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1 Introduction

The Universe consists of billions of galaxies. Normal gadaxlike our own Milky Way,
shine in the sky due to the combined light of billions of stidnat form the galaxies. In
the early Universe there were alsdfdrent kind of galaxies called active galaxies. Their
centre conceals a supermassive black hole and matter isteden the close vicinity of
the black hole producing relativistic velocities. The @yeoutput of the centre of the
galaxy, called an Active Galactic Nucleus (AGN), is so higattit outshines the starlight
of the galaxy.

In about ten percent of these galaxies, the activity somgbrmauces jets that can
emanate from the centre or the core to as far as the neiglmgogaiaxy, millions of light
years away. The jets consists of plasma accelerated twvigtiatvelocities and they shine
brightly in the radio frequencies due to synchrotron eroissi

The basic structure of an AGN is shown in Fig. 1.1. In the eeofrthe AGN resides
a supermassive black hole which is surrounded by a hot diskatfer accreting to the
black hole. The central region may be obscured by a moleduistrtorus, which blocks
the direct view to the nucleus, if the source is viewed at gdangle to the observer.
In addition, there are broad emission line clouds close ¢océmtral region and narrow
emission line clouds further away from the core. In some AGNlradio jets are formed.

All AGN have a supermassive black hole (SMBH) in their cenffée mass of the
black hole is of the order of £0- 10° solar masses. Evidence for the presence of an
SMBH is found in diferent ways. The first indication of a massive central objeates
from the fast variations in the flux of AGN. Variations can lees in timescales of days
(or even less), which indicate that the emission must come fa region comparable
to the size of light-days. As the sources are so distant, atldeasame time the most
powerful objects in the Universe, nothing else, except foBMBH, can be the initiator
of such rapid variations (e.g. Robson 1996; Krolik 1999, afdrences therein).

Also, the widths of the emission lines of AGN show large véles of over 5000
kmy/s in the broad line region. This also supports the view of gdanass in the centre.
In addition, stellar dynamics around AGN indicate a massamral object. By studying
the velocity dispersion of stars around the centre, it issiiids to estimate the mass of
the central object. This is a generally used method to déterthe black hole masses
in some of the nearest AGN (e.g. Gebhardt et al. 2000; Petetsal. 2004; Kaspi et al.
2007). Other good evidence of an SMBH is the stability of therses over millions
of years. Radio observations reveal good alignment betwaeali-scale and large-scale
jets, which requires long-term stability of the jet prodant This can only be achieved if
there is a SMBH in the centre.

There is an accretion disk around the SMBH. In this region th&enfalling towards
the black hole is accreted to large velocities and therdfesded to high temperatures.
In AGN it is not possible to directly observe the accretioskdsince its spatial scale is
still too small to be observable with current methods. Itasgble, however, to study
the X-ray emission of AGN, and especially the broadenindnefiton K, (6.4 keV) line,
which gives indications of the accretion disk structurg.(@anaka et al. 1995). Interac-
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Figure 1.1 Structure of an AGN. Credit: C.M. Urry ja P. Padovani

tions between the accretion disk and magnetic fields somghasce the long radio jets
observed in some of the AGN.

Quasars are generally classified into radio-loud and rgdiet, depending on the ratio
of their radio luminosity versus optical luminosity. Ketheann et al. (1989) defined that
guasars are radio-loud if their radio luminosity is at l¢asttimes greater than the optical
luminosity. In addition, they state that there are at leadf0&imes more radio-quiet than
radio-loud quasars, meaning that only about 10% of the gsas@ radio-loud. This
thesis concentrates on the radio-loud objects only anc:tiwer the radio-quiet objects
are not discussed further.

Radio-loud AGN can be divided into subgroups by various patars such as the
shape of the radio spectrum or their optical properties.yTd@ be divided into core-
dominated or lobe-dominated by their radio emission. Camidated objects are gen-
erally quasars and BL Lacertae objects (BLO) whereas lobardded radio sources are
associated with elliptical galaxies. The maifffelience is that in quasars the core emis-
sion is so strong that the host galaxy may not be visible. th@ight that the radio
galaxies are viewed from the side so that the jet emissiomtisnhanced by Doppler
boosting, whereas quasars and BLOs are viewed facing thetidimeof the oncoming jet
(e.g. Urry & Padovani 1995).

Radio galaxies (GALs) were divided into low luminosity Fao@&Riley type | (FR 1)
and high luminosity FR type Il (FR 1) galaxies by Fanfir& Riley (1974), the division
occurring at luminosity 5 10?WHz* at the frequency 178 MHz. In FR | type galaxies
the smooth jets are brightest closest to the core and thenasity gradually decreases
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towards the edge-darkened radio lobes. In these soursesnetnate from both sides of
the core and the jets may show significant bends. The FR Ildippects have prominent
radio lobes with "hot spots" at the edges. The jet is typicedign only on one side of the
core and its emission is weaker than in the lobes.

Based on the unification model (Barthel 1989; Urry & Padovari5)9quasars are
often considered to be the beamed counterparts of FR |l tgfaxigs, viewed at small
angles towards the observer. These are high radio poweresowhich show strong emis-
sion lines. They can be further divided into low- and highapisation quasars (LPQ and
HPQ), depending on their optical polarisation degree. dglpiow-polarisation quasars
have a flat radio spectrum and a steeper optical spectrumawith —0.5. They are in-
trinsically polarised with a polarisation of 0% to 2% (Stotkn et al. 1984). LPQs are
viewed at a smaller angle between the jet and the line of #ngint galaxies, so that their
emission is enhanced by Doppler boostitfiggets. The emission from the core outshines
the surrounding host galaxy which may béidult to detect.

A quasar is called highly polarised if its optical polarieatexceeds 3% (e.g. Moore
& Stockman 1981). Other general properties are that theyb#xdirong and rapid op-
tical variability, have steep optical spectia, (~ —1 Scarpa & Falomo 1997), are radio
loud, and have flat radio spectra. They are compact radi@es@nd show superluminal
motion. According to the unification models, they are alsamgd at a smaller angle to
the line of sight than LPQs. The degree of polarisation may,\end therefore some
of the LPQs can in reality be HPQs but they have not been obdemvthe right, highly
polarised state.

BL Lacertae objects dier from quasars in that their spectra do not show emission
lines or the lines are weak (by definition the equivalent tvioftthe line< 5A). The strong
synchrotron component totally outshines the thermal aomssut sometimes in a non-
active state, weak emission lines can be detected. Theabptitission of BLOs is also
often highly polarised which makes them similar to HPQs. Bli@se been suggested
to be similar to HPQs, except for the weaker emission linesau(@ & Falomo 1997).
BLOs are often associated with the low radio power FR | typexgak. However, recent
studies suggest that many of the BLOs are in reality FR |l tygeais, and that the basic
unification scheme is not so simple (Landt & Bignall 2008).

HPQs and BLOs together are commonly referred to as blazassibeof their similar
properties. In both classes the optical spectra are stegpksmoother than in normal
LPQs. They also appear highly polarised. In addition they tapught to be highly
variable at all wavelengths. Blazars often are active alsGray and gamma-ray wave-
lengths.

However, the connection between thé&elient classes is not simple. In Paper | and
Paper Il of this thesis, we found indications that largeeftain BLOs occur more rarely,
and thus shocks are formed less frequently in BLOs than inagsadn Paper Il and
Paper V we could not, however, find largéfdrences between the source types when the
flare characteristics were studied. In Paper IV we show th&$have smaller Doppler
boosting factors and slower jets than quasars, and that BRQ$IPQs are quite similar
when these intrinsic parameters are considered. Some s¢ tiscrepancies may be
due to our sample selection which favours bright and extreoueces. Even though our
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sample size in the analyses is large (55—-87 sources), iif isagtcomplete. One must bear

in mind that in order to make firm conclusions about thi@edences between the source
types, complete samples, including, for example, eithethalsources above some flux
limit or all the sources in a certain area of the sky, must bdiet.

Metsahovi Radio Observatory was founded in 1974, and regubauitoring of extra-
galactic radio sources has been performed since 1980. Thasdlux density observa-
tions at 22, 37 and 90 GHz form the basis of this thesis. Unaleding the long-term
behaviour of AGN is especially important for the Planck Biég¢emission, which will
study the Cosmic Microwave Background (CMB) and its small vemest. In order to
observe the small-scale variations in detail, all the fosagd objects, like AGN, must be
accurately removed from the maps. Metsahovi is activelintpgart in these actions, and
this thesis forms a part of the studies made for understgridmdtects of the foreground
objects.

In Chapter 2, the radio jets and their properties are disdussdetail. Variability
behaviour of AGN over the whole electromagnetic spectrurevgwed in Chapter 3, and
long-term radio variability and methods to study it are d&sed in Chapter 4. Finally,
Chapter 5 summarises the articles of this thesis, and caaonkiare drawn in Chapter 6.
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2 Relativistic jets

All radio-loud AGN have jets from which the observed syn¢hwo and inverse Compton
radiation is emanating. There are, however, many openiqussh the jet formation, and
we do not even know if the jets are constituted of normal or piisma. The accretion
disk is a very important factor in the jet formation. Currgrtie process which forms the
jets is not known in detail (e.g. Kataoka 2008; Fragile 2008 reviews). It is thought
that the jets are either dominated by Poynting flux in whiahrtagnetic field lines ex-
tract energy from the ergorsphere of the rotating black ol transport the energy to
large distances, or that the jets are dominated by matteaa®t from the accretion disk
by hydrodynamic winds. Based on observations, the mosylietnario is that the jets
are first Poynting flux dominated, and are converted to mdteninated at some later
stage (e.g. Sikora et al. 2005). Recent general relativistignetohydrodynamic simu-
lations also show that often the jets form a spine-sheatictstre in which the inner fast
spine is Poynting flux dominated and the outer slow sheathemdbminated (Mizuno
et al. 2007; Fragile 2008). This sort of structure has beparted based on polarisation
observations of AGN jets (e.g. Pushkarev et al. 2005), andesl to explain especially
the TeV emission in some objects (e.g. Tavecchio & GhiSe2ld®8).

