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ABSTRACT

Blazars are accretion-powered systems representing the most extreme flavor of active
galactic nuclei (AGN). This thesis focuses on the study of blazar PKS 15024106 during
a prominent broadband outburst using ultra-high resolution imaging and a broadband
single-dish study. The former is accomplished through very-long-baseline interferome-
try (VLBI) down to short millimeter (mm) wavelengths, while the latter uses densely-
sampled radio light curves at a wide frequency range. The same combination allows the
detailed study of the galaxy TH 0323+342. This is a prominent member of the narrow-
line Seyfert 1 (NLST1) class of AGN, recently discovered to emit vy rays.

General aspects of AGN along with an introduction to their discovery, phenomenol-
ogy, and their constituent parts are discussed in Chapter 1. Here, specific aspects of
blazars and concepts used in later chapters are also introduced.

Chapter 2 introduces the technique of VLBI from a theoretical standpoint, while in
Chapter 3 the practical aspects of VLBI calibration and imaging at mm wavelengths are
discussed.

The phenomenology and physical characteristics of PKS 1502+106 through a cm- to
mm-VLBI study are presented in Chapter 4. The data set features Global Millimeter
VLBI Array (GMVA) observations at 7mm (43 GHz) and 3mm (86 GHz) along with
complementary observations at 2cm (15GHz) from the MOJAVE program. We also
combine the analysis with F-GAMMA program data at frequencies matching the VLBI
monitoring and with the Fermi/LAT vy-ray light curve. From the rich data set we deduce
its kinematical and spectral characteristics which allow the inference of physical param-
eters of the ultra-relativistic jet of PKS 1502+106. For the jet features identified across
observing frequencies we deduce Doppler factors in the range ~10-50 at different posi-
tions within the flow. Magnetic field strengths and brightness temperatures along the jet
are also deduced. The position-dependent differences in viewing angle and Lorentz fac-
tors, indicate a jet bending towards the observer that also accelerates. The kinematical
model and radio flux density decomposition into distinct jet components in conjunction
with the y-ray data indicate that the broadband flare, seen first at y-rays and its delayed
counterparts at radio wavelengths, can be attributed to one traveling jet feature (C3).
Finally, the emission site of the y-ray emission is constrained to <10-15pc from the jet
base.

The outburst of PKS 15024106 seen through the dense, single-dish, FFGAMMA data
set between 2.64-345 GHz is discussed in Chapter 5. By employing three different time
series analysis techniques relevant light curve parameters, such as the flare amplitude,
flare time scales, and time delays of maxima are extracted. Those exhibit dependen-
cies on observing frequency that are well-described by power laws. The frequency-
dependent light curve parameters are compared with the expectations of analytical
simulations (see Chapter 5 for references) under the shock-in-jet scenario with which a
good agreement is found. From the frequency-dependent time lags, equipartition mag-
netic field strengths are calculated and in combination with the VLBI findings from
Chapter 4, the MeV/GeV emitting region is localized at the edge or slightly further
from the bulk of the broad-line region (BLR) material of PKS 15024106 with important
consequences on the origin of photons available for inverse Compton up-scattering.

In Chapter 6 the powerful combination of previous findings based on the F-GAMMA
monitoring with VLBI images at 15 GHz allows the determination of the viewing angle
towards the NLS1 galaxy 1H 0323+342. This is found to be 6 = 12-13°.



A summary and concluding remarks arising from the thesis at hand are presented in
Chapter 7.
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ZUSAMMENFASSUNG

Blazare sind akkretionsgetriebene Systeme und stellen die extremste Kategorie aktiver
galaktischer Kerne (AGN) dar. Der Schwerpunkt dieser Arbeit liegt auf der Unter-
suchung des Blazars PKS 15024106 wahrend eines markanten Breitband-Helligkeitsaus-
bruchs. Mit Hilfe ultra-hochauflésender Bildverarbeitung und breitbandinger Einzelte-
leskop-Beobachtungen wurde die Quelle analysiert. Erstere wird durch Very Long Base-
line Interferometry (VLBI) bei Wellenldngen im mm-Bereich bewerkstelligt, fiir letztere
werden Radiolichtkurven mit dichtem Sampling in einem breiten Frequenzbereich ver-
wendet. Diese Kombination ermoglicht dariiber hinaus die Untersuchung der Galaxie
1H 0323+4-342. Diese ist ein bedeutendes Mitglied der Narrow-Line Seyfert 1 (NLS1)
Klasse der AGN, von denen seit kurzem bekannt ist, dass sie y-Strahlen emittieren.

Allgemeine Aspekte der AGN, einschlieflich ihrer Entdeckung, Phanomenologie und
ihrer Bestandteile, werden in Kapitel 1 behandelt. Hier werden auch spezifische Aspekte
der Blazare, sowie in spéteren Kapiteln verwendete Begriffe, eingefiihrt.

In Kapitel 2 erfolgt eine Einfiihrung in die VLBI-Methode aus theoretischer Sicht,
wahrend in Kapitel 3 die praktischen Aspekte der VLBI-Kalibration und -Bildverarbeitung
bei mm-Wellenldngen erortert werden.

Die Phanomenologie und physikalischen Merkmale von PKS 15024106 werden an-
hand von VLBI-Beobachtungen im cm- bis mm-Bereich in Kapitel 4 vorgestellt. Der
Datensatz beinhaltet Beobachtungen mit dem Global Millimeter VLBI Array (GMVA)
bei 7 mm (43 GHz) und 3 mm (86 GHz), zusammen mit erganzenden Beobachtungen bei
2cm (15 GHz) aus dem MOJAVE-Programm. Wir kombinieren die Analyse aufierdem
mit Daten des FGAMMA-Programms bei Frequenzen, die denen der VLBI-Messungen
entsprechen, sowie mit der Fermi/LAT vy-Strahlungs-Lichtkurve. Mithilfe dieses reich-
haltigen Datensatzes ermitteln wir die kinematischen und spektralen Eigenschaften,
die Riickschliisse auf physikalische Parameter des ultrarelativistischen Jets von PKS
1502+4-106 erlauben. Fiir die Merkmale des Jets, die im beobachteten Frequenzbrereich
ermittelt wurden, erhalten wir Dopplerfaktoren im Bereich ~10-50 an verschiedenen
Positionen entlang der Ausbreitungsrichtung. Magnetische Feldstarken und Helligkeit-
stemperaturen entlang des Jets werden ebenfalls bestimmt. Die positionsabhingige An-
derung des Sichtwinkels sowie des Lorentz-Faktors deuten auf einen sich in Richtung
des Beobachters kriimmenden Jet hin, der sich noch dazu beschleunigt. Das kinematis-
che Modell und die Zerlegung der Radioflussdichte in verschiedene Jet-Komponenten
in Verbindung mit den Gammadaten weisen auf eine breitbandige Eruption hin, welche
zuerst im Gammabereich, zeitlich verzogert anschlieflend im Radiowellenbereich, gese-
hen wurde. Dies Entspricht einem bewegten Jet-Knoten (C3) zugeordnet werden kann.
Letztendlich kann der Emissionsbereich der Gammastrahlung bis auf 10-15 pc von der
Jetbasis festgelegt werden.

Der Ausbruch von PKS 1502+106, welcher mittels Einzelteleskop-, F-GAMMA-Daten
im Bereich zwischen 2.64-345 GHz beobachtet wurde, wird in Kapitel 5 besprochen.
Mittels drei unterschiedlicher Methoden zur Zeitreihenanalyse werden die relevanten
Lichtkurvenparameter, wie Flareamplitude, Zeitskala des Flares sowie zeitliche Verzoge-
rungen der Maxima, ermittelt. Diese zeigen durch ein Potenzgesetz beschreibbare Ab-
hédngigkeiten von der Beobachtungsfrequenz. Die frequenzabhingigen Lichtkurvenpa-
rameter werden mit den Erwartungen aus analytischen Simulationen (fiir Referenzen
siehe Kapitel 5) im Rahmen des Schock-in-Jet-Szenarios verglichen, mit welchem gute
Ubereinstimmung gefunden werden. Ausgehend von den frequenzabhingigen Zeitver-
zogerungen werden Equipartitions Magnetfeldstarken berechnet und mit den VLBI
Ergebnissen aus Kapitel 4 kombiniert. Dadurch wird die MeV/GeV Emissionsregion
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am Rand oder leicht entfernt vom Grofdteil des Materials der broad line region (BLR)
von PKS 1502+106 bestimmt, was wichtige Konsequenzen fiir den Ursprung der Photo-
nen in Bezug auf inverse Comptonstreuung ergibt.

Die Kombination von fritheren Entdeckungen basierend auf der F-GAMMA Uberwa-
chung zusammen mit VLBI Bildern bei 15 GHz ermoglicht die Bestimmung des Betra-
chtungswinkels in Richtung der NLST Galaxie TH 0323+342. Jener wird mit 6 = 12-13°
bestimmt.

Eine Zusammenfassung, sowie abschliefende Schlussfolgerungen zur vorliegenden
Dissertation werden in Kapitel 7 vorgelegt.

viii



IMEPIAHYH

Ta pm\éwfapg, tpogodotovpeva aro Ty npooavénorn padag oe peAaveg omég, amoteAovy
TV Mo akpaid EKQavor) Tov evepymv yalaStakev mopnvev (AGN). H napovoa Statpifr)
eottaCet otn pelétn tov pmAéap PKS 15024106 xatd ) Owdpkela piag evepyelaxng
EKAapyng aktiveov y, adlornotovtag dvo mnpooeyyioets (i) ametkovion vYnArg dakpitikrg
wavottag kat (ii) ovotpaTikég HApatnproelg oe  MOAMAIAEG  OLXVOTNTEG  TOL
PAdIOPOVIKOD PAOPATOG. XTNV IP®OTN yiverat xprjon ovpPolopetpiag moAd peydAmv
amnootdace®v (VLBI) oe prjxn xOpATog eKatoot®v KAt XINOOT®V TOL PETPOL. Xtr) dedTepn),
adlorotodvtat dedopeva PEPOVOPEVAOV THAEOKOIMIMV KAl KAPITOAES P®TOG pe DYPNAO pobuo
derypatoAnyiag. O 1810g oLVOLAOPOG TEXVIK®V EMITPLIEL TNV AEMTOHEPI] HENETH] TOL
evepyod yahaia 1H 0323+342. O televtaiog amotelet péNog g Katyopiag 1oV yaAadimv
narrow-line Seyfert 1 (NLS1) mov npoogata avakahdeOnke 0Tt eKIEPIIonv aktivoPolia y.

Mia yeviki) el0ay®yr] OXETIKA HE TOLG MVPINVEG eVEPYDV YAAASIOV, TV AVAKAALYI) TOVG,
Vv @awvopevoloyla ald Kat td ovotatikd ototyeia toog divoviat oto KegpdAato 1.
ITapaMnAa, napovotalovtat Kat ob{NTOLVTAL EVVOLleg OXETIKES e Ta PIAE{apg.

210 Kepdhato 2, etoayetat i texviky g ovpfolopetpiag moAd peyaA®@V ArIooTace®V arod
Oe@PNTIKI) OKOILA, VG OTO EMOPEVO KEPANALO OLCNTOLVTAL IPAKTIKEG ATIOWELG TI|G TEXVIKI|G
auTI)G OXETIKEG He TNV emedepyaoia TV dedOHEVOV KAl TV MAPAY®YI] EKOVOV. Atvetat
épgaon oto VLBI ot meptoy1) ToV XIAMOCTOPETPIK®V PNKOV KOHATOG.

darvopevoloyikd Kat QLo xapaktnplotikd tov pmAéap PKS 1502+106, peow tng
texvikng VLBI oe prkn xbdpatog amd ekatootd pexpt XAootd, Hmapovotaloviat oto
Kepdhato 4. Ta dedopéva mpogpyoviat amo ) ovototyia tnAeokomiov Global Millimeter
VLBI Array (GMVA) xat anotehovvtat anod napatnproeg ota 7 mm (43 GHz) xat 3 mm
(86 GHz). Emu\éov dedopéva ota 2 cm (15 GHz) mpoépyxoviatr amd 1o mpoypappda
MOJAVE. H ovpPolopetpikr) avdaAvorn ocovdodaletat pe dedopéva amd to mpoypappa F-
GAMMA otg mpoavagepbeioeg ovxvOTnTeg Kal MAPATNPIOES OKTIVOV Yy OIIo TO
Swaotuiko tAeokomo Fermi. Ano tnv ovA\oyr] aot] Tev dedopévav ovvayovtat ot
KIWVIPATIKEG KAl QAOPATIKEG 1010TTEG TN|G TN YI|G IOV EMTPEIIONY TV IIOCOTIKOIIOUO0) TV
PLOK®V XAPAKTNPLOTIKAV TG OXETIKIOTIKIG por|g (tCet) Tov PKS 1502+106. 'ta otoyeia tng
porg (VLBI components), tavtonoumpéva petadd ovxvot TV, broloyiovial mapayovieg
evioyxvong Ntom\ep petado 10 kat 50 oe Sragopetikég B2oeig Tov TCet. YroAoyifovtat emiong
n évtaon tov payvnukoL mediov kai 1) Oeppokpacia AapmpotTaAg KAtd HIKOS TIg
OXETIKLOTIKI)G por|g. Ot dragopég oe yovia Beaong kat mapdayovia AOpevtg oo e§aptmviat
amo ) Béon (evtog g porig) 0dnyovV 0To COUPIEPACHA OTL 1] PO1} OXL LOVO KAPIITETAL IPOG
Tov mapatnpnt) aAAd eMUIAEOV IAPOLOLAfEl €0MTEPIKI] EMTAYLVON. To Knpatko
poviého kat 1 katavopn g padlopevikng mukvotntag porg (flux density) petadd
otoeiov Tov TleT oe ovvaptnon pe Ta dedopéva OTlg AKTIVEG Y, KATAOEIKVDOLV OTL 1)
EKAapyn (opath mp®ta otig VYNAEG evépyeleg Kat pe kabvotépnon oe padlopaVIKA UK
KOpaTog) ovovdeetatl pe éva Kivoopevo otoyelo g porg (C3). Téog, 1) mepioyr) eKmopg
aktwvoPoliag y mepropifetat oe pia amooraorn pikpotepn @V 10—15 pe amo ) fdon tov
tCeT.
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H éxhapyn too PKS 1502+106, onwg mapatnpeitat amd ta dedopeéva pepovOpEVOV
wAeokomiov kat oynlov pvdpov detypatoAnyiag tov mpoypappatog F-GAMMA,
oxohaletatr oto Kepdhato 5. Xpnowponowwvtag tpetg drapopetikég pedodovg avdalvong
XPOVOOEIP®OV eSAYOVTAL XAPAKTIPIOTIKEG ITIOOOTHTEG TOV KAPIDADV QOTOG, ON®G TO eDPOG
¢ petaPolng, 1 Stdpkeld NG KAl 1 XPOViKI) Sta@opd petald Tov peylotov Tipov (oe
dltagopeTika prjkn xopartog). H e€daptnon 1oV napandve mooot)tov ard Ty ooxvotnta
apartrpnong akolovel vopoovg dovapung (power laws). Ot 1dieg eSaptroeig Pplokovtat oe
KAA] OOP@@VIA [E TV AVAPEVOHEVI] OLDHUIEPLPOPU AIIO HOVIEAd IIOL LIOOETOLV TV
dwadoorn dratapaxmv (KpovoTik®Vv petonev, shocks) evtog too tCet. H eSaptapevn amo
OLXVOTITA XPOVLKI] KaODOTEPN O PETASD TOV PEYIOTOV OTIG KAPIMOAEG POTOG, EMTPENEL Pia
TOopoypagia Tov payvntkoov mediov Katd prikog tov tet. H ovykplon pe ta evprpata g
avdalvorng VLBI o0nyet oto oopmépaocpa ott 1] aktivofolia aktivev y mpoépyetat amod pia
IIEPLOXT) OTA OPld 1) IEPA AIIO TNV IIEPLOXT] OLEDPLHEVOV QPACPATIK®V Ypappav (BLR) tov
PKS 1502+106. To ooupmépaopa avtd €xel ONUAVTIKEG OLVEINELEG Yl TNV IIPOEAEDLOI] TOL
1e6iov PAOTOVIOV IIOL PIIOPOVLV VA AIIOTEAECOLV OTOXO yld aviiotpo@r okeédaon Kopmtov

IIPOG DYINAEG EVEPYELEG.

210 Kepdhaio 6 o 810G cOVOLAOHOG TEXVIKMV EMITPEIEL TOV IIEPLOPLOPO T1g Yoviag Beaong
tov yahaSia 1H 0323+342 oto edpog 12 —13e.

Ta evprjpata avtrg g StatpiPrig Kat ot TeAlkeg Mapatnproelg mapovoladovtal oto
Kepdhato 7.
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1.1 INTRODUCTION

Active Galactic Nuclei (AGN) are the most powerful, persistent emitters of radia-
tion in the Universe. They are—most probably—powered by accretion of matter
onto supermassive black holes (SMBHs). Those are believed to reside in the cen-
ters of most galaxies, including ours—the Milky Way. Their masses in the range
109-10'° M, make SMBHs the most exotic compact objects known.

AGN come in very many different flavors. Some feature double, opposite-
directed and highly-energetic fast plasma outflows, likely driven by the con-
version of gravitational potential energy to electromagnetic, while others lack
such jets. The common characteristic among all though, is the huge luminosities
they posses able to outshine their entire host galaxy. This huge energy output is
mostly attributed to non-thermal precesses in the sense that emitted light does
not come from processes such as nuclear fusion that powers the stellar popula-
tion of their hosts.

1.2 THE DISCOVERY OF ACTIVE GALAXIES

In the last third of the 18th century Charles Messier started cataloging diffuse
nebulae in the night sky that were clearly not stars. By the end of the 19th
century a great deal of work had been done in deep sky surveys with the publi-
cation of the New General Catalog (NGC) and its supplement the Index Catalog
(IC), a few years later. These catalogs contained thousands of diffuse nebulae
whose nature and distance were, at that time, completely unknown. However,
spectroscopic data were available and most of these nebulae were characterized
by absorption lines in their optical spectra. It is now known that those lines are
produced by the stellar population of normal galaxies.

