresponds to an angle of

Wymin = COt_llgapp (1.11)

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

S, = (L)H Se, (1.12)

wheres is the Doppler boosting factor defined &s- (y(1 — 8 cosy))™t, anda denotes
the spectral index of the source. Due to geometrical cordiid@s, the exponent changes
to (2—a) in the case of a more realistic jet-like feature (Scheuereadhead 1979). Even
for a moderate Doppler boosting factor of five, the flux dgnsita source at redshift one,
with a spectral index ok = —0.5, will be beamed by a factor approximately ten.

Similarly, when the source moves away from the observef]daixadensity is reduced
by the same factor. The ratio of the observed flux density &etvan approaching jet and
a receding counter-jet is:

Si_ (1+f3 COS‘”)H, (1.13)

Scj 1-p cosy
This dfect naturally provides the explanation for the observedsited jet sources.

1.2.4 VLBI characteristics of jets

In the Very Long Baseline Interferometry (VLBI) images of NGets, the observed op-
tically thick cores (so called VLBI-cores) represent thi-absorbed part of the conical
jet, the so called jet base. This is the point where the jebimes visible. Usually, the
VLBI core is assumed to be stationary (see Sect. 4.5.3).

The observed superluminal features moving along the jeB(\domponents), are re-
gions of enhanced emission (Blandford & Konigl 1979; Rdgsd 982). In some sources
features moving toward the core or stationary featuresrdti@ the core, can also be
detected. According to shock-in-jet models (e.g. Marséh&ear 1985; Marscher et al.
1992), the moving components are caused by relativistickshpropagating down the jet.
This model was successfully applied in a number of sources.g. 4C 39.25 (Marcaide
et al. 1994), or BL Lac (Mutel et al. 1990). However, it canegplain all the observed
properties, for example intrinsic accelerations or lomgd components. The proposed
alternative models involve interaction with the ambiertgpha (Rose et al. 1987), such as
two-fluid models (e.g. Pelletier & Sol 1992).

In several sources, apparently bent jet trajectories angboaents moving in dierent
ballistic trajectories are observed. Models using helisations are proposed to explain

16



1.3 Variability of AGN

curved trajectories seen for example in 3C 345 (Ros et a0DR®5b B 180378 (Britzen
et al. 2005). Lobanov & Zensus (2001) observed a double diedicucture in 3C 273
and interpreted it within the framework of Kelvin-Helmtwolnstabilities . Their model
reproduced the jet structure on scales up to 30 mas consigtanthe general morphology
of the jet on scales of up to 1 kpc.

Bent jets can be explained by precession in the region ofubkeas, which can be due
to binary black holes (Begelman et al. 1980; Sillanpaa &i%88), or gravitational interac-
tion between galaxies. Binary black hole models are sutidgsased in the description
of several sources, such as 0J 287 (Valtaoja et al. 2000)73@&8d M 87 (Kaastra &
Roos 1992), 3C 345 (Lobanov & Roland 2005), and PKS 0420-Biitzén et al. 2001).

1.3 Variability of AGN

Short time-scale variability and the high luminosity olvset in AGN led to the discov-

ery that the power of AGN is produced by a process mdieient than ordinary stellar
processes and to the hypothesis that massive black hol#éseatentral engines of AGN
(Fabian 1979; Rees 1978). Variability studies provide ialunformation about the parts
of AGN that cannot be resolved with the current observatitechniques. The minimum
time-scale of the flux density changes is related to the dileeoemitting region. If the

observed time-scale of the variability (in the source framet,,,, then the emission has
to be produced in a region with size:

R S 2 ° CAtvar. (1.14)

This condition (so called light-travel time argument) me#mat all parts of the source of
the variation are causally connected, otherwise they woatdvary in phase with each
other and consequently the amplitude of the variations evbalreduced.