The jets are stable and collimated over long distances. dhienation is possibly
caused by external medium which puts pressure on the rietatimnaterial. If the jet has
a spine-sheath structure, the outer slower sheath can alkcas a collimator for the fast
inner spine. Also, in order to form long jets of the order ofgaparsecs, the particle
acceleration in the jets must béieient. In this thesis the jet properties are considerably
simplified, and the observational properties rather tharitieory are mainly studied.

A simple illustration of a jet is presented in Fig. 2.1 whene basic parameters are
shown. The jet originates at some distance from the centigihe where a radio core is
seen. In reality the jet formation starts closer to the @ mngine, but the jet is opaque
in radio wavelengths until it reaches the radio core. Thech@®perties of a jet are the
opening angles, angle to the line of sight of the observgrand the Lorentz factar,
describing the speed of the jet flow. There may be shock evdnth show up as flares
in continuum observations. The nature of the radio core tsyabcertain; its location
is frequency dependent, and it can bfeatent at diferent frequencies. Possibilities are,
for example, a surface where the opacity changes from digtitteck to optically thin,

a standing shock, or a bend in the jet which changes the Dopptesting factor at that
point (Marscher 2006). The jet half-opening angles are mieskto be of the order of 0.1
to 4 degrees and they are inversely propotional to the Larfawctor (Jorstad et al. 2005).

The real picture is not as simple and the observed jet mooglgalepends greatly on
the viewing angl®. If the source is seen directly from the side, usually tws gt seen to
emanate from both sides of the central engine. These scamrees$ten classified as Radio
Galaxies. If the source is seen at a very small viewing argpgpler beaming starts to
affect how the jet is seen by the observer. The counterjet idlysuat visible because
the Doppler boosting increases the luminosity of the apgriog jet and diminishes the
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Figure 2.1 A simple illustration of a jet.

receding jet according to Eq. 2.1 (e.g. Kembhavi & Narlike89)

2+a
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The Doppler boostingféect depends on the viewing anglethe Lorentz factor of the
jet flow I', and the speed of the begn= v/c in the source’s frame as shown in Eq. 2.2
(e.g. Kembhavi & Narlikar 1999)

1

>~ - poosty =

wherel’ = (1 - 82)~Y2. The smaller the viewing angle the bigger the Doppler bagsti
factor D is. The most significantfiect of the Doppler boosting is that it changes the
way we see the sources. The observed flux density is enhasctan in Eq. 2.3 (e.g.
Kembhavi & Narlikar 1999)

F(v) = (%)Sm F' (), (2.3)

whereF(v) is the observed flux density at frequengy is the redshifta is the spectral
index, andF’(v) is the intrinsic flux density of the source. Because of the@epboost-
ing, we also see the jets shorter, fatter, and more sharpiytban would be seen when
faced side-on (Marscher 2006).

The jets can be directly observed in the radio regime withvéry Long Baseline In-
terferometry (VLBI) technique. In VLBI, many radio telescapae observing the source
simultaneously, forming an antenna which has an apertutieecdize of the distance be-
tween the telescopes. The observations are later comlorfedt an image or a map of
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the source. It is the only way to get a close look of the radi@ @nd to see the shocks
moving along the jet. An accuracy of sub-milliarcseconds loa obtained with the cur-
rent VLBI methods. The first sources were seen to show appsueetluminal motion in
the VLBI images already in the early 1970s (Whitney et al. 197dhen et al. 1971) and
later on, the number of sources showing superluminal métasincreased tremendously
(e.g. Jorstad et al. 2001; Kellermann et al. 2004; Piner. 208l7). The apparent superlu-
minal motion can be explained by using the fast speeds okttleand the small viewing
angles. If the emitting source in the jet is moving at a sp&eithe observer measures
apparent transverse spegg, (Eq. 2.4, Kembhavi & Narlikar e.g. 1999)

Bsing

,Bapp = m (24)

This can be seen to exceed the speed of kighthe viewing angled is small enough.

The viewing angle or Lorentz factdr cannot be observed directly but they can be
derived using Egs. 2.7 and 2.8 (e.g. Kembhavi & Narlikar J98the Doppler boosting
factor D and the apparent transverse spggg are known. We can ge.p, from the
VLBI observations by assuming that the pattern speed of teerohtions corresponds to
the speed of the jet flow. This is more likely if the fastesterlied pattern speed is used
as it probably propagates at a speed close to the speed afthe fl

The Doppler boosting factor can be estimated in various wdyse most common
way to estimate the Doppler boosting factor is to compare Vlervations with X-ray
observations (Ghisellini et al. 1993; Guijosa & Daly 199&e@a & Daly 1997; Britzen
et al. 2007). Using VLBI component fluxes, it is possible toreate the amount of X-ray
emission if it is assumed that the X-rays are produced byrterse Compton (IC) mech-
anism and that the same synchrotron photons producingwes foequency emission are
also responsible for the IC emission. Assuming also tha¥itigl observations are car-
ried out at the spectral turnover frequency, the predictacdyXflux can be calculated.
This can be compared to the observed X-ray fluxes, and bypretieng the excess flux
as due to Doppler boosting, the Doppler boosting factorsbeanalculated. The main
disadvantage of this method is that the VLBI observationsiateften performed at the
spectral turnover frequency. In addition, most studiesngesimultaneous VLBI and
X-ray data which enhances the errors. Lahteenmaki & Valt§b999) showed that the
IC Doppler factors are not very accurate.

In Paper IV of this thesis, the Doppler boosting factors alewdated by using the
total flux density observations. In this approach the valitgliimescale is assumed to
correspond to the light-travel accross the emitting sauMie estimate the brightness
temperature of the source by using a variability timesegle= dt/d(InS) obtained from
the observations, and calculating the brightness temyeray using Eq. 2.5 (Paper V)

Smaxdf

Tovar = 1.548x 10732 :
var v2r2 (1+2)

(2.5)

wherey is the observed frequency in GHzs the redshiftd? is the luminosity distance in
metres, an®ax is the maximum amplitude of the flare in janskys. The numéfaor
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in Eq. 2.5 corresponds to usitdy = 72kms*Mpc?, Q, = 0.27 andQ, = 0.73, and
to assuming that the source is a homogeneous sphere. Ratiatb@aming enhances the
observed variability brightness temperature by a fact®®%#fnd thus we can estimate the
variability Doppler boosting factor by relatirig, .. to the intrinsic brightness temperature
of the source (Eq. 2.6, Paper V)

(2.6)

It is often assumed that the maximum intrinsic brightnesgpterature for a source would
be ~ 10'%K, limited by the inverse Compton catastrophe (Kellermann &liRg-Toth
1969). However, Readhead (1994) argued that a more reasoradbk can be obtained
by assuming equipartition between the magnetic field endegsity and the radiating
particle energy density. This equipartition temperaflugs of the order of 18K. Lah-
teenmaki et al. (1999) confirmed the value by estimatingnitreisic brightness temper-
atures by using various observational data. Thereforayimoalysis the value s 10'°K
for Tynt IS used (Readhead 1994; Lahteenmaéki et al. 1999).

~ Bop+D*+1

r 2.7

2D (2.7)

0= arctanﬂ (2.8)
2+ D?2-1

app

The typical values for Doppler boosting factors are aroukdnlour sample. There
are diferences between the source types with HPQs being more Habste the other
types, with a mediaD of 16. The GALSs are the least boosted, as expected, with aamedi
D of 2.7. The LPQs and BLOs are in between these two with medsaf 11.9 and 6.3,
respectively. As is argued in Paper 1V, it is more reasonableombine the HPQs and
LPQs in our sample to a single group of flat spectrum radio apsa$SRQs), because in
our sample we do not see ordinary quasars which have lagemg angles. All quasars
in our sample are seen at a viewing angle of less than 20 deged therefore we can
only draw conclusions about the behaviour of the blazae-tipects.

In Paper IV we also found that the BLOs have slower jets than FSRQe median
I'var for BLOs is 10.3 while for FSRQs itis 16.2. As expected, the GAhse the slowest
jets with a mediar', Of 1.8. The diferences between the source classes are significant,
and according to the Kruskal-Wallis analysis, the BLOs an®®@S difer with a 99%
probability. The situation is similar when the viewing aegllare studied. The FSRQs
are seen in smaller viewing angles with a medéan of 3.4°, whereas for the BLOs
the median i9,, = 5.2°. Again the GALs difer greatly from others with a median
Ovar = 15.5°. It must be noted that we have only five GALs in our sample, Wigiee also
the most variable and compact objects of their type, aneétber do not represent typical
radio galaxies seen at large viewing angles.