Fath [1909] made a landmark observation by finding emission lines from the
nucleus of NGC 1068 (M77). These lines originate from the atomic transitions of
the circumnuclear material of the galaxy. A few years later, Slipher [1917] demon-
strated these lines to be very broad, suggesting fast motions in the nucleus of
NGC 1068. Velocities of up to 3600 kms™" were measured in his spectroscopic
observations. Even higher velocities were measured for NGC 4151 by Campbell
and Moore [1918]. Here, velocities up to 7500 kms~' were observed. In 1918
Heber D. Curtis got the first glimpse of a jet through an underexposed photo-
graphic plate of M87. This would be the first and for many years only optical
jet.

Seyfert [1943] concluded that these nebulae showing broad emission lines
and uncommonly bright nuclei constitute a separate class of objects. Much later,
Khachikyan and Weedman [1971] came to the conclusion that there exist two
distinct classes of so-called Seyfert galaxies—those of Type 1 and those of Type
2. Both Seyfert types have bright narrow emission lines, such as [O1III] or [Ne V],
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but Seyfert 1 spectra feature significantly broader permitted transition lines
than lines from forbidden transitions. Type 2 spectra are characterized by the
equally narrow permitted and forbidden transition lines. Later, intermediate
Seyfert types were recognized [Seyfert 1.5 to 1.9; e.g. Goodrich, 1989] based on
the presence of both narrow and broad hydrogen Balmer lines.

Observational data lend support to the following scenario. The nucleus of
these galaxies is a compact, high-luminosity (~10*3-10*8ergs~'), and mass
(~109-10'° M) volume ionizing the surrounding material, thus giving rise to
emission lines in their spectra, mainly due to hydrogen recombination. The emis-
sion line width is due to the high velocity of the material. In the volume around
the nucleus of those systems there exist two ionized gas regions—the narrow-
and the broad-line region. The narrow-line region (NLR) is believed to be at a
distance of ~100-1000 pc away from the central engine. It is characterized by ve-
locities of a few hundred kilometers per second and low ambient density. This is
where—due to the low density environment—the narrow forbidden lines orig-
inate. Much closer to the central engine, typically <1 pc, is the region giving
rise to the broad emission lines (the BLR). There, velocities are much higher due
to the proximity to the supermassive compact object. Typical velocities reach
a small fraction of the speed of light and it is the higher density environment
and frequent collisions that de-excite atoms and inhibit the generation of for-
bidden lines. Seyfert 2 objects are either deprived of the BLR or it is much less
prominent, being somehow obscured.

1.3 DISCOVERIES AT RADIO WAVELENGTHS

After the discovery of radio emission from the center of the Milky Way galaxy
by Jansky [1933] and with the advent of radio engineering and technology, it
became clear that radio sources are found scattered all over the sky. The new
science of radio astronomy was about to be born in the 1950s and surveys of
the radio sky were under way. One of the surveys performed in Cambridge, UK
yielded the Revised Third Cambridge Catalog (3CR) of radio sources [Bennett,
1962]. It contained all sources of radio emission with flux densities >9Jy and a
limiting declination of > —5°, at 178 MHz. Some 328 sources with their positions,
luminosities, and distances were contained in 3CR.

Based on the complete sample of the 3CR catalog, Fanaroff and Riley [1974]
found a correlation between the luminosity of these sources and their morpho-
logical characteristics—i.e. the relative positions of high and low surface bright-
ness features, in interferometric data at 1.4 or 5 GHz. Almost all sources were
found to fall into two luminosity classes with a sharp dividing line at about
1047 ergs™'. Less luminous sources appeared to have complex morphology
with the bulk of their radio emission originating in regions close to the opti-
cal counterpart (FRI sources). Powerful radio sources appeared to have simpler
structure with straight, double jets ending in two prominent lobes on either side
of them. In those, so-called FRII sources, most radio emission was seen to be
coming from the central nucleus and also from the lobes. It is currently believed
that FRI sources, being less powerful, are unable to efficiently punch through
the interstellar and later on intergalactic medium of their hosts, and prone to
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interaction with it, produce the edge-brightened, often disrupted radio jet struc-
tures observed in contrast to the powerful FR1Is featuring long, straight jets.

1.4 THE FIRST QUASARS

While Seyferts exhibit nuclear luminosity comparable to that of the stellar pop-
ulation of the host galaxy, quasars outshine the host by a factor of hundreds,
rendering it invisible.

The first surveys of the radio sky could identify the strongest sources with
objects emitting in the optical band. Those were usually galaxies but more often
than not radio sources were identified with peculiar star-like objects. 3C 48 was
the first source to be identified with a stellar-appearing object of 16th magni-
tude, based on observations with a two-element interferometer [Matthews and
Sandage, 1963] (see Chapter 2 for details on interferometry). The term quasar
an abbreviation of ”quasi-stellar radio source” was coined in the 1960s to name
these peculiar sources. It is indicative of the—then—unknown nature of those
luminous star-like objects.

Another radio source identified with an optical, star-like counterpart was 3C
273 [Hazard et al., 1963]. This “radio-star” was characterized by an unusual
optical spectrum featuring broad emission lines of unidentified elements. The
mystery was finally solved by Schmidt [1963], who identified the strange emis-
sion lines as shifted hydrogen lines. The whole spectrum was red-shifted by
15.8%; i.e. 3C 273 was moving away from the observers on Earth with a veloc-
ity of ~16% of the speed of light. This discovery led to the determination of
even higher redshifts for other radio sources [Schmidt, 1965]; e.g. 3C 48 with
z = 0.367, where z is given by

A—=Ao A
z= o —x—l (1-1)
Here A is the observed, cosmologically-redshifted wavelength while Aj is the
lab wavelength. Being at such cosmological distances and with their apparent
magnitude and radio brightness, quasars were characterized by extremely high
absolute optical and radio luminosities in addition to their rapid variability with
time scales which implied very small emission regions.

1.5 UNIFICATION OF ACTIVE GALAXIES

Active galaxies can be divided into two broad categories: Seyfert galaxies and
quasars (see Fig. 1.1). From the point of view of radio activity, quasars can be
subdivided into radio-loud and radio-quiet, accounting for ~10% and ~90% of
the total population, respectively. Radio-loud AGN are those characterized by
R > 10 with

R= S5GHz (1-2)
SB

where S5Gp, and Sg are the flux densities at 5 GHz and optical B band [Keller-
mann et al., 1989].

3
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In attempting to unify the large variety of active galaxies, a number of schemes
have been proposed. Their common underlying principle is the attempt to at-
tribute the full palette of observational properties, to only a small number of
intrinsic parameters.

Such an example is the realization of Blandford and Koénigl [1979] that com-
pact and extended radio sources are the same class of objects, only seen at differ-
ent angles, 0, between their jet axis and our line of sight. Compact radio sources
were directed at a small, while extended lobe-dominated ones, at large 6.

The next milestone was the unification of all Seyfert types, again by orienta-
tion, by Antonucci and Miller [1985]. Using spectropolarimetry, they have deter-
mined that most observational properties of Seyfert galaxies could be explained
if they were harboring a typical active nucleus, surrounded by a dusty torus, ob-
scuring the BLR. Depending again on 0, looking face-on the central region, we
are able to discern the spectral features, namely the broad emission lines that
arise from the BLR. Looking instead the galaxy edge-on, the torus is blocking
the view of BLR clouds and only the NLR, residing at larger distances, is visible
(see Fig. 1.2).

Radio-loud AGN can also be unified by orientation. Flat-spectrum radio quasars
(FSRQ) are the same class of objects as FRII radio galaxies only closely oriented
to our line of sight [Barthel, 1994] and BL Lacs are those FRIs viewed at small
O [Urry and Padovani, 1994]. These schemes apart from the obscuring torus
invoke relativistic effects as well, to account for the characteristics of powerful
blazars, a term coined to collectively refer to the beamed population of radio-
loud AGN—i.e. FSRQs and BL Lacs (see Section 1.8). For a review on AGN
unification schemes refer to Urry and Padovani [1995].

1.6 BUILDING BLOCKS OF AGN

The constituents of active galactic nuclei are discussed here. In Fig. 1.3 a sketch
of the building blocks of an AGN is shown in order of increasing distance from
the central SMBH.

1.6.1 The supermassive black hole

Let us begin with the “prime mover”—a supermassive black hole (SMBH). It
resides at the center of the system setting it in motion. Its immense gravitational
pull drags material from its environs that, through an accretion flow, reaches the
innermost stable circular orbit (ISCO) and either crosses the black hole’s event
horizon or is somehow channeled along the polar axis of the SMBH, fueling the
dipolar stream of plasma known as the jet.

1.6.2  Accretion disk

Accretion flows are known to exist around astrophysical objects of all scales.
In the case of AGN, the central gravitational potential causes the material to
settle down in a disk configuration with an extent of ~1073-10~2 pc. From there,
material spirals inward towards the central gravitating body, in a viscous flow
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Figure 1.1: Classification of AGN depending on their radio-loudness.
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Figure 1.2: AGN unification by orientation. Image credit: NASA/Aurore Simonnet,
Sonoma State University.

of increasing temperature, while radiating electromagnetic radiation. Typically,
AGN accretion disks emit a large amount of energy as ultra-violet (UV) and X-
ray photons, a spectral feature commonly referred to as the “big blue bump”. In
the context of certain models, accretion disk radiation can play a significant role
in the production of GeV/TeV emission observed from AGN. They can offer a
dense reservoir of seed photons for the inverse Compton process to take place
(see Section 1.9.2).

1.6.3 Broad-line region

Further outwards, below and above the accretion disk at typical distances of
0.01-1 pc there exists a high-density region with electron number density ne 2
107 cm—3. Tt is an ensemble of clouds rotating fast within the gravitational poten-
tial of the SMBH, with typical speeds in the range 1000-25000 km s~ 1. Matter
gets photoionized due to extensive absorption and reprocessing of accretion
disk radiation, resulting also in an ambient temperature of T ~ 104-10° K [Peter-
son, 1997]. The mass contained within the BLR is typically ~103-10* M and as
the name suggests, this region is responsible for the production of the Doppler-
broadened lines, in the optical spectra of AGN. The size of the BLR has been
found to scale with luminosity roughly as

Rprg o< L'/2. (1-3)

The BLR can also provide a potential reservoir for target photons available for
inverse Compton up-scattering to high energies (see Section 1.9.2).
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1.6.4 Molecular torus

The presence of a molecular, geometrically thick, obscuring torus was first in-
voked in unification schemes by viewing angle. Today;, its presence is unambigu-
ous since direct imaging of AGN tori has been achieved [e.g. Jaffe et al., 1993,
1996]. These clumpy, dusty structures at distances between an inner radius of
~1-10pc and total extent of the order of some hundred parsecs emit mainly at
infra-red (IR) wavelengths due to absorption and re-emission as thermal black
bodies; i.e. the dust component of such tori is heated by accretion disk opti-
cal/UV radiation to temperatures of ~100-1000 K and subsequently re-emits at
IR bands. Apart from obscuring the BLR and eventually the nuclear region, they
feed material to the inner accretion disk through viscous transport of angular
momentum.

1.6.5 Narrow-line region

The narrow line region at 100-1000 pc away from the SMBH, is a region or an
ensemble of low-density gas clumps (ne ~ 103-10° cm—3). They follow trajecto-
ries of much lower velocity <500 km s~ 1 and contribute the narrow, forbidden
spectral lines in the observed optical spectra. The total mass content is of the
order of 10® M.

1.6.6  The relativistic jet

The common feature of all radio-loud AGN is the presence of a fast relativis-
tic outflow. Jets are an efficient way of dumping angular momentum and can
extend up to several Mpc. Plasma is accelerated within it, reaching speeds
very close to that of light. Perturbations injected through the jet nozzle propa-
gate downstream through the steady-state flow and can create shocks, traveling,
standing and even backwards moving (trailing shocks). Particles crossing those
shocks gain kinetic energy through stochastic acceleration. Finally, the jet termi-
nates when its kinetic energy equals that of the ambient intergalactic medium
(IGM) and a termination shock is formed, seen at radio wavelengths as one or
two radio lobes at the opposite ends of the jet.

1.7 OBSERVATIONAL PROPERTIES OF ASTROPHYSICAL JETS FROM BLACK
HOLES

The majority of relativistic jets ought to be symmetric; i.e. they must be born as
dipolar outflows. It is an observational fact though, that many jets we are able to
directly image appear to be single-sided. A counter-jet is missing. Unification by
orientation has solved this paradox by introducing relativistic and geometrical
effects that alter the appearance of radio galaxies and ”turn” them into blazars,
as 0 decreases.
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Figure 1.3: The building blocks of an active galactic nucleus. Shown in colors are: (black)
the supermassive black hole at the center; (from purple to white) the accre-
tion disk; (red) clouds of the broad-line region (BLR); (light gray and cut in
darker shade) the obscuring molecular torus surrounding the system; (light
blue) clouds of the narrow-line region (NLR); (bright yellow) the relativistic
jet. The sketch is not to scale. For details refer to Section 1.6.
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1.7.1 Relativistic beaming

If the plasma flow constituting the jet is approaching us at a highly relativis-
tic speed and very close to our line of sight, then the extreme brightness and
consequently high suppression of the receding jets” brightness can be explained
as a phenomenon referred to as Doppler beaming. Under these conditions the
radiation emitted by an emission element withing the flow is not isotropic, but
rather concentrated in a small cone with opening angle

o= ; (1_4)

in the direction of motion, where y corresponds to the bulk Lorentz factor of
the element.

The Lorentz factor is a more appropriate measure of the intrinsic velocity of
emission elements, since the latter can reach very high values, close to—but
never exceeding—the speed of light, c. The Lorentz factor is defined as

M- oo

with 3 = v/c and v the intrinsic linear velocity of the emission element.

Relativistic effects, such as beaming, introduce differences between observed
and intrinsic properties. Through our observations we are only able to see ap-
parent luminosities, jet speeds and brightness temperatures that are related to
the intrinsic ones—in the emission element’s rest frame—through a parameter
referred to as Doppler factor. This is defined as

§=v"1(1—PBcos 6)_1 . (1-6)

1.7.2  Apparent luminosity

The difference between the frequency a photon was emitted at (in the source’s
rest frame) and the frequency it is observed here on Earth is given by

Vobs = OVint. (1-7)
Flux densities in the two frames are related through

Sobs = 8" *Sint- (1-8)
Observed and intrinsic luminosities of AGN are related through

Lobs = 0" *Lint (1-9)

with « the spectral index of the optically thin part of the emission and n being
in the range 2-3; 2 refers to a continuous and 3 to a blobby jet [Scheuer and
Readhead, 1979].

9
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Figure 1.5: Dependence of the observed apparent velocity, Bapp, on viewing angle for

the same range of intrinsic velocities as in Fig. 1.4 only here expressed as the
equivalent Lorentz factor.
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It is worth noting that as seen in the inset of Fig. 1.4, which shows the de-
pendence of the Doppler factor on viewing angle for a given range of intrinsic
flow speeds, the effect of de-beaming or Doppler de-boosting takes place even
at large viewing angles, given sufficiently fast intrinsic motion. Even at 80°, for
intrinsic speeds above 0.5 ¢, de-boosting is at work; i.e. the Doppler factor is less
than unity. This is due to the concentration of radiation into the narrow emis-
sion cone. The higher the Lorentz factor, the narrower the cone is, so for large
viewing angles, our line of sight could be completely out of the emission cone
rendering radiation invisible; e.g. even radio galaxies (typically 0 > 30°) are
de-beamed for intrinsic speeds 3 2 0.5.

1.7.3 Eddington luminosity and limiting mass-accretion rate

The Eddington luminosity is the limiting value for the luminosity of a gravitating
body, above which radiation pressure is stronger than its gravitational pull and
the system is naturally disrupted. Under the assumptions of spherical symme-
try within a highly ionized environment of mostly hydrogen, where the mass is
dominated by protons while electrons mainly contribute to opacity, the Edding-
ton luminosity is given by

4mcG Mmp

(1-10)
oT

Lgda =
Here, M is the mass, m;, the proton mass, and ot the Thomson cross-section.
Note that the Eddington luminosity only depends on the object’s mass.

An Eddington accretion rate, Mgqq, can be inferred from Lggq and is the mass
accretion rate when a gravitating body emits at its Eddington luminosity limit.
It is given by

Mgqq = : (1-11)

The radiative efficiency, €, is usually assumed to be € ~ 0.1.

1.7.4 Brightness temperature

The specific intensity, I,—i.e. intensity per differential frequency element—for
a black body in thermal equilibrium with its surroundings is given by Planck’s
law as

2hvd 1
=2 hr

I, (1-12)

In radio astronomical applications since hv < kT, Planck’s law can be approx-
imated through the expansion of the exponential term with the use of

2

e":1+x+§—|+... (1-13)
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yielding

2vZkpT
By (T) = C—ZB' (1-14)

commonly referred to as the Rayleigh—Jeans approximation.

As a result, given a certain flux density level and size we are able to infer
the temperature of an emitting region even if the process is non-thermal. This is
a virtual temperature—not connected to the kinetic energy of its constituents—
that the region would be characterized by, if radiating as a black body. The
extremely high observed brightness temperatures measured in relativistic jets
lead to the conclusion that the processes involved are of non-thermal nature.

Observed and intrinsic brightness temperatures are connected through

Tb,obs =90 Tb,int~ (1_15)

Thus, using measured brightness temperatures and limiting values suggested on
the basis of physical arguments [Kellermann and Pauliny-Toth, 1969; Readhead,
1994], one can deduce estimates for the Doppler factor by attributing the excess
of Ty, above theoretical limits, purely to Doppler boosting.