The luminosity of AGN is observed to vary practically at gvevavelength, from
gamma-ray to radio. The time-scales range from several tesnio many years. The
fastest variations are detected in the gamma-ray and Xegyne, with a time-scale
of 100s. The time-scales of variations, the correlatiortsveen variations at élierent
wavelengths, or the time lags between variations fiedint wavelengths in continuum
or in different line components help in understanding the physicalgsses governing
the various components of the AGN. In theéfdrent parts of an AGN, ffierent emission
mechanisms dominate, and each has its own characteristjedncy range. The sketch
in Fig. 1.4 (taken from Marscher 2005) displays the physstaicture, the various emit-
ting regions, and the wavebands of the emitted radiatiofkign 1.2, the spectral energy
distribution (SED) of a typical quasar with its various campnts is shown. The rela-
tionship and interconnections of theséelient emission regions and emission processes
are not understood completely (e.g. connection betweemtiez-jet and accretion disk,
connection between the jet and the central engine, theapaotrering of the broadened X-
ray Fe Ku line, etc.). Since the flierent components emitting inftBrent wavebands are
connected to each other, the best observational approaalvess multi-waveband inves-
tigations across the electromagnetic spectrum. Natunalbti-waveband, multi-epoch
observations require a large amount of observing time omabeu of high-class instru-
ments (often involving satellites as well as ground baskxstepes) with very dierent
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Figure 1.4: The structure and various emitting regions of an AGN withthe radio lobes
(Marscher 2005). The logarithmic length scale is in unitsSohwarzschild radius. Only one
superluminal knot is shown, usually many can be observelkinet.

resolutions (and of course with veryfidirent weather conditions). Thus, organizing the
observations and reducing the obtained datasets are cattmpex and demanding tasks.
However, these observations can provide answers to theanasal questions concern-
ing emission properties in AGN.

A combination of multi-waveband variability monitoringémulti-epoch Very Long
Baseline Interferometry (VLBI) observations is one of thestndtfective tools. For ex-
ploring how the jet kinematics influence the spectral endigiribution or distinguishing
effects of relativistic beaming from intrinsic jet parametéaoges. With polarization
information, one can pinpoint parcels of plasma emittindifierent frequencies.

Another example for theficiency of variability studies is the so called reverbematio
mapping technique (Peterson et al. 2004, and referencesrtheln this method, time
delays between optical continuum and emission-line vianatare used to deduce the
size of the line-emitting region. Peterson et al. (2004 dués technique to determine
the distance between the BLR and the central engine and lestioeate the masses of
the central black holes in 35 AGN.

There is strong observational evidence that variability@ases with decreasing (rest
frame) wavelength, which holds over a wavelength rangergpgrat least the ultraviolet
to near-infrared (Ulrich et al. 1997, and references tmgrerhis fits well into a picture
where relativistic electrons are injected or acceleratethé base of the jet giving rise
first to a flare of emission of synchrotron radiation at UV rita optical and millimetre
wavebands. As the electrons propagate along the jet, throp@city €fects and radiation
losses, the flare shifts into longer radio wavelengths amtd¢he observed cm-radio
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1.3 Variability of AGN

radio peaks follow their high frequency counterparts withree lag.

1.3.1 Component ejection and variability

Time-scales of variations in the radio regime range fromrdo years and are usually
aperiodic. The major flux density variations in the radioimegycan be modelled with
exponentially growing and decaying flares (see Valtaojd.et309). The first studies
linking total flux density variations with moving VLBI compents were carried out for
BL Lac by Mutel et al. (1990). They found that the outburst8BafLac between 1980
and 1988 can be associated with the emergence of new sujresllwoomponents. Abra-
ham et al. (1996) noticed that the estimated ejection tinhes\en VLBI components of
3C 273 were related to increases in the single-dish flux tdensithe same source, Turler
et al. (1999) also found a good correspondence betweeneghgogj times of the VLBI
components and the beginning times of total flux densitydlarePKS 0528 134, Krich-
baum et al. (1996) reported a correlation between the efgcthf mm-VLBI components
and local minima in the 90 GHz light curve (see also Qian e1988). Similarly, Val-
taoja et al. (1999) were able to associate VLBI components wdividual flares in the
millimetre regime in 3C 345. Similar correlations were fdun PKS 0420-014 (Britzen
et al. 2000) and in 3C 279 (Wehrle et al. 2001).

Savolainen et al. (2002) compared VLBI and total flux dend#ia of 27y-ray-bright
blazars. They concluded that for most of the events, thenbagy of the major total flux
density flare can be used as an indicator of the ejection tirmaenew VLBI component.
They reported that the most pronounced outbursts occumrdgiinnermost few tenths of
mas of the core. Because of the limited resolution, thesetsw®uld be detected in the
VLBI images only as the brightening of the core (so calledréciiares”). They were not
able to determine how much of the flare is contained in thelshod how much is due to
changes in the core itself. However, they suggest that mssiple to explain all the radio
variations as shocks created and propagating down the jet.