All this becomes more complicated when the bending of thejet diferent com-
ponent speeds atfterent parts of the jet are taken into account. Curved componen
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trajectories have been seen in VLBI images, and bending oighsds 210 degrees has
been detected in at least one source (Savolainen et al. .2@iéhding or subluminal
shocks are also common features in these sources (Jorsth@@01; Kellermann et al.
2004). These properties make the analysis more complieatdaur estimation of the
parameters more demanding.
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3 Total flux density variability of AGN

Quasars were first discovered by their radio propertiestagiddptical counterparts were
only later identified. It was, however, first in the opticalwsbengths that they were
claimed to be variable (Matthews & Sandage 1963). Radio beitiawas first reported
for the blazar 3C 279 by Dent (1966), and a larger sample afcesuvith multiple fre-
guencies was reported to show variability by Pauliny-Tot&lermann (1966). In 1966
Martin Rees suggested that it was the relativistic motionhef émitting region which
caused the observed variability (Rees 1966). Since thealibty at all wavelengths
has been detected. The variations in théedent wavelength regions are often corre-
lated, indicating a common origin for the variations. Thisgis concentrates mainly on
radio variability which is studied in Papers I, Il, 1l, and &f this thesis, and therefore
variability behaviour at other wavelengths is only brietyiewed.

The spectral energy distributions (SEDs) of blazars con$isvo peaks. An example
is shown in Fig. 3.1 where the SED of the blazar 3C 279 ffedent activity states is
shown. The shape of the SED is smooth from radio to X-ray feegies indicating
that the same physical processes (mainly synchrotron emjsare responsible for the
variations at all these wavelengths. The peak of the sytrdircomponent is often in the
infrared to optical region (Impey & Neugebauer 1988) butoms BL Lacertae objects
it occurs in the X-ray regime (e.g. Giommi et al. 1995). Theaos&l high-frequency
peak is thought to be caused by Inverse Compton radiatios. ftrmed when photons
gain energy from collisions with the electrons from the dyotron radiation, and the
radiation is shifted to higher frequencies. This compoigenot as well understood as the
synchrotron component due to the lack of decent light cuatéise high X-ray ang-ray
frequencies. In this Chapter the variability propertieshefse two regimes, concentrating
on the synchrotron component, are discussed.

3.1 The synchrotron component

Synchrotron radiation is the most important emission meigma in the radio to X-ray
regime of AGN. It is produced when relativistic electrongenact with magnetic fields.
Electrons spin around magnetic field lines (see Fig. 3.2)dycing a cone of radiation
emitting towards the direction of the movement. The freqyeof the synchrotron ra-
diation is directly proportional to the strength of the maga field, and therefore syn-
chrotron radiation in AGN is seen at radio to X-ray frequesci

The spectrum of the synchrotron radiation is shown in Fig. B the optically thick
part of the spectrum the radiation is self-absorbed so teaetectrons absorb photons
emitted by other electrons. The spectral index at this regor2.5. The synchrotron
self-absorption turnover in AGN usually occurs at radiayfrencies. At this point the
emission turns into optically thin emission, which is dédsed with a power-law with
spectral indexa = (1 — 9)/2 wheres is the electron energy distribution. A value of
a ~ —0.7 — -0.5 is obtained from observations. At higher energies (ugdat-IR and
UV) a high-energy cutid occurs, and radiation losses steepen the spectrum.
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Figure 3.1 Spectral energy distribution of the blazar 3C 279. Highlamdactivity states
are shown in dferent symbols. (Figure is from Wehrle et al. 1998.)

Synchrotron radiation is linearly polarised and oftenailé. When the self-absorption
turnover and the linear size of the emitting object are knats possible to calculate the
magnetic field strength.

The variations in radio to submillimetre to far-infraredji@ns are closely related and
flare development can be traced through all the regions€B8ssst al. 1994, Paper Il). The
flares start to develop in the far-infrared to submillimetegion and peak somewhere
in the millimetre domain (Stevens et al. 1994, Paper Il). Thees in the mm- to cm-
wavelengths are quite long-lasting with average duratio?.® years at 37 GHz (Paper
), but short-term variability is also common in these sesr{Paper I; Paper lll). There
can also be quiescent periods which last for years, andftreran order to study the
variability behaviour in the cm- to mm-wavelengths, loegrt monitoring is needed.

The far-infrared variability was studied by Impey & Neugeabga(1988) who found
that in their small sample of blazars, 40% were found to belser over 3 to 9 months
timescales. The amplitude of the far-infrared variabiitsss about half of the amplitude
in the optical. Similar variability timescales were foung Bdelson & Malkan (1987)
for three blazars which were variable in a sample of five blaz& he results in both
studies are limited by the short time span of less than a yeahich the observations
were carried out. Nowadays it is clear that the sources are\ariable in the infrared
region, and the variability is correlated with lower freqoees. In other AGN than blazars
the infrared emission is dominated by thermal dust emissitrer than the non-thermal
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Figure 3.2 Electron spinning in a magnetic field producing synchnotradiation and
the spectrum of the radiation.

synchrotron emission. Also, some of the infrared emissiay oome from the accretion
disk.

In the optical, already early long-term monitoring progeshowed that the sources
are variable over timescales from months to years (Webb. ét9&88). In the optical,
many sources also show variations in timescales of lessdags (Wagner & Witzel
1995). The mechanism producing this intra-day variabiktprobably diferent to the
shocks propagating along the jet which are used to explaifotig-term variability. The
correlation between optical and radio frequencies has bee&hed using large datasets
(Hufnagel & Bregman 1992; Tornikoski et al. 1994b; Clemental e1995; Hanski et al.
2002). The flares in the optical and radio seem to correlatéeugaps in especially the
optical data make the analysidfitult. Tornikoski et al. (1994b) concluded that it seems
that every radio flare has an optical counterpart but it doéapply vice versa. All optical
flares are not seen to have radio counterparts which couldé&dhe diferent origin of
these flares, or long time delays between the frequencieshvdaiuses the identification
of the corresponding flare to befliicult or even impossible.

At ultraviolet wavelengths the variability of blazars is stly caused by the same
synchrotron processes as at longer wavelengths, whilelinamy quasars and galaxies its
origin is the accretion disk (Edelson 1992). The InterragidJItraviolet Explorer (IUE)
provided data for 13 years, and the results of this largesdataere analysed in Edelson
(1992). Although there were only 14 sources with more thaatambints in the sample,
they concluded that the variations in the UV region coreelaith longer wavelengths,
and therefore the origin of the variations is the same. Thg-lerm timescales of UV
variability were found to be of the order of 4 years while abort-term daily variations
were seen. However, at least some of the UV radiation prgbafijinates from the
central regions of AGN and not from the synchrotron jet (8grscher 2005). Indeed in
the faint state, some blazars are observed to have a riseiirlt¥f continuum indicating
emission from the accretion disk and the broad line regian faiteri et al. 2006, 2008).
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Several models have been constructed to explain the syingchneariations, and cur-
rently the best models include shocks moving downward inghe

3.1.1 Shock models

In the first models trying to explain AGN variability, the vaions were caused by a
spherical, adiabatically expanding cloud of plasma, engjtincoherent synchrotron ra-
diation from electrons with a power-law energy distribat{@an der Laan 1966; Pauliny-
Toth & Kellermann 1966). Today it is generally accepted tihat radio flares in AGN
are produced by shocks propagating in the relativisticljge first such model was intro-
duced by Blandford & Rees (1978). These models soon proved toooe realistic than
the simple expanding source model by van der Laan (1966) aaliny-Toth & Keller-
mann (1966) which failed, for example, to explain the valigbamplitudes at higher
frequencies (e.g. Blandford & Konigl 1979; Marscher 1980).

Marscher & Gear (1985) studied the 1983 flare of the quasar73Cahd developed
a shock model to describe the properties of the flare. In thdemehocks propagate in a
conical, adiabatic jet, which has a constant flow speed tbestby the Lorentz factdr.
The viewing angle& between the jet axis and the line of sight to the observerssrasd
to be much larger than the constant jet opening agglehis way it is possible to assume
a constant Doppler factor to the flow.

The shocks are formed when minor disturbances propagatg tie jet and encounter
a pressure gradient in the jet. A pressure gradient fornteeretis a slight change in the
pressure of the jet flow, or if the bulk Lorentz factor incremsThe spectral shape of the
shock is that of a homogeneous synchrotron source.

The evolution of the shock is described by three stages.drfiitst, the growth stage
of the shock, Compton losses dominate and the flux density aisell frequencies. The
turnover frequency of the spectrum does not change durisgstage. When the pho-
ton energy density equals the magnetic field energy derssitchrotron losses start to
dominate. In this stage the peak flux of the spectrum staysoappately constant, and
the turnover frequency moves to lower frequencies. In thal Btage adiabatic losses
dominate and the shock decays.

It is possible to see thesdfects observationally if the evolution of a flare can be
monitored at many frequencies simultaneously. This isfacdlt task because long-
term monitoring at multiple frequencies is often hard toamplish, especially at higher
optical and infrared frequencies, where the variationgaster and the data often contain
large gaps. Stevens et al. (1996) were able to study the tewolaf the centimetre-
submillimetre spectrum of the blazar 3C 345, and to testhloelsmodel of Marscher &
Gear (1985). By removing the quiescent spectrum from the, flaey were able to show
that the flare spectrum is indeed that of the homogeneou$igyinon source. The same
result was earlier obtained by Valtaoja et al. (1988). Siswt al. (1996) were able to
follow the evolution of the spectrum over a period of two y&and their results showed
that the evolution of the turnover frequency correspondaethé predicted behaviour.
They also noticed that the model, which assumes a conigalgetd not explain all the
properties seen, and therefore the jet is probably bendiay drom the line of sight
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during the flare.