1.7.5 Superluminal motion

This is a purely geometric effect, first suggested by Rees [1966] and later ob-
served [Gubbay et al., 1969; Cohen et al., 1971; Whitney et al., 1971; Cohen et al.,
1977] (cf. Porcas [1983] for a short review). It comes about simply because while
measuring the distance an emission element has traveled, in deducing its speed,
we divide by the wrong elapsed time. That is an apparent time interval due to
the fact that a knot traveling at an intrinsic speed close to the speed of light,
catches up with its own radiation, emitted in a preceding time. Let us imagine
the situation depicted in Fig. 1.6. Consider a knot traveling with intrinsic veloc-
ity u and emitting a packet of radiation at position A and time t = 0. Within a
time interval dt, the knot has reached its next position (B) where it re-emits a
second radiation packet. The first wavefront needs time

D 0 dt
t1 =—+ ucosv & (1-16)
c C

to reach the observer. Here, D denotes the distance between the observer and
knot position B. Radiation from position B takes time

D
t) =dt+ < (1-17)

to reach the observer. Consequently, what we measure as the time interval be-
tween the two times of arrival of the two waves is

At:tz—’q:dt—%cosedtzﬂ—ﬁcose) at (1-18)
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Figure 1.6: Geometry of superluminal motion.

By dividing the projected distance between the two positions,
u . .
. sin@dt or [sin0Odt, (1-19)

with the apparent time interval At we obtain an apparent expansion speed of

[3sin®

Bapp = 1—pBcosd’ (1-20)

In many cases Bapp is found to exceed the speed of light c—i.e. superluminal
motion is observed. However, this is only an illusion.

1.8 BLAZAR PROPERTIES

Blazars constituting the beamed population of radio-loud AGN, represent the
most extreme manifestation of active galaxies. The two classes of objects com-
prising the family of blazars are the FSRQs and the BL Lacs and the dividing
line is drawn according to their power, with FSRQs being the powerful sub-class
(see Fig. 1.1). Their extreme phenomenology includes fast superluminal motion,
observed both at parsec and sub-parsec scales, high degree of radio and opti-
cal polarization, rapid broadband flux density, and polarization variability with
time scales down to minutes.

The most intriguing aspect of blazars is their intense variability and a large
collection of models have been proposed in order to explain it. These are un-
der scrutiny today since the exact mechanisms giving rise to the blazar phe-
nomenon are to date not fully understood. Shocks that are generated and travel
downstream the relativistic jet are one possibility [e.g. Marscher and Gear, 1985;
Valtaoja et al., 1992; Tiirler et al., 2000]. At the shocked region acceleration of par-
ticles can take place, leading them to relativistic energies and beamed emission
of radiation. Shells of plasma colliding with each other due to differential veloc-

13
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Figure 1.7: Broadband SED of the blazar 3C 66A during a multi-wavelength observing
campaign. The fit corresponds to an EC+SSC model (see text). Data con-
tributed from different programs and instruments are shown. Image from
Abdo et al. [2011].

ities in the flow are also possible [e.g. Spada et al., 2001]. In addition to those,
geometrical models have been proposed that attribute variability to differential
Doppler boosting [due to e.g. precession; Camenzind and Krockenberger, 1992]
and also models attributing observed temporal variations of flux density and
structure to instabilities growing in the jet [e.g. Lobanov and Zensus, 2001, and
references therein].

The big picture is completed by their double-peaked spectral energy distri-
bution (SED, see Fig. 1.7), first peaking between radio and soft X-rays, due to
synchrotron emission and then at keV to GeV energies, likely owing to the In-
verse Compton (IC) process [e.g. Ulrich et al., 1997; Urry, 1999; Georganopoulos
et al., 2001]. High-energy emission in the MeV/GeV range is observed thanks
to space-bound observatories, the latest of which is the Fermi Gamma-ray Space
Telescope (Fermi-GST). The two main blazar emission mechanisms are discussed
in the next section.

On VLBI scales they usually appear as core-dominated, one-sided sources
with variable structural dynamics. They feature a compact, inverted or flat spec-
trum core that is usually variable. Downstream, within the collimated jet, ex-
tended components can be identified as they separate from the core at super-
luminal velocities. Those components are subject to “spectral ageing”; i.e. they
become weaker with time, especially at higher frequencies, thus producing a
steepening synchrotron spectrum.

1.9 RADIATION MECHANISMS
1.9.1 Synchrotron radiation

Accelerated charged particles emit electromagnetic radiation. An electron for
example, while passing close to an ion, changes its velocity vector and emits.
Electromagnetic radiation from ultra-relativistic (v ~c) charged particles that al-
ter their path is called synchrotron radiation. Synchrotron radiation was first
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observed in particle accelerators on earth (called cyclotrons) but since its dis-
covery (in 1947) it has been also observed to originate in cosmic sources. There
is compelling evidence suggesting that cosmic synchrotron emission is due to
particles, mainly electrons, gyrating around magnetic field lines [Ginzburg and
Syrovatskii, 1965; Pacholczyk, 1970].

But this is only half of the story. Magnetic fields are not prerequisites for
the production of synchrotron radiation. In fact, since electrons have mass they
could radiate even in a gravitational potential. Let us consider an example®.
Using Larmor’s formula (in cgs units) and substituting already the generic ac-
celeration term, a, with that coming form a gravitational field characterized by
acceleration g = 980 cm s~2. This makes an electron radiate power

B 26292

Pcyc =3

3 = 5.46 x 1074 ergs . (1—21)

The same power would be radiated if an electron was accelerated in the electro-
static field of a proton from a distance

02 \1/2
b= ( ) = 508 cm. (1—22)
Meg

Consequently, if an electron was free-falling towards Earth, the power it radiates
is equal to that radiated from a distance of about 5 meters, if it was accelerated
radially due to the electrostatic force of one proton.

In the ultra-relativistic limit, Eq. 1—21 has also a dependence on the Lorentz
factor of the particle and becomes

2 a2
Peyn = g‘cl_sy4a2 (1—23)

where, now we use a generic acceleration a and q denotes the charge of the
particle. The main characteristics of synchrotron radiation is that it is beamed
and highly polarized, both linearly and circularly. In more convenient SI units
the average synchrotron power of a single electron accelerated by a magnetic
tield, is given by

Psyn = g oT Bz YZ clUp (1—24)
where o = 87Tr§/3 is the Thomson cross section, with 1. = e? / (mecz) the
classical electron radius, 3 is the speed in units of ¢, and Up = B2/8m is the
magnetic field energy density.

The low-energy hump of blazar SEDs (10° < v < 10'® Hz) is attributed to
synchrotron radiation from gyrating ultra-relativistic, charged particles around
magnetic field lines. Observed spectra of blazars can be described by power-laws
of the form

+x

Sxv (1—25)

1 Example from http://www.astronomy.ohio-state.edu/~ryden/ast822.html
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Figure 1.8: Typical synchrotron self-absorption spectrum. Here Spax = 3Jy, Vmax =
3GHz are the turnover flux density and turnover frequency, respectively.
The optically thick and thin spectral indices are shown on the plot and have
typical values of 5/2 and —0.7, respectively.

where S is the flux density in Jy, v is the observing frequency and « the spectral
index.

A cardinal mechanism that shapes the observed spectra is synchrotron self-
absorption (SSA, see Fig. 1.8). This opacity-driven effect is simple to understand.
A single blob of plasma is an ensemble of electrons with randomly distributed—
in orientation—but nevertheless very high Lorentz factors, ye. These e, refer to
individual electrons. In any case, they radiate due to stochastic acceleration/de-
celeration, isotropically in the co-moving frame of the blob, as a whole. The
synchrotron photons they emit, cannot escape the cloud unless they posses a
minimum amount of energy (since E = hv, this translates into “having” a min-
imum frequency) so that they avoid absorption since as a photon propagates
through the plasma on its way out of the blob, there is a probability that it will
scatter off one of the electrons and lose its energy. The critical frequency above
which, a photon can escape, without being absorbed is called the turnover fre-
quency (Vmax in Fig. 1.8). For vgps < Vmax, the plasma is optically thick, while
for vops > Vmax it is optically thin. Canonical values for the spectral indices in
these two regimes are ayjcxk = 5/2 and ay, = —0.7, respectively. Traditionally,
blazar spectra characterized by indices >0, are referred to as inverted, in the
range 0.0 to —0.5 as flat, and < —0.5 as steep.

Since numerous sources with flat spectra are routinely observed, it is believed
that those spectra are due to superposition of a number of individual SSA com-
ponents (Fig. 1.9). This is especially believed to be the case for the prominent
feature referred to as the core, present in all VLBI maps of blazars [e.g. van der
Laan, 1966; Marscher, 1995, 1996; Tiirler et al., 2000]
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Figure 1.9: Superposition of six SSA spectra, able to produce flat spectral characteristics
across a broad frequency band. Here all SSA components are characterized
by optically thick and thin parts with indices of 2.5 and —0.7, respectively.
The resulting—from superposition—spectrum is shown in black.

1.9.2 Inverse Compton scattering

The high-energy hump of blazar SEDs (10'® < v < 102 Hz) is commonly
ascribed to the process of inverse Compton scattering. This is the interaction—
collision and exchange of momenta—between a relativistic electron and a pho-
ton. During the interaction, a low energy photon is up-scattered to energies up
to X- or y-rays by the high-Lorentz-factor electron.

For the process to be at work in blazars, a target photon field is required. The
synchrotron process discussed in Section 1.9.1 produces such candidate photons.
These can be up-scattered by the very electrons giving them off, in which case
the process is referred to as synchrotron self-Compton (SSC). If the seed photon
field originates from the external environment of the jet, then it is referred to
as External Radiation Compton or simply External Compton [ERC or EC, see e.g.
Sokolov and Marscher, 2005]. Potential reservoirs for EC are the photons from
the accretion disk, the hot corona above it, IR photons from the dusty/clumpy
torus, those from the BLR or even the cosmic microwave background (CMB)
photon field.

The total inverse-Compton power gained by the photon field and lost by the
electron is given by

4
Pic = 301 B2y cUpg (1—26)

where U,,q is the energy density of the seed photon field. Energy losses due to
the IC process are also referred to as electron cooling.
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Combining Eq. 1—24 and 1-26, we obtain the ratio

syn B
between the energy densities of the seed photon field and the magnetic field,
accelerating the particles.

An alternative for the production of the high-energy component of blazar
SEDs is a family of models similar to the logic described above, that differ
though in the composition of the relativistic jet. In those, so-called hadronic mod-
els, both electrons (e~) and heavier protons (p*) are assumed to be accelerated
to ultra-relativistic energies. Consequently, protons could easily exceed the en-
ergy threshold for the production of pions, (7[0,71+, and 7t7), via interactions
with seed/target photons in the emission region. In such models the high en-
ergy component of blazar SEDs is dominated by synchrotron emission due to
relativistic protons, cascades initiated by yy — e~ + e*, and photons from °
decays [see e.g. Kirk and Mastichiadis, 1992; Mannheim, 1993; Boettcher, 2010].

1.10 FORMATION AND STABILITY OF RELATIVISTIC FLOWS
1.10.1  Formation of jets

Although the exact process driving the formation of jets is to date not entirely
understood, according to the standard working paradigm astrophysical jets are
produced by rapidly rotating objects. The crucial ingredient is the presence of
a pressure gradient extending outward from the base of the flow, with the pres-
sure being higher than the particle energy density at the base, so that it can effi-
ciently accelerate them to high Lorentz factors. The consensus is that magneto-
hydro dynamic (MHD) acceleration is at play; i.e. the pressure required is mag-
netic pressure provided by the rotating, astrophysical compact object [Spruit,
2010]. In the case of AGN this can be a rotating accretion disk [Blandford and
Payne, 1982] or the black hole itself [Blandford and Znajek, 1977, Komissarov,
2009].

These mechanisms of plasma acceleration require the presence of a large-scale
and predominantly poloidal magnetic field threading the object. As the object
spins, the magnetic field lines essentially co-rotate with it—inducing no toroidal
component—up to the radius of the Alfvén surface®. From this point on, co-
rotation stops (with magnetic field lines lagging behind the object’s rotation)
and magnetic-field lines wound up thus giving rise to a significant toroidal
component [for an illustration see Fig. 2 of Spruit, 2010]. The resulting helical
magnetic field topology introduces a gradient of the toroidal component of the
magnetic field along the poloidal direction, creating a funnel, that accelerates
plasma. Via MHD acceleration, plasma flows can reach Lorentz factors of the
order 10-100s. Helical topology of the magnetic field is further supported by
the Faraday rotation measure gradients observed in various sources [e.g. Asada
et al., 2002; Gabuzda et al., 2004; Croke et al., 2010; Hovatta et al., 2012].

2 The surface where the flow speed is equal to the Alfvén speed.
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It is found that jets need to be collimated for efficiently transforming Poynting
flux into kinetic flux [e.g. Tchekhovskoy et al., 2009]. Collimation takes place in
a zone extending some ~103 Schwarzschild radii from their base. There exists
observational evidence supporting the existence of such a zone [e.g. Junor et al.,
1999].

State-of-the-art, global, three-dimensional general relativistic MHD (GRMHD)
simulations support the above scenario for the formation and acceleration of rel-
ativistic outflows. With an initial setup featuring a supermassive black hole, an
accretion disk, and a large-scale poloidal magnetic field (see Fig. 1.10), these sim-
ulations can reproduce the observed properties of stable relativistic jets, namely
bulk Lorentz factors and morphology (see Fig. 1.10) [e.g. McKinney and Bland-
ford, 2009; McKinney et al., 2012].

If the picture painted above is correct, then jets created from objects on all
possible astrophysical scales are one and the same phenomenon, only accord-
ingly scaled up or down, and with few parameters affecting the jet morphology
and power, such as the mass of the central source and its putative spin [see e.g.
Merloni et al., 2003; Falcke et al., 2004].

1.10.2  Stability of relativistic jets

From Earth-bound experiments it is known that plasma is highly susceptible to
instabilities. For a plasma in equilibrium, these perturbations can grow and os-
cillate or be dumped out. The observational fact that astrophysical jets can reach
sometimes up to Mpcs suggests a unique stability for those jets and an ability
for efficient dumping. In the following a few important plasma instabilities, rel-
evant to astrophysical jets, are introduced.

1.10.2.1  Current-driven "kink” instability

This mode of current-driven instability, also referred to as “kink” instability has
the potential to disrupt the jet at its initial stages, when it is still magnetic-
energy dominated. It acts by displacing the fluid’s center of mass, thus heavily
perturbing the cylindrical jet flow, putting it into a spiral oscillatory movement
[see e.g. Moser and Bellan, 2012].

1.10.2.2 Magnetic reconnection

Magnetic reconnection refers to fast re-configuration of the magnetic field topol-
ogy. The phenomenon is known and seen in solar flares and elsewhere, in
situations where highly conducting plasma is involved. Reconnection of mag-
netic field lines dissipates magnetic field energy into thermal and kinetic energy.
Apart from that though, magnetic reconnection has been invoked in models of
particle acceleration [see e.g. Giannios, 2013].

1.10.2.3 Kelvin—Helmholtz instability

When the jet initiates interactions with its surrounding medium another kind
of instability emerges. Kelvin—-Helmholtz (K-H) instability is caused by the vis-
cosity shear at the boundary layer between the fast jet and the slow ambient
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prises a weakly magnetized, thick accretion
disk around a spinning black hole (BH)
with «/M = 0.9375. Black lines represent
the integrated (over the ¢-coordinate) mag-
netic vector potential, Ag. Color-coded is
the quantity b> = 2Up and black lines
correspond to field loops with alternating
polarity, embedded in the disk. The thick
black line tracks the outermost angular part
of the black-hole-driven jet (same as in
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Evolved state at the same time as in panel
1.10b. Here, velocity flow lines are shown
in gray-scale, and field lines (A4, integrated
over ¢) in red. The accretion flow appears
turbulent with visible eddies.

strongly magnetized gas near the BH that
launches a vertical jet is seen here as the col-
limated beam of high electromagnetic en-
ergy density. All field lines of the first and
second field loops have been accreted or
ejected. Field lines of the evolved third and
fourth loop are shown as solid and dashed
black lines, respectively. The thick line is
the same as in panel 1.10a.

(d) Time-averaged velocity flow field, as in

panel 1.10c. Here, the image is zoomed-
in on the vicinity of the BH. The BH is
threaded by ordered magnetic flux, and the
flow shows equatorial symmetry.

Figure 1.10: Realization of a global 3-dimensional GRMHD simulation. A relativistic jet

emerges from an initial configuration featuring a spinning SMBH, an accre-
tion disk and a large-scale, poloidal magnetic field. Images from McKinney

et al. [2012].
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medium. It induces turbulence, along with pinch and helical modes of oscilla-
tory motions [e.g. Lobanov and Zensus, 2001; Perucho et al., 2004].

1.11 OPEN QUESTIONS

Closing this introductory Chapter, let us review a few open questions underlin-
ing how lively the field of AGN still is, after a few decades of intense research.
Some of these questions we touch upon in the course of the present thesis.

1. Even if theorists and their simulations have led to some agreement as to
how jets are formed, still, the issue of the putative SMBH spin and its
role in jet formation is—from the observational point of view—open. Is it
possible to be proven that SMBHs do have spin and can it be measured?

2. What is the reason that most AGN do not form jets? Is there a connection
with the SMBH spin? Is it only maximally-rotating (Kerr) SMBHs that
launch energetic jets or Schwarzschild black holes can do so too?

3. How are jets collimated and remain so, for long distances away from their
source? Is hydrodynamic launching completely ruled out? To answer this,
high-resolution and high-cadence polarization mapping will give some
important insights.

4. What is the dominant emission mechanism in blazars? Is it SSC and what
is the contribution of EC, if any? Do we have to invoke one- or multi-
component SSC models? What is the seed photon reservoir for EC? The
BLR, accretion disk, torus or even CMB photons?