From the variability time-scale, the size of the emittingiom, and hence the bright-
ness temperature can be calculated. Knowing the thedrkticbon Tg of a synchrotron
source, the Doppler boosting factor can be obtained (algtdenmaki et al. 1999). Usu-
ally, the logarithmic variability time-scale is used (&/gagner et al. 1996):

dInS
var = T

= (S)
= 15 (1.15)

where(S) is the mean flux density in JAS is the standard deviation in Jy, andis the
duration of the variation in days. Then the source size canrliten as:

1
9 =356-10" day‘l Gpc_ltvar( E;_

Z) mas, (1.16)
L

whereD, is the luminosity distance in GpcSubstituting these values into equation 1.4,
the apparent brightness temperature can be calculatetie loase of Doppler boosting,

The luminosity distance is defined by the relationship betwtae bolometric fluxSy, and the bolo-
metric luminosity Lpo) @s:DL = VLpoi/47Spol-
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the observed brightness temperature is connected to ttesiotbrightness temperature
as:
TP =6% Tg" (1.17)

For Tg“ usually the Compton brightness temperature 10*?K) or the equipartition
brightness temperature (L0'' K) is assumed.

It is obvious, that the more rapid variations with time-ssabf few days or less, in the
radio bands imply the smaller emitting size and higher lighs temperatures. The most
rapid observed variations infer brightness temperaturébe range of 1K to 10*°K
which, in the framework of standard jet models, are hard fgan, since they would
require excessive Doppler factors (30 to 200). In the neaptdr, these fast variations
and proposed explanations will be presented and discusskail.
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2 Intraday Variability

Rapid flux density variations on time-scales of days or less ta day are observed in
quasars and BL Lac objects through the entire spectrum feaho to gamma-ray. Short
time-scale variations of quasars in the radio regime weseadiered in the mid-eighties
by Witzel et al. (1986) and Heeschen et al. (1987) and weresddmtraday Variability
(IDV, for a review see Wagner & Witzel 1995).

The IDV time-scales range from a few hours to several daysgidaly, structure
function (SF) analysis of the light curves led Heeschen.€18B7) to distinguish between
more rapid, typ@ IDV sources — with time-scales ef 0.5 days to 2 days — and slower
typel sources. The latter did not show clear maxima in their SFrdaier a monotonic
increase within the observing time, suggesting a timeesob} 2 days. This classifica-
tion mainly resulted from the limited observing time. (SRabsis is described in detall
in Sect. 3.4.) Changes in the characteristic time-scale$) as a slow down or appear-
ance of a sudden more pronounced state of variability acecalsimon phenomena and
have been observed in several sources, i.e. S50/ (Wagner & Witzel 1995; Qian
et al. 1996b), PKS 0405-385 (Kedziora-Chudczer et al. 2)@bal S5091¥624 (Kraus
et al. 1999). Recently, extremely rapid IDV sources havalkscovered: PKS 0405-385
(Kedziora-Chudczer et al. 1997), GB6 J 188845 (Dennett-Thorpe & de Bruyn 2000),
and PKS 1257-326 (Bignall et al. 2002). The time-scales aftians in those sources
are as short as a few hours.

According to IDV surveys (such as Lovell et al. 2003; Krauale2003; Cimb 2003;
Kedziora-Chudczer et al. 2001b), 20 % to 25 % of all compatsflectrum extragalactic
radio sources show IDV. Steep spectrum sources or morededarore-jet sources do not
show IDV.

The variability is usually strongest at lower radio freqcies (2 GHz to 5 GHz), but
IDV was also detected in the millimetre regime (Kraus et @02 Cimo6 2003). Corre-
lation between the short time-scale variations iffiedtent wavebands (radio and optical)
has been observed in S5 041A.4 (Wagner et al. 1996; Quirrenbach et al. 1991) see Fig.
2.1 and in S4 0954658 (Wagner et al. 1993).

The peak-to-peak variations are in the order of a couplerige in total intensity and
usually much more in polarized intensity20 % to 100 %. Polarization angle swings have
been observed within a few hours for example in S5 @%BPA (Quirrenbach et al. 1989)
and S511568812 (Kochenov & Gabuzda 1999). Both correlation and antietation
between total and polarized intensity variations have lostected. Several times within
the same sources both phenomena were detected and adbjitiosasitions between
these two stages have been observed as well.