Hughes et al. (1985) developed a shock model to describeitwr Icentimetre fre-
guency linear and polarised variability of AGN. The modehismnerical and the code
is provided in Hughes et al. (1989). In their model, hot plasmith a turbulent mag-
netic field acts like a piston and drives the shock along thetadic and constant velocity
jet. The shock is formed in the optically thick part of the jehd a flare is seen when
the shock emerges from behind an optically thick surfacéhefjét. The flux starts to
rise when the shocked region becomes visible and reachasutisnum when the whole
shock is visible. The flux decays when the shock expands atically.

The model was tested in Hughes et al. (1989) and Hughes et98l1), and it was
able to explain the centimetre wavelength linear and psgdrivariability very well. It
fails, however, at higher frequencies because the init@hth phase of the shock, which
cannot be ignored at higher frequencies, is not implementdte model.

A generalisation of the Marscher & Gear (1985) model was ttaoted by Valtaoja
et al. (1992). This generalised model does not consider aggigal parameters, but
concentrates on the observational properties of the fldreshis model, the flares are
described also by three stages in which the evolution ofyhetgotron spectrum is fol-
lowed. In the growth stage, the peak flux density of the spetis strongly dependent
on the turnover frequency. The second stage is a plateauewhepeak flux is constant,
and in the third stage the peak flux decays and is weakly dememeh the turnover fre-
guency. How the flare is observed depends on the observiggeneyv,,s, and whether
it is higher or lower than the frequency where the flare readteemaximumyvyay. A
high-peaking flare is seen wheg,s < vmax. In this case there are time delays from
higher to lower frequencies, and the maximum flux derSjtyy is strongly dependent on
the frequency. It is also likely that an optical spike is afeed simultaneously with the
high-frequency radio maximum.

A low-peaking flare is seen whenys > vmax. The frequencies follow closely each
other and no time delays are se&p.xis weakly dependent on frequency and increases
towards lower frequencies. A new VLBI component is likely sodeen because the flare
is still growing when it reaches the lower radio frequeneewhich VLBI observations
are usually made.

The model was tested with a sample of sources in the papHratskalso in Lainela
(1994), and Paper Il in this thesis. The flare evolution se@nisllow this simple model
quite well, and the shock model can explain most of the oleseflare characteristics
seen during the flares.

More detailed studies of individual sources and how theydasseribed by the shock
model of Marscher & Gear (1985) have been made by Tirler €299, 2000) and Lind-
fors et al. (2005, 2006, 2007). In Trler et al. (1999) the fturves of the quasar 3C 273
are decomposed into a set of self-similar flares, which aserd®ed by the Marscher &
Gear (1985) model. It is seen that again the lower frequerasie described very well by
the model but at higher frequencies the model sometimesttareach the observed flare
amplitudes. In general, however, the agreement betweemadldel and the observations
is very good. Turler et al. (2000) modified the model to inelwdirved, non-conical and
non-adiabatic jets which can also be accelerating or deatélg. In this paper a more
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physical approach is also tested, where the onset valué® dappler factor, magnetic
field strength and electron energy density normalisatiervaried. Again the correspon-
dence between the model and the observations is very goey.al$o noticed that some
of the flares are high-peaking and others low-peaking as waaiaed in Valtaoja et al.
(1992). The decomposed flare components also correspondvedirto VLBI observa-
tions, so there is clearly a physical connection betweenl#étemposition model and the
actual shocks.

In Lindfors et al. (2005) similar decompositions were maaietiie data of the blazar
3C 279 to test if the Synchrotron Self Compton (SSC) mechanssabie to explain
the observed gamma-ray flux in the source. They concludgdhikaSSC mechanism
describes well the observed X-ray flux but is not alone ablexjgain the gamma-ray
flux.

All the decompositions show that in general the shock mofl&arscher & Gear
(1985) is able to explain the observed properties, but thekness of the model is that
it does not take into account the variable Doppler factoherliending of the jet. These
effects are thought to explain some of the features that arelggeme not explained by
the model. Bjornsson & Aslaksen (2000) also criticise asgionp made in the initial
Compton scatter phase of the shock, and suggest that at bgleincies it is pitch angle
scattering rather than Compton cooling which dominatess @tdition to the Marscher
& Gear (1985) model was tested on the galactic microquasanydpy Lindfors et al.
(2007). They found a very good correspondence between gerwdtions and the model.
This study also showed that the same jet models used for AGiéhirag can be used to
understand the behaviour of galactic sources and jets.

Sokolov et al. (2004) have taken a slightlyfdrent approach where the flares are seen
when a moving shock collides with a stationary feature ingheln their model the flare
is first seen when the moving shock collides with the statprieature that forms the
VLBI core of the jet. The VLBI core first brightens due to the skaollision and the
plasma moving downstream is later seen as a superluminakréem the jet. A recent
study of the blazar BL Lac showed that the acceleration of #réqbes occur upstream
of the radio core where the emission feature is moving alohglecal magnetic field
(Marscher et al. 2008). A radio flare is seen when the emissigion crosses the core
which is a standing shock. This is the first time there has deese enough observations
at all wavelengths to prove such a scenario observationally

An important note, however, is that all the models produaedlavith a plateau but in
reality the observed flares are better described by a shalkpvpéh exponential rise and
decay (Valtaoja et al. 1999, Paper IV), which so far has nehlexplained in any models.
This should be taken into account when improving the cumeadels.

3.2 The high-frequency component

There are currently two types of models which try to expl&ie high-frequency emis-
sion in blazars. In leptonic models the emission is domuhbteultrarelativistic electrons
andor pairs. The process in which electrons from synchrotrahateon collide with

photons is called Inverse Compton scattering (IC). The progain energy from the
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electrons and the radiation is transferred to higher frages. This mechanism dom-
inates the higher X-ray to gamma-ray frequency radiatiod@N, and is seen as the
second peak in a SED (Fig. 3.1). If the seed photons are thehsytnon photons, the
mechanism is called Synchrotron Self Compton (SSC). Anotpgom is that the pho-
tons originate from, for example, the accretion disk, omnfrolouds in the broad line
region. This process is called External Inverse Compton (Ht@ still not clear which
of the two produces the high energy radiation in AGN, or iftbigtechanisms contribute.
In any case, the variations at high-frequencies shoulcetzdg with the variations of the
synchrotron component.

Another possibility are hadronic models in which the secpedk of the SED is
formed by proton and muon synchrotron radiation. These msadquire the acceleration
of relativistic protons to energies whepg pion production is possible, and also very high
magnetic fields of tens of Gauss are needed. A recent revi&btigher (2007) discusses
both leptonic and hadronic models in more detail. Curretyléptonic models seem to
better explain the high-frequency variations, and theeetoe discussed in more detalil
below.

Only quite recently the Rossi X-ray Timing Experiment (RXTBpservations showed
that the X-ray variations in some blazars are indeed caeebaith lower optical to radio
frequencies (Marscher et al. 2004; Marscher 2005; Chattetjal. 2008). They find that
the radio and optical observations precede the X-ray obtiens in at least two well
monitored blazars (Marscher et al. 2004), indicating thatgmission originates from the
jet and not from the region close to the central engine as Bas thought previously.
On the other hand, detailed analysis of the observationsedblazar 3C 279 from radio
to X-ray frequencies show that in some flares, the X-ray tiana precede the optical
ones (Chatterjee et al. 2008), and in others the variatianaearly simultaneous, or the
optical precedes the X-ray variations. The emission mdsharesponsible for producing
the X-rays in these models is thought to be SSC, in which case $hould be strong
correlations between the synchrotron components and ttegy Xariability, as is seen in
these sources. Theftérences between the flares can be explained with lightHualays
and diferent acceleration times of the electrons at various eerdn Chatterjee et al.
(2008) it is also shown that the change in the source behacaube due to change in
the direction of the jet.

In some high-peaking BLOs the X-rays are part of the syncbnotomponent (e.g.
Giommi et al. 1995). In non-blazar radio-loud quasars theaibn is more complicated,
and at least some of the X-ray emission may arise from thesaoordisk (Marscher et al.
2004).

Also they-ray emission correlates with radio variability (Jorstadle2001; Tornikoski
et al. 2002; Lahteenmaki & Valtaoja 2003; Lindfors et al. 2Dl of these studies show
that the radio variations precede theay activity, which indicates that the emission origi-
nates in the jet and not from the close vicinity of the cergrajine as previously assumed.
Itis presumed that the same SSC mechanism responsiblesfrtay emission also pro-
duces they-rays but in Lindfors et al. (2005), in which the blazar 3C 25Studied, it is
shown that the SSC mechanism alone cannot explaip-tlag emission for this source.
The problem is the lack of decent flux curvesyatays. Most of the observations are
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from the EGRET instrument on board Compton Gamma-Ray Obseyyatwd they only
indicate whether or not the source was observed in apigty state.