5. What about hadronic models? Protons need more energy to be accelerated
to the observed Lorentz factors but their presence could explain more
naturally the impressive stability of observed collimated beams of plasma
(point 3).

6. Which mechanism(s) drive the rapid blazar variability seen across the
whole electromagnetic spectrum? Through their observational predictions,
different scenarios can be put to the test.

7. Where is the location of the MeV/GeV or higher-energy emission site? Do
Y rays originate close to the SMBH or further out, beyond the BLR, parsecs
downstream the jet?

8. Are narrow-line Seyfert 1 galaxies (NLS1) (see Chapter 6) just another low-
black-hole-mass flavor of the blazar phenomenon? What does their recent
detection in vy rays tell us about their nature?

9. Which parameters are relevant for the unification of AGN, after all?
1.12 OUTLINE AND IMPACT OF THE PRESENT WORK

In 2008 August, Fermi/LAT discovered the blazar PKS 15024106 showing a
rapid and strong y-ray outburst followed by bright and variable flux over the
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next months. The main part of this thesis is largely motivated by this very out-
burst.

The activity at high energies triggered an intensive multi-wavelength cam-
paign covering also the radio, optical, UV and X-ray bands indicating that the
outburst was accompanied by a simultaneous flare at optical/UV /X-rays with
a significantly delayed outburst at radio bands as observed by the F-GAMMA
program. Due to these findings and the fact that the source already showed a
rotation of the VLBI electric vector position angle (EVPA) in 2007/2008 likely as
precursor of the y-ray outburst, additional high-frequency VLBI/GMVA obser-
vations at 86 (and 43) GHz have been performed at 6 epochs between 2009 and
2012. Consequently, PKS 15024-106 turns out to be a key source in the framework
of detailed studies of the physical connection between the radio and y-ray emis-
sion, particularly probing the emission mechanism and conclusively localizing
the y-ray emitting region.

The present thesis combines the two main tools used in AGN studies; a broad-
band variability analysis and the Very Long Baseline Interferometry (VLBI) tech-
nique. Use of the former approach enables the differentiation between compet-
ing variability models, by studying parameters such as the flare amplitudes,
time lags and spectral evolution that have specific observational signatures in
the time and spectral domain. Furthermore using advanced cross-band correla-
tion techniques, the location where the high-energy emission originates can be
constrained. On the other hand the power of VLBI, and mm-VLBI in particu-
lar, is revealed through the ability of directly probing the structural dynamics
of sources (studies of source kinematics, determination of jet speeds, etc.) thus
enabling the correlation between ejected features and flares in multi-wavelength
light curves and ultimately getting a handle on the inner workings of the jet of
PKS 15024106 at sub-milliarcsecond scales. VLBI analysis and finding are pre-
sented in Chapter 4 while the cross-frequency variability study for the source
and discussion of the findings within the framework of the shock-in-jet model
in Chapter 5.

A second target of the thesis at hand is the y-ray- and radio-loud NLST galaxy
TH 0323+-342. Through VLBI imaging and the densely-sampled F-GAMMA
light curves the determination of the viewing angle towards the source is pos-
sible. Thus, this thesis is shedding some light to this very important observable
in the context of AGN unification schemes (see Chapter 6).

In addition to the above, a thorough introduction to both techniques used here
is given. Specifically, in Chapters 2 and 3 theoretical considerations and practical
aspects of the reduction of mm-VLBI data are given. The first part of Chapter
5 is also concerned with the theoretical background of the methods used in the
light curve analysis.

Finally, a critical summary and concluding remarks of this work are presented
in Chapter 7.
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2.1 INTRODUCTION

In the present chapter a basic introduction to astronomical interferometry will
be given. Specifically, very-long-baseline interferometry (VLBI) will be intro-
duced, a technique that revolutionized instrumental capabilities in radio astron-
omy and led to a paradigm shift in our understanding of AGN at their finest
scales. An introduction to the VLBI most frequently used “jargon” will be given
also, that is among the most troublesome aspects of VLBI, especially to the new-
comer.

The angular resolution, R, of an optical instrument is given by the following
relation

R D (2-1)
where A is the wavelength of the incoming electromagnetic radiation and D
the diameter of the primary mirror of the instrument. In the radio regime in
particular, the angular resolution that characterizes a telescope is rather poor for
small apertures and long wavelengths or equivalently low observing frequencies
(see Fig. 2.1).

Poor angular resolution leads to poor spatial localization of radio sources in
the sky. Early attempts to tackle the problem included indirect techniques, for
example lunar occultations, which provide an angular resolution of the order
of 1" [Hazard, 1961, 1962; Hazard et al., 1963]. These efforts were the first to
provide estimates of angular diameters, using the 250-ft radio telescope in Jo-
drell Bank, UK and the 210-ft Parkes antenna in Australia; with the first radio
galaxies to have accurately measured parameters being 3C 212 and 3C 273.

It was this very quest for ever higher angular resolution observations that
led to the invention of aperture synthesis by Ryle and Hewish [1960] (Nobel
prize in Physics 1974—the first awarded for astronomical research). Using this
technique one tries to artificially synthesize a large telescope out of a number
of smaller ones, situated in different locations. The distance that separates the
elements of the interferometer, commonly referred to as baseline length, can
vary between one element diameter up to several thousand or several hundred
thousand kilometers, when it comes to very-long-baseline interferometry and
space VLBI'.

Synthesis refers to the combination of signals arising from each element. The
combination can be done in real time and by purely optical means (e.g. mirrors,
prisms, beam splitters etc.) as in optical interferometry or off-line and at a differ-
ent location and time after the observing run as in VLBI (where cross correlation

For a comprehensive introduction to the fundamentals of radio interferometry, cf. R. Porcas’
lecture during the 2nd MCCT-SKADS training school here: http://pos.sissa.it/cgi-bin/
reader/conf.cgi?confid=65
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of the signals is employed). Different and very special equipment is required in
each case. Recent advances in communications technology though, have enabled
the real-time connection of telescopes and in some occasions on-line correlation
of data (e.g. e-VLBI, e-MERLIN).

Observing in VLBl mode means that each telescope points at the target source,
stays on tracking it, integrating, and recording the voltage. Each chunk of on-
source data is called a scan. Scans can last from a few seconds up to several
minutes depending on the sensitivity of the baseline and atmospheric coherence.
The sensitivity of a single antenna is given by

2kgp Tsys

AT = ——22
Aeff AVAT

(2-2)

and the sensitivity of an antenna array comprising N elements is

AT = 2kB Tsys 1

 AefVAVAT/N(N—1) (2-3)

where

* AT is the root-mean-square noise of the output Tsys,

kg is the Boltzmann constant,

TSys is the system temperature,

At is the effective aperture of the element,

Av is the observing bandwidth, and
* At is the total, on-source integration time.

Some array-specific efficiency terms may also contribute to sensitivity but are
neglected here for simplicity.

The appropriate scan length is specified according to the baseline sensitivity—
i.e. an array of two elements—and also the stability of the atmosphere at a given
observing wavelength. The reason is that given two identical telescopes, the scan
length must ensure that the source is detected by both elements. This is not the
case though for a baseline comprising a sensitive and a not-so-sensitive element.
In this case it is sufficient for the sensitive one to detect the source. This fact
follows from the formula of the baseline sensitivity. Usual scan lengths are of
the order of 5 to 10 minutes. Furthermore, the scan length plays a role in the
process of fringe fitting, discussed further in a subsequent paragraph. Repeated
scans of the source of interest within an observing run of several hours result in
filling the uv-plane with the help of Earth’s rotation, resulting in higher-fidelity
images (see Section 2.2.3).

For VLBI the combination of signals from different telescopes, referred to as
stations, is performed by a piece of hardware or software called “correlator”.
The correlator searches, calculates and applies the correct phase (time) offset to
the data of each baseline in order to obtain constructive interference fringes (see
Fig. 2.2). Much more effort is needed primarily as observing frequency increases,
but also as other observational parameters change.
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Figure 2.1: Power response of a receiving element to a point source as a function
of angular offset from the peak, P(0). For a uniform circular aperture
P(8) = (J1(x)/x)? also known as the Airy pattern, where ] is the first order
Bessel function. The half-power beam width (HPBW) is at ~1.02A/D and the
instrument’s resolution is defined by the first null at ~1.22A/D.

For radio interferometry and for VLBI in particular, correlation takes place af-
ter the data acquisition at the correlation facility. A number of institutes around
the world host such correlators with the most famous among them being in
Bonn (MPIfR, Germany), Dwingeloo (JIVE, The Netherlands), Socorro (NRAO,
USA) along with correlators in Moscow, Russia, and Japan.

2.2 CORRELATED NOISE AND THE VISIBILITY FUNCTION

The purpose of imaging interferometry is to reconstruct the spatial distribution
of sky brightness by measuring as many as possible, different spatial frequencies
of this portion of the sky (containing a radio source). In practice, sampling of
the spatial frequencies is rather sparse due to the finite and rather limited num-
ber of interferometer elements and their positions. An easy and didactic way
to understand interferometry is by having in mind the double-slit experiment
performed at the beginning of the nineteenth century by Thomas Young [e.g. for
an overview Young, 1802]. Visualizing the two slits as two antennas comprising
a baseline, we can imagine that a fringe pattern is “cast” on the plane of the sky
with the positive and negative fringes perpendicular to the baseline direction.
Evidently such a baseline can only be sensitive in the direction of the alternat-
ing fringes and not along them (see Fig. 2.4). It is this special piece of equipment,
the correlator, that makes the whole process possible.

2.2.1  The correlator input: voltages and noise

For successfully correlating the data from each baseline a number of inputs are
needed for the correlator. First and foremost the data itself. These come in hard
disks containing the raw, digitized, recorded voltages from each station and an
accurate time stamp from a hydrogen maser “clock”. For the purposes of VLBI
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Figure 2.2: Schematic diagram of the two-element, very-long-baseline interferometer.
The plane waveform reaches the antennas with a delay ctgy which needs
to be compensated in order to coherently (or in-phase) combine the signal
of each element with one another. Image from Wiesemeyer and Nothnagel

[2014].

the important piece of information is the voltage phase that needs to be recorded
at a high rate and with precise time stamps. For this purpose, highly accurate
maser clocks are used at each participating VLBI station.

The second most important piece of information is the antenna positions com-
prising the interferometric array. These need to be known with high precision
(<1 mm) especially at higher observing frequencies. Other parameters of the
correlator model include, Earth rotation data, the polar motion (UT1 + UTC cor-
rection), source positions, atmospheric thickness, clock synchronization offsets,
tidal effects, Earth tectonic drifts, atmospheric pressure loading along with other
higher order effects. The whole process is based on having an—as complete as
possible—model in order to calculate the geometric time delay given by

b-s
(2—4)

with b the baseline vector, and coherently mix the signals from N number of
elements and N(N — 1) /2 baselines (see Fig. 2.2).

2.2.2  The correlator output

The correlator multiplies and then time-averages the recorded signals (i.e. volt-
ages) from two telescopes (a baseline). The two voltages—each coming from a
different telescope—have the following form

V7 = Vcoslw(t —14)] and V, =V cos(wt) (2-5)
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where V is the maximum amplitude of the oscillation, w is the frequency of the
observed signal (otherwise v = w/2m), t is the time variable and the two signals
are identical apart from the fact that they are separated by a time interval, the
geometric delay (see Fig. 2.2).
The physical principle upon which aperture synthesis is based is the van
Cittert-Zernicke theorem? [van Cittert, 1934; Zernike, 1938]. The theorem in
essence tells us that spatially incoherent radiation, with increasing distance from
the source, becomes spatially coherent and can produce constructive or destruc-
tive interference patterns. With some simplification it tells us—the not so obvi-
ous and rather unexpected fact—that electrons emitting at different times and
at different positions, “knowing” nothing about each other, give rise to photons
that while initially out-of-phase with each other, in the far field of the source
become in-phase and can interfere.
Strictly mathematically speaking it relates the spatial coherence function (or Introduction
visibility) V(¥7,72) = V|et® = (E(r1)E*(r3)), to the intensity distribution of the to the concept

incoming radiation I(x,y) trough a Fourier transform of visibility
o F
V(¥,72) = I(x,y). (2-6)

The spatial coherence function, V(¥1,12), is the time-averaged complex prod-
uct of the received electric field E(r7) and E(r;) in two antenna positions ¥y and
7. All it tells us is that the brightness distribution of a distant radio source on
the plane of the sky (x and y denote directions parallel to RA and DEC) can be
reconstructed through a Fourier transform of the cross-correlation of the signal
received by antennas at different points on the Earth.

Radio interferometric techniques greatly owe to optical interferometry and the
pioneering work by Michelson and his collaborators in the last decade of 19th
and the first decades of the 2oth century [Michelson, 1890, 1920]. They have
managed to measure the diameters of nearby stars [Michelson and Pease, 1921]
as well as solar system objects [Michelson, 1891]. Recalling again T. Young's
double-slit experiment we can imagine the fringe pattern on the plane of the
sky. If the angular diameter of the star is small compared to the spacing of two
adjacent fringe pattern maxima then the star is unresolved. This also results in the
intensity of the fringe minima reaching zero. If, on the other hand, the angular
diameter of the star is larger than the fringe spacing then it is resolved and the
fringe pattern minima do not reach zero intensity (see Fig. 2.3). In the latter case
the resulting fringes are a superposition of more than one fringe patterns from
spatially-separated, unresolved regions of the source, thus not reaching zero.
Concluding, the more resolved the object is, the "worse” the visibility function
looks. The terminal case arises when the source size is so large that the interfer-
ence fringes disappear (i.e. the source is resolved out).

According to Michelson’s definition the interferometric fringe visibility is

intensity of maxima — intensity of minima
Vf = - - - - -
intensity of maxima + intensity of minima

(2-7)

2 For a very nice and interesting visualization of the van Cittert-Zernicke theorem see the article
”Spatial coherence from ducks” by Knox et al. [2010] and the related video at https://www.
youtube.com/watch?v=4048J4streE.


https://www.youtube.com/watch?v=4o48J4streE
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Figure 2.3: Fringe intensity of two unresolved sources and of their sum. While for the
unresolved ones the intensity reaches zero, the same does not happen for the
resolved one.

and this quantity is at maximum unity (v¢ = 1) for an unresolved source and
less than one (v¢ < 1) for a resolved one.

Let us now return to the radio domain and discuss the simplest configuration
for an interferometer; a two-element, single-baseline instrument (Fig. 2.2). The
antennas comprising it, record two discrete signals of the form of Eq. 2—5. These
are to be processed by the correlator. The first step is the multiplication with
each other that yields

2
ViVy = (VT) [cos(2wt — wTg) + cos(wTg)] (2-8)

which features the rapidly varying term cos(2wt — wtg). The process of time-
averaging within a sufficiently large interval At > 1/wt, eliminates this term.

The correlator by multiplying and time-averaging two signals arising from
a set of two telescopes casts a cosinusoidal fringe pattern on the sky with the
following final form

VZ
Reos = (V1V2) = (7> cos(wTy). (2—9)

This kind of cosinusoidal correlation output though, is sensitive only to the even
part of the source brightness distribution and has zero response to the odd part.
For an illustration see Fig. 2.4. In order to build a useful (functional) instrument
that is sensitive to both, even and odd structural information, one needs to be
able to produce and combine both types of cross-correlation. To retrieve the
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sinusoidal part, a ninety-degree (90°) phase offset is introduced to one of the
two signals of Eq. 2-5 and the output then becomes

VZ
Rsin = (V1V2) = <7> sin(wTg). (2-10)

The concept of the complex visibility comes about by combining the two
”complex correlator” data products and using Euler’s formula (e*® = cos(¢) +
sin(¢)) for convenience, we define it as

V = Reos + 1Rgin = Ael® (2-11)

where

R .
A=y Zos + Rszin and ¢ = arctan (Rsm> (2-12)

COs

are the complex visibility amplitude and phase respectively.
In radio astronomy and under a few simplifying assumptions the complex
visibility is written as

IV (1/ m)
VI—Z_m2?

where I, is the intensity distribution of the source, 1 and m the directional
cosines, and subscript v arises from considering only one monochromatic com-
ponent of the electric field. For a complete treatment see Clark [1999]. In the
formula above the assumption of a coplanar array is implicit and u, v are the
coordinates of the receiving elements in units of wavelengths, as is customary
in interferometry. The formula represents a Fourier transform and is invertible.
The consequence of Eq. 2-13 is that having a sufficient number of visibility mea-
surements at different u,v coordinates (i.e. sufficient sampling of the Fourier
components) one can derive I (1, m).

The task of the correlator is exactly this. Given a set of individual voltage
measurements, to provide the complex visibilities (hereafter simply visibilities)
out of which the source structure can be later deduced by means of a Fourier
transform.

Visibilities, being complex quantities, are characterized by an amplitude and
a phase term. The amplitude represents the amount of correlated noise (see Fig.
3.3) and the phase carries the positional information; “where this amplitude (or
power) is located”. One needs to be aware of the fact that each visibility datum
contains information for the sky brightness distribution everywhere and not
only at a given coordinate. In any case, it should be obvious by now, that the
correlator model is not quite as accurate and residuals remain. Residuals that
need to be further calibrated-out.

e—2i7‘t(ul—|—vm) dldm (2_13)

Vy(u,v,w=0) = JJ

2.2.3 The uv-plane: Sampling the visibilities, coverage and the dirty beam

The main point of the discussion above is that for every sky brightness distribu-
tion I(1, m), there exists a visibility function V(u,v) that is its Fourier transform,
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recall Eq. 2-6. The problems start from the fact that due to inherent observational
limitations, predominantly telescope positions that make certain baselines avail-
able and finite antenna sizes that negate measurements at short and certainly
zero spacings, the visibility function is never fully attainable. What is available
is a set of visibility measurements; i.e. the visibility function sampled at cer-
tain positions. The two-dimensional space of spatial coordinates expressed in
wavelengths is called the uv-plane and contains the positions where a visibility
measurement exists or not (see Fig. 2.5). The density of samples on the uv-plane
is referred to as the uv-coverage of a given interferometric observation [see also
Thiébaut, 2009, for a review on optical interferometry techniques].