LIn the following, we refer to this source as J 18B845.
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Figure 2.1: Normalized optical (top) and radio (bottom) light curvesS&0716-714 by Quirren-
bach et al. (1991).

To describe the strength of the variability, the modulatiimshex and the variability
amplitude are used. The modulation index is defined as tleeafithe standard deviation
of flux density to the mean value of the flux density:

(on

= —. 2.1
m=1s (2.1)

It is useful to the compare the modulation index of a targaete®to that of an assumed
non-variable, secondary calibrator. That appears in thieitlen of the variability ampli-

tude:
Y = ,/s(mz - mg), (2.2)

wherem, denotes the modulation index of a source regarded to bessayi, during the
observation. The variability amplitude of a secondaryhralior is by definition zero.
(BothmandY can be derived for variations of the total flux density as \aslfor varia-
tions in polarized flux density.)

Based upon the observed time-scales, causality argunmanteécribed in Sect 1.3)
limit the size of the emitting region to a couple of light-gayr light-hours, in the range of
uas. Consequently, the inferred brightness temperatugés tre range of 16K to 10 K;
in the case of PKS 0403-385 the apparent brightness teropesahay reack 10°1K ac-
cording to Kedziora-Chudczer et al. (1997). These are fakaess of the inverse Comp-
ton limit. Compton limit violations have already been obserin many cases and were
explained by introducing relativistic beaming and Dopjleosting. However, in the case
of IDV sources, the required Doppler factors are much latigen those so far observed
with VLBI: in the range of 100 to 1000.

The theories for explaining IDV phenomenon can be divideéd iintrinsic and extrin-
sic explanations. These theories will be summarized indheviing.

2.1 Intrinsic explanations

Source intrinsic theories try to explain the observed higgHiness temperatures with
different physical processes taking place in the varying seurbost of these models
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2.1 Intrinsic explanations

produce the required high Doppler boosting factors, fomgxa with modified shock-
in-jet models, or special geometrical considerations, dtisese theories deal with the
standard synchrotron self-Compton processes, otherreipdas however propose alter-
native radiation processes. In the latter case, “Compttastaphes” do not occur, thus
the attainable brightness temperature is not limited.

Shocks in turbulent relativistic jets have successfullglaxed flares and outbursts
seen in radio light curves (see Sect.1.3) and their propag&bm higher to lower fre-
guencies. In the shocks, magnetic fields are compressedeaug lthe variations also
lead to variations in polarization and polarization anglésghes et al. 1985; Koenigl &
Choudhuri 1985). Also, the simultaneous swings in radio@ptital polarization can be
explained via these models (Kikuchi et al. 1988) ff&xient modifications of this model
were invoked to explain the time-scales, quasi-perioglieihd frequency dependences
observed in IDV sources.

Qian et al. (1991) propose a shock-in-jet-model, whereltbelspropagates through a
jet, in which both the synchrotron-emitting electrons amelinagnetic field are turbulent.
The moving thin shock illuminates the inhomogeneous stineatf the underlying jet. The
size of the emitting region in this model is determined byj#gieadius and the thickness
of the shock. Hence, without invoking unreasonably high [pepboosting factors, the
brightness temperature problem can be avoided. In anotbdelnof Qian et al. (1996a)
a shock moves along a magnetically confined jet with ostiljatross section.

A different type of theory to explain IDV is the so-called lightuise €fect (Camen-
zind & Krockenberger 1992). In that scenario, knots in thi@jeve on helical trajectories,
thus the direction of beaming varies with time. The obseclese to the axis of the jet
detects flares as the beam sweeps across the line of sighiafdionpulsars). Several
knots in the jet can produce quite complex light curves. &@siVLBI observations in-
deed showed jet components moving on helical trajectoeigs Kellermann et al. 2004;
Gomez et al. 1999). Quasi-periodic oscillations wererprigted in the framework of this
model, for example in the case of 3C 345 (Ros et al. 2000, drdbreces therein).

The swinging jet model of Gopal-Krishna & Wiita (1992) allswmall variations in
the direction of shocks occurring inside a relativistic jEhey were able to quantitatively
explain the correlation (and anti-correlation) betweenttital and polarized flux density
variations observed in several IDV sources.