Another explanation for the origin of-rays is the External Inverse Compton (EIC)
mechanism where the seed photons originate from, for exgnsfase to the accretion
disk, or from the broad line region, and are not the synchrophotons as in the SSC
mechanism. Especially in quasars some models explain toadgeak in the SED with
EIC models (e.g. Sambruna et al. 1997), while in BLOs the mashais thought to be
SSC dominated (e.g. Bottcher 2007). Gamma-ray flux curvéseoh be available when
the Fermi Gamma-ray Space Telescope, which was launchemsh@&2D08, has operated
long enough to produce more observations. These will hetpstinguish which of the
two methods better describes the high-frequency componé@N.

One problem with the current SED models is that they usuadlyhdt take all the
wavebands into account and often, for example, radio frecjae are totally ignored in
the models. The situation is even more complicated whenititeebt TeV energies are
modelled. In the past ten years, a few blazars have beentel@teih the atmospheric
Cherenkov telescopes to emit at high TeV energies . Most ofuhent models require
very high Doppler boosting factors for these high-peakibgcts (e.g. Finke et al. 2008),
while observational evidence indicate low Doppler bogsgtior the objects (Wu et al.
2007; Nieppola et al. 2008). It is oftenficult to model these sources with a single-
zone jet model, in which the radiation at all wavelengthshisugght to come from the
same region of the jet. In some cases the models may requadrariic component to
explain the TeV observations (Béttcher 2007). Since the rarrabdetected TeV objects
is currently only about 20, it is flicult to make any general conclusions about their
behaviour. Therefore upcoming improvements of the cur@rdrenkov telescopes and
also new missions will hopefully give more insight into thield as well.
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4 Long-term radio variability

Modern AGN studies usually concentrate on short multinewgth campaigns lasting for
some days or weeks. The basic idea is to get as a good wavelsmgirage as possible,
hopefully during a flaring state of an object. While this mayrkvin high X-ray and
optical frequencies where the flares last from days to a feeksigt is not stficient for
the lower frequencies. As is shown in Paper Il in this thehis flares in the radio regime
last on average for 2.5 years. In addition, the time delaysd®n diterent frequency
bands can be of the order of months (e.g. Tornikoski et al4aR9 It is clear that a
short campaign lasting for a few weeks does not give a complieture of the source
behaviour.

4.1 Long-term monitoring data

Currently there are two dedicated AGN monitoring projectshia radio regime, which
have provided densely sampled flux curves for decades: tamgevavelength monitor-
ing at the University of Michigan Radio Astronomy ObservatdMRAQO) and shorter
cm- and mm-wavelength monitoring at Metséhovi Radio Obgerya The UMRAO
monitoring programme started already in the 1960s, ana: lsegs of dierent types of
objects have been monitored on a weekly to monthly basis. éskhovi the monitoring
programme began in 1980, and a sample of about 100 brigltgktnn compact sources
have been monitored on a monthly basis. In addition, vasousce samples are studied
either on a weekly basis or on longer timescales of months.

At the shorter mm- to submm-wavelengths, the current sdoas not as good. The
Metsahovi AGN group used the Swedish-ESO SubmillimetreSape (SEST) located
in Chile, for monitoring of AGN at 90 and 230 GHz from 1986 ur#003 (Tornikoski
et al. 1996) when the telescope was shut down. Other mamifgriogrammes at the
submm-wavelengths have been conducted with the InstitRidigoastronomie Millimét-
rique (IRAM) 30-metre telescope located at Pico Veleta, 5f@ieppe et al. 1988, 1992,
1993; Reuter et al. 1997). Unfortunately they have not phblisany monitoring data
since 1997. A set of AGN has also been monitored at the Jamds@éxwell Telescope
(JCMT), at six wavelength bands between 2 to 0.35 mm (Steveisl®94; Robson et al.
2001). However, the datasets are shorter, only of the orfdefew years, and they have
not been published lately.

An example of well-sampled flux curves can be seen in Fig. wHich shows ten
years of observations of the blazar 3C 279 from cm- to optiatelengths (Lindfors
et al. 2006). This source is one of the best monitored AGN,thedlux curves at all
wavelengths are very well sampled. Such dense monitoriagles detailed studies of
the structure of the flux curves at various frequency bandas.4F1 also shows a model
curve, which tries to explain the variations based on thelshwodel by Marscher & Gear
(1985). Especially at the lower radio frequencies, theegtwosely follows the datapoints.

Unfortunately such densely sampled flux curves at everyugaqgy band are ex-
tremely rare. Usually the monitoring is much sparser eglgat the higher frequencies.
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Figure 4.1 Flux curves of the blazar 3C 279 from the optical to radigrencies. A
shock-model fit is also shown. (Figure is from Lindfors et24l06)

An example is shown in Fig. 4.2, where the flux curves of théorgdlaxy 0004106 at
37 and 90 GHz are plotted. The 37 GHz data are from the Metsamanitoring project
(Salonen et al. 1987; Terésranta et al. 1992, 1998, 2004)20@luding unpublished
data from 2001 to the end of 2006. The 90 GHz data are from tI8¥ {Eornikoski et al.
1996, and unpublished data). At 37 GHz the source is quitsedgmonitored but as can
be seen, there are not many datapoints at 90 GHz. It is eagetthat there have been
flares at 90 GHz (e.g. around 1997), but due to the lack of tfaastructure, or even the
true peaks, cannot be determined.

Densely sampled flux curves at various frequency bands emsldies of the long-
term variability of AGN. As can be seen from the example figutbe AGN flux curves
form timeseries which are usually unevenly sampled and noayam large gaps. This
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Figure 4.2 Flux curves of the radio galaxy 008706 at 37 and 90 GHz. The 37 GHz
data are from the Metsahovi monitoring programme and thel @ata are from our
monitoring programme at the SEST.

constrains the methods we can use to study the flux curvese @he methods developed
for unevenly sampled data, and in this thesis the performahgarious statistical meth-
ods has been studied when the characteristic timescaleSfake considered (Paper I;
Paper Il1).

It can be tricky to choose the right method to use witliedlent types of data. The
length of the dataseries is one crucial parameter in chgdbmright method, as is also
the sampling density. It also has to be kept in mind thatsttesil methods are restricted
by the data. For example, if the average sampling densityigeks, it is not possible to
reliably detect any timescales of less than 2 weeks in thee ddiis should be clear using
just common sense but unfortunately it is often forgotterstigntists trying to analyse
sparse data. Often it is also ignored that studying only ayfesars of observations does
not necessarily reveal the complete variability behavaditine sources, and as is shown in
Paper | and Paper lll, even 10 years can be too short a mamgtbne for some sources.

Often statistical methods are used for studying periadin the flux curves of AGN.
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In many cases, however, indigient amount of data is used. The periods obtained are
relatively long compared to the total length of the timesgriand therefore have not
repeated diiciently many times. Kidger et al. (1992) suggest that the itodng time
should be at least six times the length of the period in ordegven consider it as a
periodicity. Even in such a case, the behaviour of the soccaindater change and alter or
destroy the period.

Large individual outbursts alsdfact the results from the statistical methods. Pe-
riods are more easily detected between stronger outbanstisthe methods may over-
look smaller variations. In multifrequency analysis, inigfhthe timescales of individual
sources at many frequency bands are studied, it can als@hdppt a certain flare is
missing from one frequency band, changing the timescalgpaomal to others. All these
restrictions should be taken into account when the timesaal periodicities are studied,
and results from the statistical methods should not be lliadcepted but verified with
other methods and by visual inspection of the flux curves.

4.2 Timeseries analysis methods

Fourier-based methods, such as the Lomb-Scargle periasogromb 1976; Scargle
1982), are commonly used in studying timescales and pespddiiodicities in the flux
curves of AGN. The Lomb-Scargle periodogram is speciallyettgped for unevenly sam-
pled timeseries. The most severe restriction in using tlethod is that it is developed to
search for sinusoidal periods in the flux curves. As the exariyx curves in Figs. 4.1
and 4.2 show, the flux curves do not resemble sinusoidal b@lraAlso, the sources are
almost never strictly periodic so that the methods always giore than one timescale.
Harmonics of these timescales also complicate the analyses

Other commonly used methods are the Discrete Correlatiootieun(DCF) (Edelson
& Krolik 1988; Hufnagel & Bregman 1992) and the structure fumie (SF) (Simonetti
et al. 1985). They are directly related to each other, thei8rgusually about half of the
DCF timescale. This is because the SF searches for timesa#tes maximal diference,
for example times between flare peaks and minima, i.e. teeand decay times of flares.
DCF, on the other hand, is usually used to study maximum @iro@ls so that it gives
timescales of phenomena that are similar in flux scale, lysdetecting flare peaks or
minima between the flares, and therefore giving a timescatigden the flares.

The Lomb-Scargle periodogram and the DCF were used in Papestlidly the char-
acteristic variability timescales. It was seen that midtigmescales were common, and
none of the sources were strictly periodic. The methodsd;dwdwever, distinguish the
typical characteristic timescales from the flux curves, #@y usually corresponded to
peak to peak intervals between the flares. This way we weretalidetermine how of-
ten the sources typically are in a flaring state. The timescaf individual sources were
studied in more detail in Paper V with a subsample of BL Laeeolgjiects. These results
showed that the methods also givéfelient variability timescales for the same sources,
and may pick diterent variations as the most significant ones in the flux curiremost
cases, however, both methods gave the same timescale sidesicant timescales were
also considered.
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The SF was also used in Paper | to study the characteristabiéty timescales. We
found that the SF is good in representing the rise and decestof flares in most cases.
In addition to giving the timescales, the SF enables stumfiéise noise processes behind
the variations. In most cases the AGN flux curves can be cteised with a shot noise
process but in some cases white noise may be dominant. Iatlesof the shot noise, we
are seeing a process which is slowly responding to whitsenionpulses. In the shock-in-
jet scenario, this would indicate that the shocks are calbgeadndom disturbances rather
than some cyclic mechanism (Hughes et al. 1992). Occa$yahal interpretation of the
SF curve can be flicult, and it is not as straightforward as in the DCF and pegoam,
in which clear peaks or spikes are produced at charactetiistescales.