Each baseline at each time interval (correlator integration time) yields one
visibility datum that represents a different Fourier component, thus a different
spatial frequency of the source brightness distribution. The whole idea is to
have as many as possible, different configurations of baselines so as to sample
as many as possible spatial frequencies of the source. A single baseline is not
particularly helpful towards this direction but as a consequence of the Earth’s
rotation, the projected geometry of the baseline changes with time. It is obvious
that this single baseline is able to provide information on more than one spatial
frequencies within a maximum range of a 12-hour observation. After that, our
single baseline starts to re-sample the same portion of the Fourier plane, pro-
vided that the positions of the two antennas remain fixed and the source has
not changed (neither its flux nor structure). The same holds for all baselines
coming from an array of elements with fixed positions, hence a 12-hour obser-
vation provides the maximum uv-coverage. Since the brightness distribution of
the source is obviously a real-valued function, the visibility is a Hermitian one3.
This leads to every interferometric measurement yielding a visibility point at a
certain uv-coordinate and its anti-symmetric with respect to the center of the
uv-plane.

The uv-coverage of an observation is a contributing factor to, and a prereq-
uisite for successful imaging. First and foremost, the Fourier transform of the
uv-coverage determines the response of the interferometer; i.e. its point spread
function (PSF), synthesized or dirty beam. The resolution is determined by the
longest uv-spacing while sensitivity to large scale structure depends on the
shortest baselines. Image fidelity—i.e. the ability to reconstruct complex source
structure, greatly increases with uv-coverage while gaps decisively limit it. Fi-
nally, image dynamic range is affected by side-lobes of the synthesized beam, as
a result of these gaps.

By simply Fourier transforming the visibility data, we obtain an image of the
source brightness distribution that is affected by the PSF of the instrument and
it is referred to as the ”dirty map”. There exist algorithms such as CLEAN [Hog-
bom, 1974], tackling the problem of deconvolving the ”“dirty beam” from the
map, to finally yield an artefact-free image. CLEAN models the source bright-
ness distribution with delta functions (the CLEAN components). It subtracts the
dirty beam pattern from the map and substitutes with CLEAN components on a
pixel-after-pixel basis in decreasing order of brightness, until either a predefined
threshold of flux, or a number of components is reached. The final CLEAN map
is produced by convolving the CLEAN components with the CLEAN beam, that

3 This follows from basic Fourier transform properties.
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is a side lobe-free beam matching the resolution of the initial “dirty beam”. Sub-
traction of the CLEAN map from the initial dirty map yields the residual map
that at the end of the process ideally has a random, noise-like appearance.

For the successful application of the Fast Fourier Transform (FFT) algorithm  Visibility
one needs to bin the data in a regular grid with a number of cells in each direc- weighting and
tion being a power of two. The final parameters of the image strongly depend on ~ [#P¢""8
the weighting scheme used to quantify the contribution of each visibility datum
to the map. Weighting only has to do with the number of individual visibility
measurements per bin. Among the most used schemes are natural and uniform
weighting. In the former, higher number of individual visibilities present in a
bin, results in higher weight of the cell during the FFT as opposed to a cell
with fewer or none which carries zero weight (see Fig. 2.5a). In the latter case,
all cells that feature at least one visibility datum are considered equally dur-
ing the imaging procedure and contribute identically to the formation of the
synthesized beam. As a result, uniform weighting optimizes the point source
sensitivity and yields higher angular resolution images at the expense of higher
image noise level. Other schemes exist as well, such as robust weighting that is
a compromise between the two aforementioned schemes (cf. D. Briggs disserta-
tion, 1995%).

Another word from the VLBI vocabulary deserving some mention is the word
tapering. Tapering is a form of weighting but this time taking into account the
uv-distance of the specific visibility datum. It is used in order to down-weight
data on long baselines. Using a Gaussian taper will significantly increase the
detectability of extended source structure at the expense though, of angular
resolution.

2.3 VISIBILITY PHASE SELF-CALIBRATION

Incomplete knowledge of parameters such as source and array-element posi-
tions, atmospheric optical thickness, clock offsets etc. introduce errors in the
calculation of visibilities, collectively referred to as corrupting terms. The effect
of corrupting terms in visibility data is to scatter power across the image, con-
tributing to a higher-than-expected noise level and degrading image fidelity. The
relationship between the observed and real visibilities output by a baseline with
elements 1 and 2, can be written as

V(1) = g1 () g3 (1) VISE(t) + eq2(t) (2-14)

where g1(t), g2(t) are time-dependent, antenna-based terms; the so-called com-
plex gains and €1, (t) represents the thermal noise. Use of the term gain here can
be somewhat misleading, nevertheless it is accurately delivering the message
that these terms are connected to the performance and external parameters (e.g.
weather) of individual antennas. Using the following functional form for the
complex gains, for the two antennas of our baseline:

g1 =are'® and g2 = aze'®2 (2-15)

4 http://www.aoc.nrao.edu/dissertations/dbriggs/
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(a) A short East-West baseline (in red). The fringe spacing (A/b) is rather
loose. This baseline is not sensitive to structure in the North-South di-
rection. Here a cosinusoidal, even fringe pattern is shown.

(b) Long East-West baseline. The fringe spacing (A/b) is rather tight result-
ing to higher angular resolution.

(c) A short North-South baseline. This baseline is not sensitive to source
structure on the East-West direction.

(d) A long North-South baseline.

Figure 2.4: Four hypothetical baseline configurations (with their projected length shown
as a red line) and their respective on-sky fringe pattern dictated by their
projected length. Here, cosinusoidal fringe patterns are shown. The color
code denotes their response with values between 0 (black) and 1 (bright
yellow).
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S

(a) Usual representation of the uv-plane with information
on “where” visibility measurements exist. Overplot-
ted is the grid where data is interpolated. Weighting
schemes rely on the density of visibility data in each
cell.

[Teer—

(b) Same as above but plotting color-coded (c) Same as above but plotting color-coded
the complex visibility amplitude. the complex visibility phase.

Figure 2.5: Example uv-coverage of a Giant Metrewave Radio Telescope (GMRT) obser-
vation. Figures courtesy of Hans-Rainer Klockner (MPIfR).
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we can rewrite Eq. 2-14 as
VSR = a1 (Vaa (e #1792 V(1) 4 e, (1) (2-16)

Self-calibration refers to the process of calculating the complex gains for each
antenna of the array, using the target source as calibrator, as opposed to employ-
ing a phase-calibration source to perform phase referencing [Alef, 1989]. To do
that, one needs to proceed with some educated guesses for the source structure
and making use of certain tools like the closure relations which will be dis-
cussed in the following. Under the assumption that baseline-dependent terms
(eij) are small and can be neglected, the procedure is applied in an iterative
way as follows. Usually a point-source structure is assumed as a starting model.
With the use of imaging and deconvolution algorithms such as CLEAN, a model
for the source is built and the calculation of the complex gains is performed by
self-calibration. The model is used as a starting point for the next round of
deconvolution and self-calibration until the process converges. Self-calibration
requires high signal-to-noise ratio in order to be reliable. This, to a certain extend,
can be achieved by averaging data in given time intervals. Blazars, as strong
sources, allow the use of self-calibration with impressive results.

Given three interferometer elements A, B, C forming a closed triangle of base-
lines AB, BC, CA (Fig. 2.6a) we have

bap =Vap+Ta—Tp
dpc =Ppc+ T —Tc (2-17)
bca =WPca +Tc—Ta

where ¢pap is the observed visibility phase coming from the antenna pair AB,
Pap is the real phase that should have been observed without the corrupting
station phases that each element of the baseline separately contributes, To and
Tg. Corrupting phases are additive terms (see Eq. 2-16).

Now, addition of the equation set 2—17 around a closed triangle yields

O apc = GaB + Ppc + dca = Vap +WBc +Uca. (2-18)

The interpretation of Eq. 2—-18 is very interesting and tells us that the sum
of observed phases around a closed triangle (Fig. 2.6a) is equal to the sum of
corruption-free visibility phases. Eq. 2-18 is referred to as the closure phase for
the triangle ABC. For an array of N elements there exist (N —1)(N —2)/2 inde-
pendent closure phases. The problem to its full extend is degenerate, meaning
that we have (N —1)(N —2)/2 good measurements for deducing N telescope
corrupting phases. One can reduce this number to (N — 1) by treating one of the
antennas as reference. This antenna is assumed to have zero phase offset and all
phase corrections are calculated with respect to this antenna. Closure phases are
a crucial observable and play a significant role in the process of self-calibration
[see Cornwell and Wilkinson, 1981].

An important implication of phase self-calibration is the loss of the absolute
positional information in the sky for the source, since one alters the visibility
phases.
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A B

A B
C D C
(a) Phase self-calibration. (b) Amplitude self-calibration.

Figure 2.6: Closure relations geometry.

2.4 VISIBILITY AMPLITUDE SELF-CALIBRATION

Given four interferometer elements A, B, C and D as in Fig. 2.6b we can write:

Aa = YaB X TaTp
Agc = ¥pc x Tglc (2-10)
Acp =V¥cep x TcTp

Apa = ¥pa X TpTa

where A g is the observed visibility amplitude coming from the antenna pair
AB and Wup is the real amplitude that should have been observed without the
corrupting amplitudes that each element of the baseline separately contributes,
TA and TB-

In the case of visibility amplitudes the situation is slightly more complicated
due to the multiplicative nature of station-based corrupting terms (see Eq. 2-16).
By finding the right way to multiply and divide the equations of set 2-19, one
can obtain a closure relation between observed and real, or error-free amplitudes

Ang-Acp _ ¥ap ¥cp TATg Ty
Apa-Apc  Ypa-¥ee  JoTaTsTc

Obviously one needs a minimum number of four elements in order to be able
to perform corrections using the closure relation for visibility amplitudes (Fig.
2.6b).

In essence, self-calibration is the process of solving for the “best calibration pa-
rameters” that better match a given visibility data set to a model for the source.
The model can be obtained through an initial guess, usually a first image of
the source. With such a starting point one can perform many iterations of de-
convolution and self-calibration. Every iteration yields a better image which
is used as the starting point for subsequent imaging and self-calibration itera-
tions. During self-calibration cycles one needs to be extremely cautious. First,
the signal-to-noise ratio of the data needs to be high enough so as for the proce-
dure to produce reliable results. Second, the process—especially amplitude self-

AABCD = (2—20)
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calibration—can introduce and “freeze” fake source structure. Consequently, it
must be applied with extreme caution.

2.5 APPLICATIONS OF VLBI TO BLAZARS

Very-long-baseline interferometry is the only way of directly imaging the cen-
tral regions in the vicinity (pc to sub-pc scales) of the SMBHs where the bulk of
blazar activity takes place. The structure of blazars, as seen in VLBI maps, is typ-
ically dominated by a compact core and extended structure—usually a faint jet.
The jet is in most cases non-symmetric, in that a counter-jet is rarely visible due
to small viewing angle and subsequent de-boosting, and features of enhanced
emission, referred to as knots or “blobs”. Further downstream extended and
misaligned emission regions, with respect to the jet, may be visible.

Despite its cardinal role in the study of AGN, VLBI is limited by both mini-
mum detectable flux density and minimum required source-compactness. While
the first limit is obvious, the second calls for a few more words. Due to the very
nature of aperture synthesis there will always be a gap in uv-coverage located at
the center of the uv-plane. The problem arises from the size and locations of the
antennas forming the array. The result of it being that an interferometer is char-
acterized by a maximum source-extension that it can detect; the absence of com-
pact structure renders sources invisible to the interferometer (see Section 2.2.3).
In Porcas [2005] the concept of brightness temperature sensitivity is presented, that
combines the two aforementioned limiting physical parameters (T, o S/v29?
with S the flux density, v the frequency, and ¥ the source size, see also Section
1.7.4). VLBI arrays are limited to the brightness temperature regime in excess
of 10577 K, a fact that makes them ideal observing machines for non-thermal
processes, such as synchrotron emission, where Ty, is higher than 10~7 K.

Owing to their extreme variability, understanding the blazar phenomenon
calls for multi-frequency, multi-epoch VLBI observations. Combination of the
two approaches has yielded insights into the inner workings of blazar jets. Since
observations are possible in a broad frequency range, they can reveal the source
spectral properties at vastly different scales ranging from sub-parsec to kilo-
parsecs away from the core (e.g. using the VLA). Observationally, the core usu-
ally exhibits a flat or inverted radio spectrum while the jet and the discernible
knots downstream show steep power-law spectra reflecting the power-law en-
ergy distribution of the emitting particle populations.

It is multi-epoch VLBI that first hinted towards the existence of apparent
faster-than-light expansion speeds for sub-milliarcsecond jet components [Gub-
bay et al., 1969; Cohen et al., 1971; Whitney et al., 1971; Cohen et al.,, 1977], a
property of jets first theorized by Rees [1966]. Key questions that multi-epoch
observations can address are whether structural changes can be associated with
extreme flux density variations, whether extragalactic jets accelerate or knots
follow ballistic motions within the flow, and what is the connection between
radio outbursts and intense y-ray emission. In a large number of sources there
appears to be connection between the aforementioned observables. Often times
variability can be attributed to traveling or standing features in jets, usually as-
sociated with shocks and/or instabilities depending on the physical conditions
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of the flow [e.g. Hardee, 2002, 2007; Fromm et al., 2013a]. See Zensus [1997] for
a review.

Apart from only total intensity, high-resolution polarimetry can reveal the
magnetic field topology of blazar jets, being able to disentangle the contribution
of sub-parsec regions to the global picture [see e.g. Gabuzda, 2003, for a review].
Attempts of combining all aforementioned approaches to a large enough sample
of sources have the potential to infer statistically significant properties of the
blazar population [see e.g. Arshakian et al., 2012; Lister et al., 2013; Homan
et al., 2015].

2.5.1 Frequency-dependent core position

Most blazar VLBI maps at different frequencies feature one bright, usually un-
resolved emission region, most often referred to as the VLBI core and an ex-
tended jet, provided that sensitivity and angular resolution are sufficient. It has
been shown both observationally and theoretically that the position of this core
feature is not frequency-independent, a phenomenon discovered by Marcaide
and Shapiro [1984] and afterwards studied by many researchers [Zensus et al.,
1995a; Lobanov, 1998; Hada et al., 2011]. This “core” does not coincide with
the nucleus or the central engine of the AGN, but rather a point near—or not so
near—to the base of the jet where the transition between optically thick and thin
regime occurs for the given observing wavelength. This point is situated closer
to the jet base as frequency increases, with a frequency dependence that roughly
scales as rc(v) oc v~/ [Lobanov, 1998], where v is the observing frequency.
For a synchrotron self-absorbed core in equipartition, the index k, is equal to 1
[Blandford and Kénigl, 1979].

Systematic study of the core-shift effect has the potential of revealing basic
physical properties of the jet’s ultracompact flow such as the magnetic field
strength, and the true distance of the core from the base of the jet. Additionally
core-shift measurements can put competing theoretical models of jet formation
and variability to the test (see Lobanov [2010] and references therein).
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PRACTICAL MILLIMETER-VLBI CALIBRATION AND
IMAGING

3.1 MILLIMETER-VLBI OBSERVATIONS AND THE GMVA

High angular resolution is the main scientific driver for the advent of radio inter-
ferometric techniques. This goal can be achieved by either making use of longer
baselines or by employing higher-frequency observations. Both approaches are
challenging and are limited in the former case by the size of the Earth and in
the latter by technical difficulties that need to be overcome. Space-VLBI missions
are an extreme example of ultra-long baseline use, having shown significant suc-
cess and yielded important scientific results [see e.g. Hirabayashi et al., 1998;
Lobanov and Zensus, 2001; Gwinn et al., 2014].

But high resolution is only part of the objective. Observations at millimeter
bands can penetrate the opacity barrier set by synchrotron self-absorption at
lower frequencies, thus enabling emission regions close to the central engines
of AGN to be imaged in the highest detail. This way one can gain important
insights into the physical processes of these, otherwise self-absorbed and there-
fore inaccessible to longer wavelengths, regions. With the bulk of blazar activity
taking place in regions close to the central engine, very-long-baseline interferom-
etry at mm wavelengths (mm-VLBI) is essential for addressing questions as dis-
cussed in Section 1.11, being able to deliver both the highest angular resolution
and penetrate the opacity barrier inaccessible to lower-frequency observations.

The global millimeter-VLBI array' (GMVA) is a heterogeneous ad hoc array
formed by telescopes in Europe and the Very Long Baseline Array (VLBA) in
USA, that come together into one instrument twice per year for VLBI observa-
tions at a frequency of 86 GHz (see Table 3.1). The angular resolution of the
GMVA at 3 mm can reach down to ~50 pas and the linear scales it can probe de-
pend on distance. Indicatively, at redshift equal to one, 50 pas correspond to less
than 0.5 pc. Stations that participate in GMVA runs in Europe are: Effelsberg
100-m, Onsala 20-m, IRAM Pico Veleta 30-m, Plateau de Bure interferometer
(6 x 15-m, phased array), Metsdhovi 14-m, Yebes 40-m. In USA: VLBA 8 x 25m
and the GBT 100-m. Future plans for the expansion of the array include the Ko-
rean VLBI Network KVN (3 x 21 m), LMT 50-m, Noto 32-m, and ultimately the
phased ALMA that is going to greatly enhance the sensitivity of the array and
the fidelity of data products.