Spada et al. (1999) propose a model, which can account foolieerved IDV in
cases where the apparent brightness temperature is loa@3th10'’ K. Their model
is a modified version of that by Salvati et al. (1998) whicterptets the extremely fast
variations in the TeV emission of Mrk421. In their scheme|ad ©f electrons travels
along the steady jet with the same bulk Lorentz factor; tiedsetrons radiate only when
they pass through a conical shock, where they are accaldatelativistic velocities in
the comoving frame. Thus they radiate in succession ratiaer simultaneously.

Gopal-Krishna et al. (2004) argue that, if the jet openinglais allowed to be- 10°
on the parsec scale, then even the modest observed supwlspeedsvg,, ~ 3¢ to
5c¢) would be enough to explain the required high Doppler ancehter factors. In that
scenario, they associate the VLBI knots directly with stsorrkthe ultra-relativistic jet
flow. Usually, these features are thought to be connectetbribe fast “spine” but to a
slower “surrounding” layer (e.g. Ghisellini et al. 2005daeferences therein).

Begelman et al. (1994) examine the constraints on highdyivestic (with bulk Lorentz
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2 Intraday Variability

factors up to 100) synchrotron emitting jets. They arguétti@synchrotron radiative ef-
ficiency of such jets would be extremely small, implying ttteg jet would have to carry
large fluxes of electromagnetic and kinetic energy to predbe observed radio emission.
Thus, the radiative irféciency places an upper limit on the attainable bulk Loreatxdr
of the jet. Begelman et al. (1994) claim that this limit istjagempatible with the obser-
vation (except for the three extreme fast IDVs, which exdabéllimit); theoretically the
required Doppler factors can be achieved. To obtain thesedsy they propose hydro-
magnetic acceleration processes instead of radiativeeamtll acceleration processes.

Coherent radiation mechanisms avoid the problem of Comgatastrophes. For ex-
ample, Benford (1992) reports on laboratory experimentsotiective emission in tur-
bulent plasma. Lesch & Pohl (1992) suggest a scenario, wdedrerent and incoherent
processes together are responsible for the observed Nigyiabaracteristics in AGN.
Begelman et al. (2005) propose that high brightness terpereadiation could be a re-
sult from electron cyclotron maser instability in a thindayalong the wall of the jet.

2.1.1 Observational evidence in favour of extrinsic explaations

Shock-in-jet models with fine-tuning of their parametens saccessfully explain the be-
haviour of several IDV sources:

e The model of Qian et al. (1991) can account for almost all efdhserved features
in S5091%4624. Qian et al. (2002) showed that a two component shock imode
where the polarization orientation of the shock comporgeapproximately perpen-
dicular to that of the underlying background component cqoiagn the variations
in polarized flux density, and the polarization angle as well

¢ A slightly different shock-in-jet model (Qian et al. 1996a) was able toessfally
interpret the correlated short time-scale optical andoradriations in S5 0716714
and the quasi-periodicity in the radio spectral index betw® and 8.3 GHz.

e Spada et al. (1999) demonstrate tteetiveness of their model on S5 0A41AL4.

e Begelman et al. (2005) claims that their cyclotron maserehcan give account for
the observed high brightness temperature of one of the mtsinee IDV sources,
J1819-3845.

2.2 Extrinsic explanation, scattering of radio waves in
the ISM

While the intrinsic theories try to account for the infertegh Doppler boosting factors,
the extrinsic explanation attack the problem from fiedlent direction, claiming that the
variations observed do not originate in the source itseif,doe caused by a propagation
effect, taking place in our Milky Way.

It has been known since the early 1970s that pulsars arectubjeterstellar scin-
tillation (ISS). Several #ects of ISS have been observed on pulsars, such as angular
broadening, intensity scintillations, broadening of thispr profiles due to the delayed
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2.2 Extrinsic explanation, scattering of radio waves ini®e

arrival of the scattered radiation, angular wandering efdtattered image and systematic
drift slopes of the intensity "™scintles™ in pulsar dynaospectra.

Low frequency variations in extragalactic radio sourcescanfirmed to be connected
to ISS as well. Low frequency variable extragalactic (LFguces (Fanti et al. 1981)
experience variations of 3% to 30 % over periods of montheegjuencies below 1 GHz.
First Shapirovskaya (1978) proposed ISS as an explanatrdaw frequency variability,
later Rickett (1986) and Spangler et al. (1993) demonstrttat refractive interstellar
scintillation (RISS) provides a satisfactory explanationat least part of the observed
LFV.