There are two main reasons why the above-mentioned methed®tthe best tools
for studying the timescales in AGN. First of all, they arelsdbmethods, which means
that the flux curve is treated as a single entity. Even thobgk are developed for un-
evenly sampled data, large gaps substantidhigca the analyses. Similarly, few outlier
points can change the result of the analysis. Secondlyeihdmb-Scargle periodogram,
a sinusoidal function is fitted to the flux curves, and if theves are not well represented
by sinusoids, as is the case for AGN, spurious timescalebeaasily produced.

These disadvantages can be overcome with wavelet analykis. method has not
been used as much for studying the timeseries of AGN, andsibkan used in astron-
omy for only about ten years (e.g. Foster 1996; Priestley’ 188argle 1997). The main
advantage of the wavelet method is that it is a local methdus means that the flux
curve is treated separately for all time epochs, and gapstbeiodatapoints do notfect
the analysis as much as in the global methods. Because ofdaktypit is possible to
study the timescales both in the time and in the frequencyaitonWe can see when the
timescale is visible in the flux curve, in addition to seeitgyfrequency. Another good
property of wavelets is that it is possible to choose the ¥aawe used in the analysis.
The most commonly used waveform for AGN flux curves is the owavelet, which
can be thought of as a localised plane wave tapered with asizausinction. This way
the analyses do not far from non-sinusoidal flux curves.

We used the wavelet method to study the timescales of AGNpeR#H. The analyses
showed that the timescales are often only transient phemanmethe flux curves, and
long-lasting timescales are rare. In many cases the tiresseaher weakened in power
or totally disappeared over long periods of time. The valitglbehaviour of objects
changed and none of the sources were strictly periodic. Theracy of determining a
timescale with the wavelet analysis is less than in Fourésed methods but when the
sources are not strictly periodic or characterised by sidats, wavelets are better as
they indicate the moment at which the timescale is present.

Figures 4.3 and 4.4 show the analyses with thefferéint methods for the blazar 4C
29.45 (1156-295). In panek of Fig. 4.3, the flux curve is shown. The DCF in panel
b gives a timescale of 3.49 years which is only 0.2 years lotigean the Lomb-Scargle
periodogram timescale of 3.29 years. Indeed, there aresflaséle in the flux curves,
with about 3 years in between them. The structure functigraimeld settles on a plateau
at a timescale of 1.21 years. This timescale is also seereifittk curve as the rise and
decay times of the flares. Therefore we can conclude thatdhadf-based methods can
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Figure 4.3 SF, DCF and Lomb-Scargle periodogram analyses of the b##z&9.45 at
22 GHz. a) flux curve b) DCF c) Lomb-Scargle periodogram d) Sguie is from Paper

).

find the characteristic variability timescales for a soukdewever, if the wavelet analysis
in Fig. 4.4 is studied, it is evident that the timescale of yBedrs (log(18%%) years) is
only visible in the latter half of the flux curve, starting arm 1995. Based on the wavelet
analysis, itis clear that the source is not periodic at a 8af timescale, but this represents
its characteristic timescale of variability. It can alsodsen that the source has changed
its behaviour in the mid-1990s.

All these statistical methods require long-term obseoveti Our requirement was to
have at least 10 years of data for every source. Of coursedtsisible to use the methods
also for shorter datasets, but in those cases only shortvariability can be studied.
Another way to study the sources is to visually examine thedlurves. This method is
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Figure 4.4 Wavelet transform of the source 11585 at 22 GHz. The y-axis is fre-
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flare timescale of 1.7 years (% years) is also seen.(Figure is from Paper IlI)

very subjective and various people can obtaifiedent results. We have used this sort of
approach to study the flare behaviour of the sources (Pageapler V). The flux curves
are divided into individual flares, and parameters such agite time, peak flux and
duration of the flare are calculated. This way long-term daganot as crucial but dense
sampling is still needed. As is seen in the lower panel of #ig, gaps in the data make
it impossible to determine the peak times or starting tinfdlaces accurately.

In Paper IV we used a more sophisticated method and tried ttehtbe flux curves
with exponential functions (Valtaoja et al. 1999; Lahte@akim& Valtaoja 1999). The
idea was to model the flux curve with as small a number of sugseghexponential flares
as possible. This can tell us more details about the indalidhock components as is
explained in Chapt. 2. In this method, gaps in the data do ngtecas much problems
as in the visual examination because the exponential coempsfit the data even if there
are gaps. Naturally, the results are more reliable wherettsea sifficient number of
observations. Even though the method basically only neadswell-defined flare for
each source, long-term observations are crucial if we wabetsure that the one flare
represents a good example of the source behaviour.
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4.3 Long-term timescale analyses

By studying the timescales, it is possible to gain an undedstg of how often the AGN

are in a flaring state and how long the flares typically lasis ihteresting to discover
differences between the source classes and also between thesviaeiquency bands.
We can relate the timescales between the flares to physicpegies of the jets, for
example, by interpreting them as time intervals betweeshiogks in the jet. Most of the
bright AGN show almost constant variability at least in drsahles but in the long-term
analyses, usually the large-scale variations, such agribrggsoutbursts, are studied.

In the radio regime, the first long-term timescale studiessvmeade by Hughes et al.
(1992) using the UMRAO cm-wavelength data and by Lainela &adgh (1993) using
the Metséahovi data at 22 and 37 GHz. Both groups used the Skdg sharacteristic
variability timescales. Hughes et al. (1992) used data fowar 25 years of observations
and Lainela & Valtaoja (1993) used 12-year-long datasetdoth studies the aim was
to find typical timescales of a larger sample of sources, dswlta study the physical
processes behind the variations. The results were siraitartypical timescales were of
the order of 2 to 3 years. The variations could be describdd ashot noise process in
most of the cases. Lainela & Valtaoja (1993) concluded tiatentimetre and millimetre
variations of these AGN originate from the same locatiomajet. They also found indi-
cations that HPQs and LPQdi@ir from each other with LPQs having longer timescales.
Updated analyses of both databases were conducted in Raygeere we found that the
timescales are now slightly shorter at 22 and 37 GHz, and wé&lawot find any difer-
ences between the source classes. We also found that atftegqeencies the timescales
are slightly longer than at higher frequencies, which isststent with the basic shock
models. In addition, we noticed that some of the sources hadged their variability
behaviour completely in the new analyses, showing that &2eyears of monitoring can
be too short for understanding the true variability behawmf some sources.

The UMRAO database has also been used for a wavelet analykaligyet al. (2003).
They studied 30 sources in the Pearson-Readhead VLBI surveglsafinding quasi-
periodic behaviour in a little over half of the sources theydged. The median timescale
they found was 2.4 years. About half of the sources showirasgigoeriodicity also re-
peated this in at least one other frequency band. In Papdelavelet method was used
for the first time at higher radio frequencies to study theeBoales in a large sample of
AGN. We conducted wavelet analysis for a sample of 80 soumtesh had been mon-
itored for at least 10 years at Metsdhovi. The average tiatest 37 GHz is 4.4 years,
which is longer than the median found by Kelly et al. (2003)atlower frequency bands.
This is mainly because in our analysis we determined twostgbémescales, a long-term
trend and a flare timescale, which describes the typical filer@scales, for example, the
duration of flares in a source. We had nine sources in commtimKelly et al. (2003),
and in nearly all the cases we could find a corresponding talesbut it was the flare
timescale rather than the long-term trend. We also found@B® of the sources in our
sample showed indications of quasi-periodicity at onedesgpy band, with a long-term
timescale that had repeated at least twice during the tinvastpresent. However, only
eight sources in the sample showed a timescale repeatiegstfbur cycles in two fre-
guency bands, and none of these was strictly periodic.
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The general total flux density and linear polarisation \@lity properties of AGN
have also been studied for larger samples of sources atfradiwencies. The radio vari-
ability of the Pearson-Readhead VLBI survey sample was dduajeAller et al. (1992)
by using the long datasets of UMRAOQO, and the results were egddat Aller et al. (2003).
The same database was used in Aller et al. (1999) to study pletarsample of BLOs.
In Aller et al. (1992) and Aller et al. (2003) variability ifmks and spectral indices be-
tween 4.8 and 14.5 GHz were calculated. The BLOs of their sameie all flat-spectrum
sources while some quasars had a steep spectrum betweerirmqpsency bands. Aller
et al. (2003) also noted that some sources, which showed by in Aller et al.
(1992), were found variable due to the monitoring periodohvas twice as long. In
Aller et al. (2003) also the Lomb-Scargle periodogram waslus study if the sources
exhibited periodicity, but strong evidence of periodicityas not found for any of the
sources.