At millimeter wavelengths, factors such as short atmospheric coherence times
(variable at each station), the dry and wet component of the atmosphere and
specific weather conditions, small number of low-effective-area antennas, high
system temperatures, and even complicated scheduling requirements render
VLBI experiments extremely difficult. However, observations with the GMVA
at a frequency of 86 GHz can deliver angular resolutions down to ~50 pas and
enhanced sensitivity. Typical detection threshold is in the range 0.05-0.3 Jy. The

1 http://www3.mpifr-bonn.mpg.de/div/vibi/globalmm/
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TELESCOPE LOCATION EFFECTIVE DIAMETER SEFD POL.
(m) Jy)

Effelsberg Germany 80 1500  Dual
Pico Veleta Spain 30 700 Dual
Plateau de Bure France 34 500 Dual
Metsahovi Finland 14 17500 Dual
Onsala Sweden 20 5500 LCP
Yebes Spain 40 1700 LCP
VLBA (x8) USA 25 2000 Dual

Table 3.1: Telescopes participating in the GMVA. The eight VLBA stations participating
in GMVA runs are: BR — Brewster; FD — Fort Davis; KP — Kitt Peak; LA — Los
Alamos; MK — Mauna Kea; NL — North Liberty; OV — Owens Valley; PT —
Pie Town (see Fig. 3.5). The Plateau be Bure interferometer is a phased array
comprising 6 x 15-m antennas.

lack of sensitivity and short atmospheric coherence at mm wavelengths can be
overcome by increasing the observing bandwidth (see Eq. 2-3).

3.2 PRACTICAL MILLIMETER-VLBI DATA REDUCTION AND THE RATIONALE
BEHIND IT

Upon completion of correlation, data collected by different antennas at different
locations on the globe can be thought of and treated as, a single data set. But
attempting to image such a “raw” data set is generally a fruitless exercise. This
is where the main complication of mm-VLBI arises. Dealing with short wave-
lengths, the correlator has to feature an extremely detailed model for geometric
delay compensation. Accuracy to a fraction of the observed wavelength trans-
lated in time delay is of uttermost importance. Such a model is almost never
available; even if it is, unpredictable propagation delays in the atmosphere, time
standard offsets, and even recent earthquakes can alter the characteristics of in-
dividual observations. As such, after correlation, visibility phases need to be
further corrected for residual delays and visibility amplitudes that also need to
be converted from arbitrary correlator units to radio astronomy relevant units,
namely Jy.

3.2.1 A priori calibration in AIPS

The amplitude and phase calibration is performed with the National Radio As-
tronomy Observatory’s (NRAO) Astronomical Image Processing System (AIPS)
[Greisen, 1990]. AIPS is a widely used suite of general purpose tasks intended
for interferometric data reduction. An important point to keep in mind when
working with AIPS has to do with its philosophy. All calibration actions do not
directly alter the data; they are rather stored in so-called calibration or extension
tables and it is these tables that are applied to the data in the very final step of
reduction. The extension tables follow a nomenclature according to the specific
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effect they have on the data. For example bandpass correction (with BPASS) cre-
ates the BP table or those that are created by flagging tasks are called FG tables
and so on. In the following, text in upper case refers to AIPS tasks.

Fig. 3.2 shows a flow chart of indicative calibration steps. The first step is to
load the raw data, using the task FITLD. They come usually in the form of a
multi-source, uvfits file. If data is not properly arranged, one needs to index and
sort them in chronological order using INDXR. A list of all scans with start and
end times along with the target source can be accessed through LISTR. Provided
that sub-arrays are not present we continue to the next step. However, data from
GMVA are very often obtained using the technique of sub-arraying. That is, hav-
ing some telescopes of the array observing a source while others, either perform
pointing scans to ensure correct pointing or observe another source due to ob-
servability constraints (e.g. low declination for a specific station). This is evident
from the output of LISTR. If duplicate scan time ranges are present, then sub-
arrays were used and data need to be re-arranged accordingly. In this case the
task USUBA, that automatically identifies and assigned data to different sub-
arrays, is used. INDXR needs to be invoked once more to index the visibilities.
The next step is the first to affect the data. It is the parallactic angle correction
with CLCOR, as a result of the alt-azimuth mounts most radio telescopes use.
Here we apply a correction for the diurnal turning of phase due to the use of
circular polarization feeds in VLBI stations. Special care must be taken for tele-
scopes that are equipped with linear polarization feeds like the 30-m telescope
at Pico Veleta, Spain. This is done with the tasks PRTAN and TABED before the
use of CLCOR.

3.2.2  Manual phase calibration and fringe fitting

At this point the process branches out into two calibration phases, one for the
visibility phase and one for the amplitude (see Fig. 3.2). They can be performed
in a interchangeable order. Starting with phases we incrementally apply an ini-
tial manual phase calibration. This is needed due to presence of residual phase
delays in the data (e.g. due to clock offsets) causing the phases to vary with fre-
quency. Manual phase calibration is performed (i) to remove the slopes caused
by delays and (ii) to align the phase offsets between IFs. Fig. 3.1 shows data be-
fore and after the application of a manual phase calibration. The process is as fol-
lows. After inspecting the data and finding a time range where a strong source
is observed and fringes are established, with the task FRING we calculate single
subband phase rates and delays [see e.g. Marti-Vidal et al., 2012]. The manual
phase calibration is first performed for the american stations (VLBA) and then by
connecting to european stations and adding baselines, where fringes are clearly
seen, we gradually build an initial solution table that takes care of the chief
phase corrupting effects with respect to the preselected reference antenna. The
selection of a reference antenna is a parameter that plays an important role in
the whole process and needs to be carefully chosen. It ideally is an antenna that
is known to perform well and most baselines with it show fringes. An antenna
at the center of the array is also preferred but in VLBI this is a tricky notion.
For the estimation of multi-band delays and rates, the approach of fringe
titting was invoked [Schwab and Cotton, 1983; Alef and Porcas, 1986; Cotton,

Sub-arraying
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200
4398

Channels Channels

Figure 3.1: The effect of manual phase calibration on the data. Here, cross-power spectra
of three VLBA baselines are shown. Those between FD-PT, LA-PT, and OV-
PT for 3C 454.3. Data on the left are before the application of manual phase
calibration, while on the right, after it. Note the slopes in phases (upper
panels) that are gone after application of manual phase calibration. Original
image courtesy of Dhanya G. Nair (MPIfR).

1995; Zensus et al., 1995b]. A linear fit to the phase variation across time and
frequency is performed yielding the aforementioned estimates to be applied to
the data. The fit is performed in a solution interval—that is the time for which
the phase varies almost linearly—thus a simple linear fit is a reasonable ap-
proximation. Within AIPS the solution interval can be varied to reach the SNR
needed but it cannot exceed the scan length. Changes to the data, produced by
each task, must be constantly monitored for undesired effects. Generic data in-
spection packages, in order of frequency of usage are: SNPLT, POSSM, LISTR,
PRTAN and others; The former two are to be used most often to plot the so-
lution (SN) and calibration (CL) tables after every correction step. Corrupted
beyond recovery data can be flagged with tasks such as UVFLG or TVFLG. Ex-
tension tables can be deleted using the verb EXTDEST and files can be removed
invoking ZAP.

3.2.3 Amplitude calibration

The prime purpose of this step is to convert visibility amplitudes from arbitrary
correlator units into usable flux density units (Jy). Before doing so though, signal
attenuation due to propagation through the Earth’s atmosphere and elevation-
dependent gain variations, at each station, have to be taken into account. At-
mospheric attenuation, showing increasing severity with frequency, is due to
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Figure 3.2: Flow chart of the a priori visibility data calibration procedure.
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absorption of incoming radiation at certain bands. At 43 GHz and 86 GHz sig-
nal loss is rather significant and needs to be rectified. Visibility data from the
GMVA come with tabulated values for the recorded Tsys, atmospheric condi-
tions, and gain curves in polynomial form. These are read into AIPS with the
task ANTAB (see Fig. 3.2) that outputs the system temperature (TY) and gain
curve (GC) tables. Before proceeding, the Stokes I flux density of all sources
in the multi-source file need to be specified with SET]Y (e.g. from single-dish
measurements). The four Stokes parameters quantify the polarization state of in-
cident radiation [see e.g. Pacholczyk, 1970]. If interested in polarization imaging,
all Stokes parameters (I, Q, U, V) flux densities have to be provided. The task
APCAL performs the actual amplitude calibration and opacity correction given
the receiver temperatures and a zenith opacity as starting points. This mode of
APCAL requires the dedicated weather information (WX) file coming from each
station in order to generate the SN table to be applied to the data with the task
CLCAL. The temperatures present in the WX file are used for the calculation
of the atmospheric temperature, T,tm, which is needed for converting the slope
of the skydip plot into atmospheric opacity. The procedures for opacity and
elevation-dependent gain correction are equivalent to those applied in the case
of single-dish data. For a treatment in the context of single-dish observations
see Section 5.2.1.

After the visibility amplitudes are corrected, using the measured system tem-
peratures and elevation-dependent gain curves, we proceed with conversion
from correlator units into Jy. Each of the telescopes comprising a baseline records
a certain noise signal. In VLBI, it is the amount of correlated noise that consti-
tutes the visibility amplitude. That is because antennas comprising a given base-
line can be—and in practice are—so far away from each other that rarely suffer
from the same interference sources. Each antenna at its recording end, registers
a system temperature Tgys that is the contribution of all noise sources along with
that of the source of interest (see Fig. 3.3a). It is the task of the correlator to re-
port the amount of correlated noise and then by—in essence—multiplying with
the recorded Tsys, one has a figure for the visibility amplitude (see Fig. 3.3b).
More specifically, the conversion between correlator units, Scor, and flux density
in Jy, Sy, is done as:

S l\/SEFDASEFDB (3-1)
Wy T e T T AvaAT >

where 1 is a loss factor due to data sampling (1 = 0.64 for 1bit sampling and
0.88 for 2bit sampling). The system equivalent flux density (SEFD) is defined
for each station as

Tsys, A
9A

SEFD, =

(3-2)

here for station A, with g the station gain.

Due to the properties of the electronic components used, the bandpass shows
variable response with frequency. Thus the last step is the determination of the
bandpass response. This is done by the task BPASS with the use of a strong ob-
served source. Initial calibration of visibility data is now completed and sources
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Figure 3.3: System temperature and other noise contributions, with the amount of cor-
related noise being the important observable of VLBL

can be separately extracted from the large multi-source file with SPLIT which
averages the data in frequency and time. Time averaging is also possible in
DIFMAP? [Shepherd et al., 1994; Shepherd, 1997]. With FITTP the resulting uv-
data can be saved in the convenient fits format for later further processing and
imaging with DIFMAP.

3.2.4 Imaging and model fitting with DIFMAP

For the subsequent imaging and analysis of data we have used the DIFMAP
software [Shepherd, 1997; Shepherd et al., 1994]. After importing the visibility
data, continuous deconvolution cycles are performed with the application of the
CLEAN algorithm [Hogbom, 1974] followed by phase self-calibration. Ampli-
tude self-calibration, with decreasing integration time, is performed after every
sequence of CLEAN and phase self-calibration and only when a representative
model for the source is obtained. Extreme caution has to be exercised in order
not to artificially and/or irreversibly alter the morphology of the source, by
introducing or eliminating spurious/fake or real source features. This is accom-
plished by constant inspection of the results and by preventing the standard
deviation of visibility amplitudes to vary more than a certain figure (e.g. 10%).

2 DIFMAP is a stand-alone imaging program, not part of the AIPS suite.
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In order to parameterize each image and quantitatively handle the relevant
quantities, the MODELFIT algorithm within DIFMAP can be employed. The
procedure involves fitting two-dimensional Gaussian components directly to the
fully calibrated visibility data. In principle, each two-dimensional Gaussian com-
ponent is described by six parameters. Here, circular components were used in
order to reduce the number of free parameters which in this case are: the compo-
nent flux density, its size expressed as the full width at half maximum (FWHM)
of the two-dimensional Gaussian and its position angle (PA) expressed in de-
grees from North to South, between 0° and 180° in the clockwise and 0° to
—180° in the counterclockwise direction. The data at each frequency and each
observing epoch are modeled separately. To simplify the analysis and reduce
the number of unconstrained parameters during the data reduction, only cir-
cular Gaussian components are used. Initially, the number of components is
unrestricted. The limit to the number of components was set by testing whether
the presence of an additional one causes the x? value for the fit to decrease
significantly.

MODELFIT components do not necessarily represent physical jet emission
features. In fact, they could just accommodate a mathematical requirement of
the model, trying to describe the complex structure of an extragalactic jet [Lis-
ter et al., 2009]. Particularly here, where the time baseline of 43/86 GHz data
spans three years and sampling is rather sparse. Consequently, we adopted the
criterion that a physical region of enhanced emission within the jet should re-
peatedly appear in three consecutive observing epochs. We relax this criterion
for 86 GHz data and only when images in specific intermediate epochs suffer
from low dynamic range, preventing us from discerning a component whose
presence is indicated by data in adjacent epochs.

Uncertainties of model fitting are taken as follows. For the component flux
density an uncertainty of 10% is a reasonable and conservative estimate that is
widely adopted [Lister et al., 2009, 2013]. The error in the position is set to 1/5
of the epoch beam size, if the component is unresolved, otherwise we take 1/5
of the component size as an estimate of the uncertainty. The beam size for each
observing epoch is calculated through by, = |/bmaj bmin [Lobanov, 2005].

Uncertainty in the PA is the direct translation of the positional uncertainty
(AXY) from mas to degrees using the simple trigonometric formula APA =
arctan (AXY/r), with r the radial separation in mas.

Positive identification of jet emission features, across epochs and frequencies,
is a laborious and ambiguous task as a result of the process of phase self-
calibration (loss of absolute position information) and the inherent complex na-
ture of extragalactic jets. In the process of obtaining the final kinematical model
for the source at each frequency, the component separation, size and flux den-
sity were used as parameters combined with the requirement that they should
vary smoothly and in a way dictated by physical processes.
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Figure 3.4: The Global Millimeter-VLBI Array (GMVA). Original image: T. P. Krichbaum
(MPIfR).
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Figure 3.5: The Very Long Baseline Array (VLBA). Image courtesy of NRAO, AUI and Earth
image courtesy of the SeaWiFS Project NASA, GSFC and ORBIMAGE.






MULTI-FREQUENCY VLBI STUDY OF THE BLAZAR PKS
1502+106

4.1 INTRODUCTION

Blazars are among the most copious and variable emitters of radiation in the
Universe. They inherently feature double, opposite-directed fast plasma out-
flows, most likely driven by the conversion of gravitational potential energy to
electromagnetic, in the immediate vicinity of spinning supermassive black holes
(SMBHs) [Blandford and Znajek, 1977] or from the accretion disk surrounding
them [Blandford and Payne, 1982, cf. Meier et al. [2001]; Blandford [2001]; Meier
[2003] for reviews]. The linear extent of those jets greatly exceeds the dimensions
of their hosts and can reach undisrupted, up to a few million parsecs (pc).
Their double-humped spectral energy distribution (SED), first peaks between
radio and soft X-rays, due to synchrotron emission and then at keV to GeV en-
ergies, likely owing to the Inverse Compton (IC) process [see e.g. Ulrich et al.,
1997; Urry, 1999; Georganopoulos et al., 2001]. However, the detailed processes
giving rise to their characteristics are still under intense debate. Outstanding
questions—among others—include: (i) which mechanism(s) drive their rapid
variability across the whole electromagnetic spectrum, (ii) where in the jet does
the high-energy emission originate and (iii) what is the target photon field for IC
up-scattering; the dusty torus infra-red (IR) radiation, broad-line region (BLR)
or accretion disk photons? Through their observational predictions, different
scenarios can be put to the test. Theoretical considerations indicate that the bulk
of y-ray emission should be emanating from regions of low ambient density oth-
erwise the pair production process, y +y — e~ +e™, would prohibit y-ray pho-
tons to escape the MeV /GeV production region, introducing a high y-ray opacity
environment [Dermer et al., 2012; Tavecchio and Ghisellini, 2012]. Nonetheless,
observational evidence is still conflicting, indicating that GeV-emission can be
produced close to the central engine, within the broad-line region (BLR), or
even in the vicinity of the accretion disk some 100 Schwarzschild radii from the
SMBH [e.g. Blandford and Levinson, 1995]. Other findings lend support to the
“larger-distance scenario”, whereby MeV/GeV photons originate from shocks,
shock-shock interaction or turbulent cells within the plasma flow parsecs down-
stream the jet [see e.g. Valtaoja and Terdsrédnta, 1995; Marscher, 2014].
Correlated variability and flare timing analyses, between the radio and y-ray
bands place the production site of y rays few pc upstream of the mm-band
unit-opacity surface [Fuhrmann et al., 2014, Max-Moerbeck et al., 2014], while
other findings point towards shocked regions further downstream the jet [Val-
taoja and Terdsranta, 1995; Leén-Tavares et al., 2013]. With the bulk of blazar
activity taking place in regions close to the central engine, very-long-baseline
interferometry (VLBI) at mm wavelengths is essential for addressing those ques-
tions, being able to deliver both the highest angular resolution and penetrate
the opacity barrier inaccessible to low-frequency observations. As an example,
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work based on 7mm-VLBI and flux monitoring of OJ287 places the y-active
region more than 14 pc away from it’s central engine [Agudo et al., 2011].

The blazar PKS 15024106 was detected by the Fermi Gamma-ray Space Tele-
scope [Ritz, 2007] in 2008 August during a rapid and strong y-ray flare. This was
followed by high and variable flux over the subsequent months [Ciprini, 2008;
Abdo et al., 2010], triggering an intensive multi-wavelength campaign covering
the radio, optical, UV, and X-ray bands [Pian et al., 2011]. The flare appeared si-
multaneously at optical/UV/X-rays in contrast to its radio counterparts which
appeared significantly delayed [Fuhrmann et al., 2014, see also Chapter 5].

PKS 15024106 (OR 103, S3 1502+10, J1504+1029) at a redshift of z = 1.8385,
Dy = 14176.8 Mpc [Adelman-McCarthy et al., 2008], is a powerful blazar classi-
fied as a Flat Spectrum Radio Quasar (FSRQ) with the mass of its central engine
= 1O9M® [Abdo et al., 2010, and references therein]. In X-rays, it is a known
and significantly variable source [George et al., 1994]. Radio interferometric ob-
servations with the VLA at 1.4 GHz reveal the large-scale morphology of PKS
15024-106, with a straight jet at a position angle (PA) of about —160° [Cooper
et al., 2007]. Previous VLBI findings suggest instead, a curved, asymmetric jet
and a multi-component, core-dominated source [Fey et al., 1996] with very fast
apparent superluminal motion of up to ~ 37 = 9 ¢ [An et al., 2004].