2.2.1 Parameterizations of electron density turbulence ithe ISM

The electron density fluctuations in the interstellar medare usually discussed in terms
of a power spectrunP (q), whereqis the three dimensional wavenumber. For wavenum-
bers between the inner scal€ @ner) and outer scale (houer), P () can be described as

a power law:

P(@)=CR()lid™, (2.3)

where the facto€? (r) is assumed to vary slowly with position. Aaf > Ginner P (q) falls
rapidly to zero, forq < Qouter, it Saturates at a constant value.

Although observations have been made for more than 30 yearsnone of the pa-
rameters ((:ﬁl, B, Ginner Jouter) IN €quation 2.3 are fully characterized. To complicate the
picture, these parameters can also depend upon the regiame the scattering material
is located. The plot from Armstrong et al. (1995) in Fig. 2h®ws the (logarithm of the)
inferred three-dimensional electron density power spettversus the logarithm of the
wavenumber. The figure illustrates théfdrent observational techniques which are used
to study the electron density power spectrum.

The inner and outer scaledi@ir by at least seven orders of magnitude (e.g. Armstrong
et al. 1995). Estimations of the inner scale range frofmm.@ 10 m (e.g. Rickett et al.
1984; Gupta et al. 1993; Wilkinson et al. 1994; Molnar et 893). Proposed estimates
for the outer scale, range from a few AU to tens of parsecsq#al. 1994; Gupta et al.
1993).

Usually the Kolmogorov value of B is assumed for the power spectral inglexle-
rived from most of the observations. However, there areqadar lines of sight, where
observations suggest values up to 4 (Bhat et al. 1999). Aspeoviths = 4 would mean
that the interstellar plasma is entirely made of clouds aithupt edges (for example
shocks due to a supernova explosion). Armstrong et al. (199 marized the ISS ob-
servations of the nearby interstellar medium (up to 1 kpd)@ncluded that the data are
consistent with a Kolmogorov spectrum over the wavenumb&r$m- to 1053 m=,
andp equal to four is compatible with the data in this range, ofhlgn outer scale of
10'*m to 10 m is invoked.

The scattering measure (SM) is defined as the line of sigbgmat of the amplitude
of the fluctuations:

D
SM:fCE, ds, (2.4)
0
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Figure 2.2: Logarithmic plot of the electron density power spectrumsusrwavenumber from
Armstrong et al. (1995). Mierent observational techniques are used fiedint part of the spec-
trum to reveal its characteristics. Dotted lines are Kolorog spectra with outer scale of ¥on

and inner scales of 20n and 16 m. Dot-dashed line is a model spectrum having power law
exponent of 4.

whereD is the path length through the scattering medium. The sthepgrameterC2,

and the SM can change by orders of magnitude over a few degreesnodel of Cordes
et al. (1985) describes the electron density turbulenck tmib components: a thin one
(scale height< 100pc) withCZ =~ (103 to 1) m=2%3, and a thick one (scale height

> 500pc) withCZ ~ 103**m=2%3, From the scintillation study of 20 pulsars, Bhat
et al. (1998) modelled the local interstellar medium (LISMheir best fit model requires
a three-component scattering medium, where the solar beighood is surrounded by
a shell of much higher density fluctuations embedded in threnab large-scale ISM.

The line-of-sight-averaged value @f, for the inner cavity is 1*°m=2%3 < C_ﬁ <
10-422m~2%3, for the outer ISMiC? < 10733°m~293 and for the shellis 16 pc nT293 <

fod CZ (s)ds < 1079%°pc nT23, whered is the thickness of the shell.
Beside the SM, other integrated measures are also usedtibaehe electron density
and its fluctuations along the line of sight. These are tHeviohg.

¢ Dispersion measure, the path integral of the electron tensi

D

DM = fnedspccm‘3, (2.5)
0

wheren, is the number density of free electrons along the line oftsipM values
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2.2 Extrinsic explanation, scattering of radio waves ini®e

are obtained from measurements of thi@edtential arrival times of pulsars pulses at
different frequencies.

e Emission measure, path integral of the squared electrositgien
D
EM = fngdspc cn® (2.6)
0

EM can be measured from recombination line and free-free