In Aller et al. (1999) a complete flux limited sample of BLOs veisdied using the
SF and by calculating the variability indices. They foundttthe SF for BLOs were
more dificult to determine compared to the sample of Hughes et al2(19¢hich also
included quasars. The BLOs were seen to be more variable tleesarg. The dlierences
were explained with dierent polarisation properties and magnetic field alignsianthe
jets of BLOs and quasars. The changes in the polarised fluxrengddsition angle are
more common in BLOs than in quasars. In Paper |l the varighiidices were calculated
for a sample of 55 sources at six frequency bands betweemd.830 GHz. The results
confirmed that at least the BLOs in this sample are more varidlaln quasars. In Aller
et al. (1999) the jets of BLOs were also thought to be slowen thaguasars (this was
confirmed in Paper IV), and therefore instabilities can lmelpced more easily in the jets
of BLOs (Hughes et al. 2002).

A large sample of 112 sources observed at Metsdhovi wasestumi Wiren et al.
(1992). They used only two-epoch observations, obtaind®88 and 1989 to study the
variability and spectral index at 22 and 37 GHz. They did nad Bignificant diferences
between the source classes. Considering the limited nunhbbservations, and the short
time in which they were obtained, this is not surprising. ©Quimrent knowledge of these
AGN shows that more data are needed to understand theirehsviour.

Long-term Metsahovi data has also been studied by Lain824()lwho continued the
work of Valtaoja et al. (1988) and Valtaoja et al. (1992) byngaring the observed flare
properties to the generalised shock model. Lainela (1984)wsed the UMRAO data in
the analyses, and concluded that most of the flares can baimegwith the shock model
of Marscher & Gear (1985). In Paper Il we used updated datyavhich had almost
twice as long flux curves, also high frequency 90 and 230 GHa, @and more sources.
Instead of using just the overall minimum and maximum fluxesazh source, as was
done in Valtaoja et al. (1992), we divided the flux curves inttividual flares. In Lainela
(1994) similar approach was also used, but they could déterthe flare spectrum in 28
cases in 16 sources, while we have used 159 flares of 55 soiifeesesults we obtained
are almost identical to the previous studies, which confitmas the shock model can in
general explain the variations of AGN at radio frequencies.

Many individual sources and smaller samples have also hliadied using the exten-
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sive UMRAO and Metsahovi databases. For example, Raiteri. é2@01) studied the
radio and optical variability of the BLO 0238.64, and found a possible periodicity of
5-6 years in the flux curves by using the DCF. Even though theg osre than 20 years
of data, the period disappeared when the source had beenomeohfor a longer time
(Raiteri et al. 2006).

Ciaramella et al. (2004) used the Metsahovi and UMRAO databtssearch for
periodicities in the sample sources. Out of the 77 sourcashniiiad stficiently data
between 1980 and 2001, only five sources showed indicatiopsridicity. They used
the Lomb-Scargle periodogram and the autocorrelationixiattheir analyses. Three of
the periods were also seen in the UMRAO data. Visual exanoinaif the flux curves
does not show the periods clearly and more data should bewised periodicities in
the radio frequencies are suggested. In addition, thewledéx the variability indices
and structure functions for a sample of 39 sources in the UMKAfabase, out of which
25 sources have also been monitored in Metsahovi. The asalythis relatively small
sample indicates that BLOs have higher variability indidesnt quasars, and that the
variability is larger at higher frequency bands. In Papkewk calculated the variability
indices for 55 sources and obtained similar results. The Big€@sed to be more variable
than the quasars. However, thdfdiences between the frequency bands were not as
clear and only at 4.8 GHz the variability indices were siguaifitly smaller than at other
frequency bands. The reason for this is that at the loweu&rgy bands, the synchrotron
self-absorption starts tdfact and flares are observed later. The flux density is lower, an
it is more dfficult to distinguish individual flares from each other.

Pyatunina et al. (2006, 2007) used a slightlffetient approach by dividing the flux
curves of seven sources, monitored at UMRAO and Metsahdwi@aussian flares. They
studied the frequency dependence of the flares, and trieglittedhem into core or jet
flares based on the time delays between the frequency basdsy the Gaussian flares,
they estimated activity cycles for the sources. These weite tpng for all the sources,
of the order of 10 to 14 years, considering the relativelyrshwnitoring period of 25
years for most of the sources. Our timeseries analyses ier®apnd Il also confirmed
the existence of such a long timescales but the median wgsdoflyears at 37 GHz.
Therefore, due to the much larger sample used in our ana{@fesources), it is more
likely that the typical activity cycles or timescales of AGIXe slightly shorter than those
obtained for the seven sources.

Shorter mm-wavelength variability at 90 and 230 GHz has Istamhied by Tornikoski
et al. (1993, 2000), by using the data obtained at the SE®%depe. In Tornikoski et al.
(2000) the variability indices for 45 southern sources weeulated, and their spectral
shapes over the 2.3 to 230 GHz range were studied. They dadtied the variability
indices are larger for sources with more observations. &fbeg, as the number of data-
points at 90 and 230 GHz for these sources is relatively stoatipared to Paper lll, the
variability indices are also smaller.

All the above-mentioned analyses show that long-term mang is essential for un-
derstanding the true variability behaviour of these sairbonitoring programmes of as
long as 25 years are still not long enough to reliably deteenpieriodicities in the radio
flux curves. We can, however, study the characteristic bdityatimescales, and try to
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better understand the origin of the emission in the variausce types and frequency
bands. Currently there is only one source, the BL Lac object83J&hich shows strong

evidence for an optical periodicity of about 12 years (eilaigpaa et al. 1988; Lehto
& Valtonen 1996; Valtaoja et al. 2000; Valtonen et al. 2008his source has a histori-
cal optical light curve which is over 100 years long, and ¢fi@re claims of periodicity

are justified. In addition, it is the only source for which aaiked physical model for

explaining the periodicity has been made (Lehto & Valton@86).

In Paper Il we made “predictions” which sources in our sanpbuld possibly be
in an active state during the early operations of the Fernm@a-ray Space Telescope
in 2008-2009, by using the results of the wavelet analysis @mbining them with
results of Paper I, and visually examining the flux curvesiuheé end of 2007. The
analysis was performed in the beginning of 2008, and we camwith six possible
sources. Out of these six sources, one (¥085) is in a flaring state and three others
(000A106, 0333321 and 1156295) show a rising trend in the flux curves at the time
of writing this thesis (November 2008). This shows that e@ugh the sources are not
strictly periodic, we can at least estimate when the sowogkl be flaring, by using the
timescales obtained with the various methods. It must bedhdiowever, that most of the
sources studied in this sample show some variability alroostinuously and are never
in a truly quiescent state. In our analyses, we have coratedton the large scale activity
and flares.
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5 Summary of the papers

5.1 Timeseries analysis methods

Paper I. Statistical analyses of long-term variability of AGN at lhigadio frequencies
by Hovatta, T., Tornikoski, M., Lainela, M., Lehto, H. J., Valtaoja, E., rimainen, 1.,
Aller, M. F., Aller, H. D.

Paper lll: Wavelet analysis of a large sample of AGN at high radio frexies

by Hovatta, T., Lehto, H. J., Tornikoski, M.

All the papers in this thesis used the long-term data obtadletsahovi Radio Ob-
servatory and the University of Michigan Radio Astronomy @tatory. In Paper | and
Paper Ill several statistical methods, which are desigaduhd characteristic timescales
or periodicities in timeseries, were used. We tested théoast and their dierences and
properties, by using the datasets spanning over 25 years.

In Paper | we applied the commonly used methods, the Dis@eteelation Function
(DCF) and Lomb-Scargle periodogram, to search for chainattevariability timescales
in a sample of 80 AGN at frequency bands of 4.8, 8, 14.5, 2298 and 230 GHz. The
DCF searches for maximum correlation between events in tkectltves. Autocorrela-
tion gives the time between the flare peaks or minima. The@gegram analysis in prin-
ciple fits a sinusoidal function to the flux curve, and possii¢riods are seen as spikes
in the frequency domain. Using these methods, we found @ua&sflin these sources typ-
ically occur every 4 to 6 years and that multiple timescalescmmon. None of the
sources showed strict periodicities and often the pericatagoroduced spurious spikes.
In addition, harmonics were often visible in the periodaogra

We also used the Structure Function (SF) in Paper I. It wdseeased by Lainela &
Valtaoja (1993), and one of our aims was to study if the tirakEschad changed during
the 10 subsequent years of monitoring. The SF was interpiata way which gives
the timescale of maximal flerence, for example, the rise and decay times of flares. In
addition to giving the timescale, the SF can also be usedutdydhe noise processes
behind the variations. We found that the variations in AGN n#ostly be characterised
with a shot noise process, which in the view of a shock-in¥jetlel indicates that shocks
are caused by random disturbances, rather than some chelilmmenon (Hughes et al.
1992).

The typical rise and decay times of flares are of the order eftotwo years. In many
sources the timescales had changed during the 10 more yleai@ndoring, and some
sources had completely changed their behaviour. Similaclosions could be drawn in
Paper IlI, in which the timescales were studied using theeleduransform. This was
the first time wavelets were used to study timescales in & Isagnple of sources at the
high radio frequencies of 22, 37 and 90 GHz. The maifedence between the SF, DCF,
periodogram and wavelet methods is that wavelets can bedesed as local methods
and the others as global. This means that, in addition torfghditimescale characterising
the whole dataseries, also time information is used in thedyaas. This way we can
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identify the moments at which the timescale has been praséné flux curve, and if it
is continuous over the whole timeseries or just a transieahpmenon.