In the following, we present a full VLBI study of PKS 15024106 at three fre-
quencies, namely 15, 43, and 86 GHz (wavelengths of 20, 7 and 3 mm, respec-
tively). Our millimeter VLBI monitoring of PKS 15024106 was triggered by the
period of flaring activity that the source underwent and started in early 2008.
Data at 43 and 86 GHz span the time period between 2009 May and 2012 May.
VLBI monitoring at mm wavelengths is complemented by 19 epochs of VLBA
observations at 15 GHz from the MOJAVE program [Lister et al., 2009].

Throughout the chapter we adopt S o« v* and the following cosmological
parameters: Hy = 71kms ™! Mpc™', Qp = 0.27, QA = 0.73. An angular sepa-
ration of 1 milliarcsecond (mas) translates into a linear distance of 8.53 pc. At
the redshift of PKS 15024106 a proper motion of 1mas/yr corresponds to an
apparent superluminal expansion speed of 79.04 c.

4.2 OBSERVATIONS AND COMPLEMENTARY DATA
4.2.1  High frequency 43 GHz and 86 GHz GMVA data

The mm-VLBI observations with the Global Millimeter VLBI Array (GMVA)
comprise 6 epochs spanning the period between 2009 May 7 and 2012 May 18
with observations obtained twice per year, apart from 2010 October. The exper-
iment included the following stations. In Europe: Effelsberg(100 m, Ef), Onsala
(20m, On), Pico Veleta (30 m, Pv), Plateau de Bure (6 x 15m phased array, Pb),
Metsdhovi (14 m, Mh), Yebes (40m, Ys); in the USA, all Very Long Baseline Ar-
ray (VLBA) stations that are equipped with 86 GHz receiving systems, namely
Br, NI, Pt, La, Fd, Kp, Ov, and Mk (8 x 25m). For a complete presentation
of the observational layout refer to Tables 4.1 and 4.2. The GMVA experiment
was carried out in dual polarization mode at the stations where this setup is
available (Ys and On record only LCP) at a bit rate of 512 Mbits/s. The observ-
ing strategy at 86 GHz included 7 minute scans of PKS 1502+106 bracketed by
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rms(1) s @ @

(M
OBS. DATE ARRAY S total maj min

peak
Jybeam™') (mJybeam™') (y) (mas) (mas)  (°)

2009-05-08!  VLBAg 3.47 0.9 370 056 017 =210
2009-10-131  VLBAg 2.20 1.2 256 073 017 =177
2010-05-07  VLBAg 0.53 0.7 065 0.60 018 —20.7
2011-05-08"Y  VLBAg 0.93 0.9 118 061 024 202
2011-10-09”  VLBAg 0.95 0.7 113 0.58 0.18 —-21.8
2012-05-18V1  VLBAg 0.82 0.8 092 061 020 —182

Table 4.1: Summary of the 6 observing epochs of PKS 1502+106 at 43 GHz. Data from
dedicated GMVA observing sessions. Station designations: VLBAg = Br — Fd
~Kp -La-Mk - NI-Ov - Pt; (1) Peak flux density, off-source rms noise level
and total flux density of all MODELFIT components. (?) Major and minor
axes along with the position angle of the restoring beam. All parameters listed
in the table correspond to the final, uniform weighted untapered, MODELFIT
image.

equally lengthed scans of calibrator sources for the full duration of the session.
The 43 GHz scans using only the VLBA were performed during the time when
European stations were performing scans for pointing correction. Data were
correlated at the MPIfR facility in Bonn, Germany and reduced according to the
methods described in Chapters 2 and 3.

4.2.2  15GHz MOJAVE survey data

In this work, we have made use of the publicly available data from the Moni-
toring Of Jets in Active galactic nuclei with VLBA Experiments (MOJAVE) pro-
gram' [Lister et al., 2009]. Data on PKS 1502+106 comprise 19 observing epochs
that span the period between 2002 August 12 to 2011 August 15 and apart from
few occasions all ten VLBA stations participate in the observations (see Table
4.3). Data are provided as fully self-calibrated visibilities and as such the nec-
essary steps of imaging and model fitting were performed, following the steps
described in Section 3.2.2 of the previous chapter.

4.2.3 Single-dish 15, 43 and 86 GHz F-GAMMA data

Single-dish, multi-frequency monitoring data were obtained within the frame-
work of the long-term Fermi-GST AGN Multi-frequency Monitoring Alliance (F-
GAMMA) program® [Fuhrmann et al., 2007, Angelakis et al., 2010; Fuhrmann
et al., 2014]. FFGAMMA is the coordinated effort for simultaneous observations
at 11 bands in the range between 2.64 GHz to 345 GHz. Regular monthly ob-
servations including the Effelsberg 100-m and IRAM 30-m telescopes are closely
coordinated to ensure maximum coherency. The observing strategy utilizes cross-
scans; that is slewing over the source in both, azimuth and elevation, directions.
After initial flagging, pointing offset, opacity, sensitivity, and gain-curve correc-
tions are applied to the data as described in the dedicated chapter on single-dish

1 http://www.physics.purdue.edu/MOJAVE/
2 http://www3.mpifr-bonn.mpg.de/div/vlbi/fgamma/fgamma.html
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OBS. DATE ARRAY sl rms(1) sl 2 B2 5, (2)

peak total maj min
Jyb™") (mJyb™') (y) (mas) (mas) )
2009-05-071  VLBAg 2.23 0.6 285 0.27 0.06 -39
+ Pb, Pv, On, Ef
2009-10-131  VLBAg 0.88 0.9 110 020  0.05 —5.2
+ Pv, Pb, On, Ef
2010-05-06  VLBA;—NI 0.49 0.4 0.61 032 008 —104
+ Pv, Pb, On, Mh, Ef
2011-05-07"Y  VLBAg 0.76 0.5 089 029 007 —48
+ Pv, Pb, On, Mh, Ef
2011-10-09"  VLBAg 0.57 1.7 0.65 0.20 0.07 —4.2
+Ys, Pv, On, Ef
2012-05-17V1  VLBA,—Fd 0.54 1.2 0.62 024 0.6 —5.8
+ Ef, On, Pv, Ys

Table 4.2: Summary of the 6 observing epochs of PKS 15024106 at 86 GHz. Data from
dedicated GMVA observing sessions. Station designations: VLBAg = Br — Fd —
Kp - La - Mk — N1 - Ov - Pt; Ef — Effelsberg; Mh — Metsdhovi; On — Onsala; Pb
— Plateau de Bure; Pv — Pico Veleta; Ys — Yebes; (1) Peak flux density, off-source
rms noise level and total flux density of all components. (2) Major and minor
axes along with the position angle of the restoring beam. All parameters listed
in the table correspond to the final, untapered, uniform weighted, MODELFIT
image.

data of the present thesis and in [Fuhrmann et al., 2014; Angelakis et al., 2015;
Nestoras et al., in prep.].

From the broad F-GAMMA frequency coverage, in the current chapter, only
the bands matching our mm-VLBI frequencies, namely those at 14.60, 43.00 and
86.24 GHz, are employed.

4.2.4 Fermi/LAT ~y-ray data

Fermi-GST (hereafter Fermi) is the latest generation space-bound telescope, built
for and dedicated to detailed observations of the high-energy sky. Since its
launch in 2008 the Large Area Telescope (LAT) on board scans the sky every
3 hours in the energy range between ~20 MeV to >300 GeV, providing unprece-
dented spatial, spectral, and temporal coverage.

Specifically, the LAT is a pair conversion telescope equipped with an anti-
coincidence shield, sensitive to cosmic-ray, electrically charged particles which
should be rejected [Atwood et al., 2009]. Incident y-ray photons, convert to e™—
e’ pairs while passing through the bulk of high atomic number material. The
localization of the source is achieved by reconstruction of the trajectories of the
e —e* pairs.

In the analysis to follow, we make use of the monthly-binned y-ray light
curve of PKS 15024106 already presented in Fuhrmann et al. [2014], covering
the time period between MJD 54707 (2008.66) and MJD 55911 (2011.96). Details of
the light curve and y-ray data analysis are given in the aforementioned reference
[see also Abdo et al., 2010].
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OBS. DATE ARRAY Slgle;k rms!!) St((}tgﬂ br(fa)] br(flgl ra(2)
(Jy beam ') (m]ybearrf1 ) (Jy) (mas) (mas) (®)

2002-08-12 VLBA1¢ 1.17 1.5 1.62 097 0.44 —-2.8
2003-03-29 VLBA, 1.29 1.5 1.18  0.95 0.43 1.4
2004-10-18 VLBA 0.56 1.0 0.10 1.05 042 -8.0
2005-05-13 VLBA 0.51 0.9 0.87 1.04 0.46 —8.2
2005-09-23 VLBAp—NI 0.77 0.6 112 0.93 0.41 —0.7
2005-10-29 VLBA;, 0.85 0.5 1.14 1.03 0.46 —8.8
2005-11-17 VLBA9—Br 0.90 1.0 1.18 1.21 046 —11.8
2006-07-07 VLBA 1.16 1.8 1.53 1.09 0.45 —9.6
2007-08-16 VLBA 1.10 0.8 1.51 0.97 0.49 —7.8
2008-06-25 VLBA,—Br 1.33 0.8 1.74 1.10 0.40 —7.7
2008-08-06 VLBA1o 1.33 0.8 1.71 1.04 0.48 -7.3
2008-11-19 VLBA19 1.58 0.7 1.98 1.04 0.50 —6.4
2009-03-25! VLBAp—Hn 2.79 0.9 3.17 1.12 0.50 —3.2
2009-12-101  VLBAq 1.19 0.8 1.48 1.02 047 =127
2010-06-19  VLBAq 0.71 0.6 098 114 047 —128
2010-08-27 VLBA 0.74 0.5 0.99 0.99 0.44 —5.7
2010-11-13 VLBA19 0.86 0.6 1.12 1.05 042 94
2011-02-27"Y  VLBAq 0.98 0.7 123 093 042 0.5
2011-08-15V  VLBA, 1.11 0.9 1.35 1.17 0.44 —1.1

Table 4.3: Summary of the 19 observing epochs at 15 GHz of PKS 15024106 obtained
within the MOJAVE monitoring program.VLBA 1, station designations: Br —
Brewster; Fd — Fort Davis; Hn — Hancock; Kp — Kitt Peak; La — Los Alamos;
Mk - Mauna Kea; NI — North Liberty; Ov — Owens Valley; Pt — Pie Town;
Sc — St. Croix. (1) Peak flux density, off-source rms noise level and total flux

Major and minor axes along with the position

angle of the restoring beam. All parameters listed in the table correspond to

density of all components.

(2)

the final, uniform weighted, untapered, MODELFIT image.
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4.3 PKS 1502+106 JET PHENOMENOLOGY
4.3.1 Parsec-scale jet morphology

Modelfit VLBI maps at 15, 43 and 86 GHz are presented in Fig. 4.1, 4.2 and 4.3,
respectively. Evidently, PKS 1502+106 exhibits a pronounced core-dominated
morphology with a continuous one-sided jet at parsec scales, owing to relativis-
tic beaming.

The entire series of VLBI images—at all frequencies—features a distinct region
of enhanced emission responsible for the bulk of observed flux density (see
Section 4.3.3). To this brightest feature at all instances, we refer to as the core.
For the purposes of our analysis we assume it stationary for the full length of
our observations and across-frequencies. This is consistent with our finding of
non-significant, within the positional uncertainties, frequency-dependent core-
shifts at our observing frequencies (see Section 4.5.2).

In addition to the core component, the 15 GHz jet can be decomposed into 3
to 4 distinct model-fit components at each observing epoch. At 43 GHz the jet is
better represented by 3 components, while at 86 GHz we have used a number of
model-fit components ranging between 2 and 4 due to varying dynamic range
of the images and intrinsic structural and flux density changes of the source.
Nevertheless, we are able to cross-identify 2 components between all three fre-
quencies and 3, only between 43 and 86 GHz. In our analysis we use the follow-
ing nomenclature. At 15GHz, five jet features can be identified (Fig. 4.1). The
three earliest-visible are labeled Ca, Cb, and Cc owing to their estimated ejec-
tion times being consistent with a separation from the 15 GHz core prior to or
close in time, to the first observing epoch we employ (see Table 4.4 and Section
4.3.2 on obtaining the kinematical parameters). We use arithmetic labeling (C1,
C2, C3) for components that can be positively cross-identified between, at least,
two frequencies. More specifically, C1 and C2 are present at 15, 43 and 86 GHz,
while component C3 is only visible at the latter two frequencies due to blending
effects at 15 GHz.

Overall, the maximum angular extension of the jet at 15 GHz reaches about 3
to 4 mas towards the southeast direction with the inner jet, up to a distance of
~2 mas, laying at a smaller position angle (PA) and more towards the easterly
direction (see Fig. 4.1). An apparent misalignment between inner and outer jet
is evident from the VLBI maps at 43 and 86 GHz as seen in Fig. 4.2 and 4.3.
This finding is further supported by the relative RA and DEC positions of fitted
Gaussian components (XY positions) shown in Fig. 4.4 at both high frequencies,
where the regions closer to the core are resolved. Consequently, observations at
43 and 86 GHz reveal the more aligned inner jet at its highest detail.

4.3.2 VLBI kinematics at 15, 43 and 86 GHz

To obtain each knot’s proper motion, y, through the narrow, curved jet of PKS
15024106 we perform a weighted, linear least-squares fit to their epoch-to-epoch
radial separation from the respective core at each frequency. Component radial
separations from the core are shown in Fig. 4.5 for 15, 43 and 86 GHz respec-
tively, where the linear fits are also visible. The inferred values of apparent
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Figure 4.1: continued.
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Figure 4.2: Uniform weighted, untapered MODELFIT images of the blazar PKS
15024106, at 43 GHz. Controur levels correspond to —0.1%, 0.1%, 0.2%, 0.4%,
0.8%, 1.6%, 3.2%, 6.4%, and 12.8% of the peak flux density of 3.47]Jy/beam
(epoch 2009.35) as a common reference. The restoring beam is shown at the
bottom left of each image, with FWHM 0.61 mas x 0.19 mas at a position an-
gle of —19.9°. Unmarked components indicate non-robustly cross-identified
features. Time progresses from top to bottom and from left to right.
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Figure 4.3: Uniform weighted, tapered MODELFIT images of the blazar PKS 1502+106,
at 86 GHz. Contour levels correspond to —0.15%, 0.15%, 0.3%, 0.6%, 1.2%,
2.4%, 4.8%, 9.6% and 19.2% of the peak flux density of 2.23 ]y /beam (epoch
2009.35) as a common reference. The restoring beam is shown at the bot-
tom left of each image. Unmarked components indicate non-robustly cross-
identified features. Time progresses from top to bottom and from left to

right.
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Figure 4.4: X and Y coordinates (relative RA and DEC with respect to the core) of all
robustly identified components at the frequencies of 15, 43, and 86 GHz.

speed in mas/yr and in units of speed of light (Bapp = vapp/c), along with
ejection date for all robust jet features are reported in Tables 4.4, 4.5 and 4.6.
Compared to the kinematical results of the MOJAVE program presented in Lis-
ter et al. [2013], our component identification is slightly different. It is also based
in the cross-identification with the high-frequency data but the overall picture
does not differ significantly and knot speeds along with their ejection dates are

in very good agreement.

The apparent expansion speed, Bapp, of each component is then given by:

Bapp = _uDL
app C(] —I—Z)

where:
* pis the proper motion in rad/s,
* Dy, the luminosity distance in m,
* c speed of light in m/s

e 7z the redshift of the source.

(4-1)
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As evident from Fig. 4.5 and Tables 4.4 through 4.6, PKS 15024-106 is character-
ized by extremely fast superluminal motion of features within the jet flow. Mea-
sured apparent velocities are in the range of ~10-22 c at 15 GHz, while at 43 GHz
the range is ~2-11 ¢ and from ~7-20 ¢ for 86 GHz. The maximum B,pp per fre-

quency is B3y~ = (22.1+1.1), ST = (10.9+2.8), p¥SH = (195+04),
all characterizing the motion of superluminal feature C1.

The independently deduced kinematical models per frequency are generally
in agreement, with only a few, worthy of discussion, discrepancies. These are
mainly encountered at our mid-frequency of 43 GHz for components C1 and
C2. Here, C1 appears to be traveling downstream the jet with only about half
the speed observed at 15 and 86 GHz, where the measurements agree withing
the observational uncertainties. This can be attributed to the large positional
uncertainties but also to the fact that our high frequency VLBI observations
are limited in number and especially at 43 GHz, also limited in uv-coverage.
Consequently, the presence or absence of even a single data point can drastically
affect the quality of the fit and the deduced kinematical parameters.

Inferred apparent component speeds allow for a study of the Bapp profile
along the radial direction of the jet. This is presented in Fig. 4.6. Up to a distance
of ~1.5 mas away from the core the apparent speeds observed follow an almost
monotonically increasing trend, peaking at about 1 mas at all frequencies. In
the region >1.5 mas downstream, the rising trend seems to break with only one,
though robust, measurement at 15 GHz for the historical component Ca having
only a Bapp = (9.7 4 1.2) at a radial separation of ~ 2.8 mas. Indicating a change
of physical conditions within the flow—e.g. deceleration and/or a change of the
viewing angle.

In the immediate vicinity of the core, knot C3 moves outwards with an ap-
parent superluminal speed of (5.0 £3.7)c and (7.1 £0.7)c, at 43 and 86 GHz
respectively.