Our analyses in Paper Ill showed that only a handful of thed@@ces exhibit long-
lasting timescales over the total monitoring period. Weld@onfirm the average flaring
timescale of 4 to 6 years also using the wavelets, but in additve found that peaks
in the periodogram analysis or correlations in the DCF do aptesent a long-lasting
timescale in most of the cases.

These results show that long-term monitoring is essentiainiderstanding the true
behaviour of AGN. Suggestions of periodicities in theserses, especially at the ra-
dio frequencies, should be taken with caution because oramt periods of as long as
25 years are sometimes inadequate in describing the can@etbility range of some
sources. In the study of characteristic timescales, waagl@lysis is superior compared
to traditional Fourier-based methods, as it also shows wanefor how long a timescale
is present in the timeseries.

5.2 Flare characteristics

Paper II: Long-term radio variability of AGN: flare characteristics

by Hovatta, T., Nieppola, E., Tornikoski, M., Valtaoja, E., Aller, M. F. Jlar, H. D.
Paper V: Long-term variability of radio-bright BL Lacertae objects

by Nieppola, E.Hovatta, T., Tornikoski, M., Valtaoja, E., Aller, M. F., Aller, H. D.

In Paper Il and Paper V we studied the radio flare charadtrisising the long-
term data from Metsdhovi and UMRAO. In Paper Il we used a sampkb sources,
and by visual examination divided the flux curves into indial flares. The criterium
for selecting a flare for further analysis was that it had toasdl-sampled at 22 and
37 GHz, or at 90 and 230 GHz for the southern sources which aleserved during our
monitoring project at the SEST. Complementary low frequeshetya from UMRAO and
high frequency data from the SEST and the literature werelssd.

For each flare, we determined its start, peak, and end epodigadculated absolute
and relative peak fluxes. Using theffdrent epochs we calculated the rise and decay
times, and the duration of the flares at the various frequbaogs. We found that flares
in the radio regime are relatively long, on average 2.5 yaa&2 and 37 GHz. When
this is combined with the average interval between the flavbgh is 4 years at 37 GHz
(Paper I; Paper Ill), the need for long-term monitoring baes evident.

In addition, we compared the observed properties to a thiearenodel, the gen-
eralised shock model (Valtaoja et al. 1992), which is usedkplaining the variations
in AGN. We found that, on average, the flares follow the prigaiis of the shock model
well, but there is large scatter in the values, mainly dudégioor sampling of the highest
frequencies.

In Paper V a smaller subsample, consisting only of BLOs, wadiatl in a similar
manner. Analyses of Paper | and Paper Il were combined, atiddnal sources were
studied in more detail. Comparison of the statistical tiraésxto timescales calculated
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directly from the flares revealed that these correlate vealy, wwhich gives credibility to
the statistical methods. However, the scatter was largeitavas noted that when study-
ing individual sources, it is better to use more than one otetb verify the timescales
obtained. The dierences between the basic flare properties of BLOs and quasegs
not substantial, although it was seen that all the BLOs in anne had flare peaks reach-
ing only 10 Jy at maximum, while some quasars were seen tbiexige flares of tens
of Jys.

5.3 Jet parameters

Paper IV: Doppler factors, Lorentz factors and viewing angles for guasBL Lacertae
objects and radio galaxies
by Hovatta, T., Valtaoja, E., Tornikoski, M., Lahteenmaki, A.

Various jet parameters for a sample of 87 AGN were determindhper 1V, using
the total flux density observations at 22 and 37 GHz. Follgwiahteenméki & Valtaoja
(1999), we decomposed the flux curves into exponential flén@s which we determined
the observed brightness temperature for each source. Bynaggan intrinsic brightness
temperature corresponding to the equipartition tempegatleadhead 1994; Lahteen-
maki et al. 1999), we calculated the Doppler boosting factdtor 67 sources we also
received apparent jet speed data from the MOJAVE projestéLiet al. in preparation),
and were able to calculate the Lorentz factors and viewirgesn

Our analysis showed that quasars have larger Doppler bgdsittors and faster jets
than BLOs. Our sample consisted mainly of blazar-type objectd as expected, almost
all were seen at a viewing angle of less than 20 degrees. Beegh many of the sources
were seen close to the critical angle, defined as an inverigedforentz factor, there
were many sources seen at both smaller and at larger anghesefdére the commonly
used assumption of all blazars being seen close to theatraigle does not hold for all
sources.

When comparing our results to the earlier study by Lahteen®&akaltaoja (1999),
we found that the Doppler boosting factors have remainedstithe same, even though
we now had ten more years of observations. The Lorentz fdtoivever, had changed,
and were about twice as large as in Lahteenméki & Valtaoj@q)1L9This could mainly
be explained by the twice as high apparent speeds in our nalysa The new apparent
speed values and Doppler factors should be more accuradeiseave have more data,
and therefore also the new Lorentz factors should be maebtel

In addition, we found indications that at least in our sangblelazar-type objects, the
high- and low-polarisation quasars should be treated asghesgroup of flat spectrum
radio quasars because théeliences between the groups were modest. We also found
indications that the observed optical polarisation mayedepon the viewing angle, at
least in BLOs and HPQs.
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6 Conclusions

This thesis includes long-term radio variability studiédazge samples of AGN using
various methods. All the papers use monitoring data at 223&r@Hz obtained at Met-

sahovi Radio Observatory. In many papers also lower frequéata from the University

of Michigan Radio Astronomy Observatory, and higher freaquyedata from the Swedish-
ESO Submillimetre Telescope are used. In all the papersZtam@ 37 GHz data of over
25 years is used for the first time to study large samples. idtrewstudies have either
contained shorter datasets or used smaller source samples.

Two of the papers concentrate on statistical methods whietused to find charac-
teristic timescales in the sources. In Paper |, commonly &sirier-based methods are
utilised, and in Paper Il a much less frequently used wavekethod is applied. When
the diferent methods are compared, it is seen that even though thieeFFbased meth-
ods can be used to search for variability timescales, thelamethod is superior due
to its local nature. In addition to finding the timescaleg|$b shows the time intervals at
which the timescale occurs in the flux curve and if it is a ldasfing phenomenon or just
a transient one. These two papers are the first ones to igatstn detail the dierences
between the various statistical methods using a large sanfigburces and long datasets.
Also, in Paper lll the wavelet method is used for the first ttmstudy the timescales at
high radio frequencies.

We find that the average time interval between large flaresus o six years in
these sources. The rise and decay times are on average ovieytedrs. The variability
behaviour of AGN is complex and multiple timescales are camiynseen in the flux
curves. Only a small number of sources showed persisteestates lasting over the
total monitoring period. Also in these sources, it waiclilt to find clear periods and
outbursts occurring only on a certain interval. Most of tlaglier studies suggesting a
periodicity at radio frequencies are based on inadequateiats of data and should be
treated with caution.

Flare characteristics of the various source types weraestud Paper Il, and of the
BLOs in Paper V, by visually dividing the flux curves into inglual outbursts. This was
the first time when such analyses has been done for a largdesafrgpurces. Again the
diversity between the individual sources was large, fongxa, the duration of individual
flares varied from a few months to over 10 years. The mediaatidur of flares was 2.5
years at 37 GHz, which is quite long, considering the typikcatation of a multifrequency
campaign, which may last from a few days to a few weeks. Itaarcthat during such a
short period, no conclusions about the complete behavioaisource can be drawn.

The correspondence between the statistically determimegtales and ones obtained
directly from individual flares, is quite good according i tstudy of BLOs in Paper V.
The various methods may, however, finffelient timescales as the most significant ones,
and therefore more than one method should be used when sfuthe timescales of
individual sources.

The long-term data were used to calculate various jet pasamim Paper V. We ob-
tained Doppler boosting factors, Lorentz factors and vigpangles for a large sample of
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various types of AGN. We found that quasars are more Dopplested and have faster
jets than BLOs and radio galaxies. Our findings support thee véeswv of the AGN unifi-
cation scheme. We also found that the method we use for edilegithe Doppler boosting
factors is reliable, as our values correlate well with ot$tedies that use fierent meth-
ods to determine the Doppler factor (Jorstad et al. 2005z@&mitt al. 2008), and because
they have remained almost identical compared to a previtugy oy Lahteenmaki &
Valtaoja (1999) which was made using shorter datasets.

The main outcome of this thesis is a better understandingeofang-term radio be-
haviour of AGN and the methods which are used to study thebdity. This will es-
pecially benefit the Planck satellite mission, which will pridne small-scale variations
in the CMB. Understanding the behaviour of the foreground sajrfor example AGN,
is crucial for detailed studies of the CMB. In addition, we noswé a large number of
parameters we can correlate with each other and other relpgsameters characterising
AGN. Interesting results were already obtained by Nieppok. (2008) who defined the
spectral energy distributions of the synchrotron compof@na large sample of AGN,
and corrected the peak values with the Doppler boostingfacbtained in Paper IV.

In the future we are going to examine correlations betweenetparameters, vari-
ability timescales, and intrinsic parameters, such asldeklnole mass and accretion rate.
We may expect correlations between the black hole mass andx&dmple, the speed of
the jet. In addition, we can consider the times between flasdsnes between shocks in
a jet, and correlate that value with the jet speed. This tirom was already studied in
Paper I, by using older estimates of Lorentz factors. We knening to redo the calcu-
lations with our new, more accurate, estimates. Thus, theusobserved and intrinsic
parameters we have obtained in this thesis form a basistimefgtudies in understanding
the physical properties of AGN.
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