The XY (RA-DEC) position and the radial separation plots presented in Fig.
4.4 and 4.5 reveal the erratic, wobbly trajectory of superluminal feature C2 both
at 43 and 86 GHz. The emerging pattern is not inconsistent and could in fact hint
towards the scenario that C2 is following a helical expansion path. A scenario
though, that cannot be corroborated due to the limited number of observations
and the consequently low sampling rate of the underlying motion.

Other physical effects may also contribute to small, observed differences. Such
uncertainties include the small aspect angles under which blazars are viewed,
having the potential of greatly magnifying relativistic aberration effects on posi-
tion and/or the position of the core which itself can constitute a non-stationary
feature, subject to erratic motion, though such an effect in not clearly seen by
the motion of other superluminal components.

For those jet components that can be identified across observing frequencies,
ejection dates are again in good agreement with the exception of C2 whose
wobbly motion does not allow for a good estimate of the ejection date at 43 GHz.
Components C1, C2 and C3 have been separated from the core in the time
period covered by the VLBI monitoring. C1 and C2 separated in ~2006 while
C3in ~2008 at a time close to the onset of the multi-frequency outburst of PKS
1502+106.
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Figure 4.5: Temporal evolution of component radial separation from the core at—from
top to bottom—15, 43 and 86 GHz. While the long-term kinematical behavior
of PKS 15024106 is visible at the lowest frequency, 43 and 86 GHz observa-
tions allow for a high resolution view towards the inner jet of PKS 1502+106.
Components C1 and C2 being identifiable across all frequencies can be seen
using the same color code.



4.3 PKS 15024106 JET PHENOMENOLOGY

25
- 15GHz =
: ' 43GHz o ]

20 |- 86 GHz ~

15 |- : =

10

Bapp
—.—
—
-
|

_5:....|....|....|....|....|....
0 0.5 1 1.5 2 2.5 3

Radial separation (mas)

Figure 4.6: Apparent speed profile of superluminal components as a function of radial
separation from the core.

KNOT i Bapp tej
(masyr—1) (c) (yr)

Ca 0.122£0.015  9.7£1.2 1986.1£2.6
Cb 0.125£0.033 98+26 1996.6+2.2
Cc 0.193+0.017 153+1.3 2002.1+£04
C1 0.280 £0.014 221+1.1 2005.7+0.2
Cz2 0.164 £0.019 13.0+1.5 2006.2+£0.5

Table 4.4: Deduced kinematical parameters of jet components at 15 GHz

(masyr—) (c) (yr)
C1 0.138£0.035 109428 200294+ 1.9

Cz 0.024 £0.035 2.0£2.7 19825+41.5
C3 0.063£0.047 5.0£3.7 20074+ 22

Table 4.5: Deduced kinematical parameters of jet components at 43 GHz

KNOT i Bapp tej
(masyr—) (c) (yr)
C1 0.247 £0.005 1954+04 2006.3+0.1

Cz2 0.117£0.024 92+£19 2005.7+1.0
C3 0.090 £0.009  7.1£0.7 2008.3+£0.3

Table 4.6: Deduced kinematical parameters of jet components at 86 GHz
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4.3.3 Radio flux density decomposition

The flare in PKS 1502+106 is dominated by a single, clearly visible event from
v-ray energies down to radio frequencies, between MJD 54689 and MJD 55295.
The upper panel of Fig. 4.7 features the Fermi/LAT vy-ray light curve and follow-
ing panels depict the total intensity radio data at 15, 43 and 86 GHz, both from
the filled-aperture F-GAMMA observations and from c¢cm/mm-VLBI monitor-
ing. The total, single-dish flux density is decomposed into individual VLBI core
and jet-component light curves. We show those of the positively cross-identified
components C1, C2 and C3, omitting the historical components, at 15GHz, and
any non-robust jet features.

The core dominates the total flux density at VLBI scales at all frequencies.
Radio flux density decomposed into core and MODELFIT components accounts
for the largest fraction of the total single-dish flux density and follows nicely
the overall flare evolution. Only in few cases, the sum of flux density of all
MODELFIT components deviates from the total single-dish flux density. This is
attributed to the low cadence of mm-VLBI monitoring and the source extreme
variability behavior. Evidence for it, is the presence of substructure in the well-
sampled F-GAMMA and +y-ray light curves.

Our mm-VLBI monitoring reveals that emission from the core is the dominant
component of the whole radio flare, which at 15 GHz has varied in flux density
by a factor of ~3 with a time scale of approximately 2 years (see Fig. 4.7). The
same behavior persists also at 43 and 86 GHz where its flux density varies by a
factor of ~6—7 and ~4-5, respectively within our GMVA monitoring period.

At 43 and 86 GHz, where resolution allows, it is clear that the flare is not an
attribute of the core only. Here, the recently ejected component C3 appears to
be in a decaying phase already during the first mm-VLBI observing epoch (see
lower panels of Fig. 4.7 and Fig. A.1), but still shows significantly higher flux
densities compared to all later epochs. Despite the limited number of data for
C3, it can be clearly seen that—apart form the core—it is the only moving jet
feature that is flaring, with its flux density dropping by a factor of ~20, at both
frequencies. Knot C3 is the only component (apart form the core) that can be
associated with the radio flare, given its estimated ejection time. For clarity and
completeness all individual component light curves are shown in Appendix A.

4.3.4 Spectra of individual knots

While our high-frequency GMVA data at 43 and 86 GHz are simultaneous, this is
not the case for the 15 GHz VLBA data. In order to assemble quasi-simultaneous
spectra of individual superluminal components within the jet of PKS 1502+106,
we select the 15 GHz epochs closest in time to each of the six 43/86 GHz GMVA
observing runs. The quasi-simultaneous data forming each of the six spectra
are labeled, I to VI, in Tables 4.1 through 4.3. The mean separation between the
15GHz and 43/86 GHz observing epochs composing the spectral data is ~51
days.

Components C1 and C2 are positively cross-identified between all three ob-
serving frequencies (Section 4.3.1) and hence quasi-simultaneous spectra were
assembled for those. Knot C1 is the only sufficiently sampled component that
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Figure 4.7: Light curves of PKS 1502+106. From top to bottom are shown: the
Fermi/LAT +vy-ray light curve at E > 100 MeV; F-GAMMA single-dish radio
light curve at 15 GHz with the core and component light curves from the
VLBI flux density decomposition; same as before but at 43 GHz and (lower
panel) at 86 GHz. Note the VLBI knot C3, only visible at the two highest
frequencies, at its decaying flux density phase. The gray shaded area delin-
eates the full duration of the flare ~650 days. The red shaded area marks the
estimated ejection interval of knot C3 with the red solid line designating its
tej-
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shows evidence of a synchrotron self-absorbed spectrum (SSA) featuring a spec-
tral break at the turnover frequency, vy, and flux density Sy. In order to obtain
Sm and vp,, along with the optically-thin spectral index we fit a model SSA
spectrum of the following form [e.g. Tiirler et al., 2000]:

S, =S ( v ) Y1 —exp[—Tm(V/vm) ¥ %]

Vm 1 —exp(—Tm)

(4-2)

where:

* v, is the turnover frequency in GHz,

Sm is the turnover flux density in Jy,

[, 8
T™Tm ~ 3/2 ( 1— % — 1) is the optical depth at viy
t

* « is the spectral index of the optically thick part of the emission, and

* « the optically-thin spectral index.

The spectral index for the optically thick part is fixed to the canonical value
ot = 5/2. We fit the observed spectra of C1 simultaneously and obtain S, =
(0.08 £0.01)Jy, vm = (33.2£2.0)GHz and o« = —(2.46 +0.41), as the average
spectrum. The spectral index characterizing knot C1 is arguably very steep. To
obtain the same parameters during the highest state of the knot, the fit is per-
formed once more, at epoch 2009.9 only. Resulting parameters are as follows:
Sm = 0.133]y, vm = 36.7 GHz and a = —1.98. These were used for the calcula-
tion of the magnetic field from SSA in Section 4.4.5.

For components C2 and C3 showing no sign of a SSA break, a power-law fit
is performed separately at each observing epoch and the mean optically thin
spectral index («x), characterizing the time-averaged spectrum, along with its
standard error are reported in Table 4.7.

C2 is also a well-sampled feature that during the whole length of our VLBI
monitoring is characterized by a steep optically-thin spectrum with a mean
power-law index of () = —(1.03 £0.2) and a peak at <15GHz. However, the
situation is less constrained for component C3 that is only seen at 43 and 86 GHz
due to the resolution limit of the 15 GHz observations. Here the analysis yielded
an optically-thin, two-point spectral index (x) = —(0.84 £ 0.34).

The core is the the most compact, stationary feature at each frequency and it
is characterized by a flat spectrum; i.e. « > —0.5. However, at epoch 2009.9 it ap-
pears to exhibit an SSA turnover at viy ~ 43 GHz. The mean spectral index of the
core is found to be («) = —(0.22 + 0.07), indicative of unresolved substructure.

4.4 INFERRED PHYSICAL PARAMETERS

In the present Section, we deduce physical parameters of the jet of PKS 1502+106,
given the phenomenological characteristics of the source and the findings of our
VLBI analysis presented in Section 4.3. We touch upon the Doppler factor, view-
ing angle, brightness temperature distribution along the jet, and magnetic field
estimates.
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Figure 4.8: Three-point spectra of knots C1, C2, the VLBI core and their temporal evo-
lution. For C3 spectra are only available at 43 GHz and 86 GHz since it is
blended at 15 GHz. Black lines represent the time-averaged spectra of com-
ponents and their slopes are reported in Table 4.7. For component C1 the
fitted SSA model spectra are also shown. The red curve is a SSA fit during
its highest state, while the black corresponds to the mean SSA spectrum.
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KNOT (o)

C1 —2.46 +£0.41
C2 —1.03+0.26
C3  —0.84+034

Core —0.2240.07

Table 4.7: Mean spectral indices for components C1, C2, C3 and the core as obtained by
SSA fitting for C1 and a single power-law fit for C2, C3, and the core.

4.4.1  Doppler and Lorentz factor estimates

As shown in Section 4.3.2, the highest apparent speed measured in the jet of PKS
15024106 is Bapp =~ 22 and corresponds to the expansion velocity of component
C1 present only in the 15 and 43 GHz data. From here we can readily estimate
the minimum Lorentz factor that characterizes the flow [e.g. Urry and Padovani,
1995]. It follows that v > ymin for the jet with the minimum Lorentz factor given

by
Ymin = Bazpp +1 (4_3)

and for the observed maximum apparent velocity we obtain vy, = 22.1. Conse-
quently, the Doppler boosting factor can be estimated as well since &g, c1 ~
Bapp,c1 ~ 22.1 at 15 GHz. For knots C2 and C3, it is 8Bapp A Ymin,C2 = 9.3 and
5Bapp ~ Ymin,C3 = /-2, from the 86 GHz observations.

In addition to the Doppler factor estimate obtained from the minimum Lorentz
factor, under the valid assumption of causality one can arrive to another estimate
of the Doppler factor, dyar, using the temporal variation of the flux density of
individual components. For details on this method see Jorstad et al. [2005] and
references therein. The variability Doppler factor is given by

degs DL

= Bt (117 )

var

where:

degf is the effective angular size of the component in radians

Dy, the luminosity distance in m,

1

c speed of lightinms™' and

Atyar = dt/In(Smax/Smin) the variability timescale with dt the time be-
tween Smax and Spyin.

e 7z is the source’s redshift.

Components C1 and C3 can be used for this purpose. Both components suffer
from under-sampled light curves, and are unresolved; that is, being smaller than
the beam size at the epoch of their highest respective flux densities at all three
observing frequencies.
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KNOT t dtegr  Atyar dvar Yvar Ovar
(mas)  (yr) )
15GHz

C1 2007.6-2011.2 <09 2>13 <514 <305 2>0.8

43 GHz
C3 2009.4-2011.3 <0.1 >0.7 <121 <71 >34

86 GHz
C3 2009.4-2011.3 <0.1 =07 <150 <92 >29

Table 4.8: Physical parameters estimated using causality arguments and observed vari-
ability. Columns from left to right: (1) knot designation; (2) elapsed time be-
tween maximum and minimum flux density; (3) effective size; (4) variability
time scale; (5) Doppler factor; (6) Lorentz factor and (7) viewing angle.

In all cases (for C1 at 15GHz and C3 at 43 and 86 GHz) we have used the
minor axis of the restoring beam as the upper limit for the component angular
size. This selection is based on the fact that the minor axis is positioned almost
parallel to the jet axis, thus allowing the highest resolution to be achieved along
it. Specifically, for the higher frequencies and component C3 the minor axis of
the 86 GHz beam was selected, since it yields the most stringent upper limit to
its size.

By a simple inspection of the light curves one can readily see that component
flux density variations are not adequately sampled and the point of maximum
flux density most probably precedes our first observing epoch. This fact sets a
lower limit to the variability time scale, Aty,r, with dt obtained directly from the
light curves of individual components. As a result of the above considerations,
calculation of the variability Doppler factor at high frequencies can only yield
upper limits for dyar.

Along the same argumentation an estimate of the variability Lorentz factor
can be obtained by

Baop + Oar +1

Yvar = ] 5var (4_5)

Results of the calculations are summarized in Table 4.8. Component C1 is char-
acterized by the highest variability Doppler (dyar < 51.4) and Lorentz (yyar <
30.5) factors. All figures are consistent with the estimates of the minimum Lorentz

factor, ymin, presented previously. Knot C3 is also found to have consistent be-

havior at both high frequencies with 6?,ng Hz < 12.1 and yégf Hz < 7.1, while at

86 GHz the estimation yields 536517 < 15 and y85H? < 9.2,

An additional Doppler factor estimate can be obtained from the spectra of
individual components—i.e. the relative magnetic field strength given by syn-
chrotron self-absorption and equipartition. This is discussed in Section 4.4.5.
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4.4.2  The viewing angle towards PKS 1502+106

Jets orientation with respect to the the observer’s line of sight is a contribut-
ing factor to their appearance and observed physical characteristics. Using the
observed apparent expansion speed we can set constraints to the aspect angle
under which a jet is viewed.

The first approach is by calculating the critical angle maximizing the observed
Bapp- The apparent speed is given by [Rees, 1966]

(3 sin O

Bapp = T—(Bcosd) (4-6)

where {3 is the intrinsic expansion velocity in units of ¢ and 0 is the viewing
angle. With the help of the definition of the Doppler factor, 5 = [y(1—p cos0)] 7',
Eq. 4-6 can be rewritten as

Bapp = Bydsin® (4-7)

1 —1
7

and Bapp is maximized (i.e. Bapp, max = Py) for sinb. = vy~ or sin6. = &
~ 22

since for this angle 0., y = 6. Using the minimum Lorentz factor, ymin
calculated above we arrive to the following figure for the critical angle:

0. = arcsin ( ) =2.6° (4-8)

Ymin

The approach of using variability arguments can be applied in the estimation
of the viewing angle towards the source, as well. The “variability viewing angle”,
Ovar is given by

2Bapp
Ovar = arctan (4—9)
var (Bazpp+6‘2,ar_1 4 9

Analysis was performed for all components with significant variability (see
Fig. A.1) and yields viewing angles for each component separately. The results
are shown in the last column of Table 4.8. For the fastest superluminal knot, C1,
we obtain the smallest viewing angle 6y, > 0.8°. For C3 we obtain consistent val-
ues at 43/86 GHz of >3.4° and >2.9°, respectively. Interestingly, components C1
and C3 are traveling with very different apparent speeds (Section 4.3.2) at two
different region of the jet—in the outer jet (r > 1 mas) and inner (r < 0.5 mas), re-
spectively. This fact in combination with the difference of their inferred Doppler
factors may hint towards a “two-region scenario”, wherein physical conditions
differ intrinsically. This possibility is further discussed in the following.

4.4.3 Opening angle of the jet

In the present section we investigate the apparent and intrinsic opening angles
of the jet, Gapp and ¢in, respectively employing two different approaches. First,
we use all MODELFIT components at all three frequencies and perform a simul-
taneous linear fit to their deconvolved sizes in order to obtain the jet opening
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Figure 4.9: Deconvolved FWHM of all resolved jet components with respect to radial
separation form the core at all available frequencies. The black solid line
represents the best linear fit to the data.

rate. In the second approach we deduce ¢app from each individual MODELFIT
component based on its size and kinematical characteristics.

4.4.3.1  Opening angle from a simultaneous fit to component deconvolved sizes

In Fig. 4.9 the deconvolved effective size, deif = 1.8 FWHMy [Fromm et al,

2013a], where FWHMy = (FWHM2 - bé) "2 of all resolved MODELFIT com-
ponents at all three frequencies is shown as a function of radial separation from
the core. We fit do¢ with respect to radial core separation, using a simple linear
model assuming a constant jet opening angle. The least-squares fit yields a slope
of (0.61 £ 0.09) translating to an apparent half-opening angle of (17.2+£2.6)° and
an apparent full-opening angle of ¢app, = (34.4 +5.2)°. The de-projected open-
ing angle is then given by

Gint = d)app sin 0 (4—10)

which for 6 = 6. = 2.6° (see Section 4.4.2), Eq. 4-10 yields ¢jn = (1.6 £0.2)°.

4.4.3.2 Opening angle from each individual component separately

We performed the analysis on the uv-plane, utilizing the component size, FWHMy,

and radial distance, 1, from the core. First we calculate the opening angle corre-
sponding to each MODELFIT component separately. Assuming the component
fills the entire jet cross section, ¢app is given by

(4-11)

FWHM
d)g(l?)r}?p = 2arctan ( d)

2(r)
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KNOT #EPOCHS (r) 0O <c|>app> (dint)
(mas) (°) ) °)

15GHz
Ca 19 266 59 384 4.0
Cb 3 1.19 58 34.1 3.5
Cc 3 1.10 3.8 17.2 1.1
C1 2 1.28 2.6 17.8 0.8
43 GHz
C1 6 111 6.2 375 1.9
86 GHz
Cz 4 0.70 2.9 17.6 1.9

Table 4.9: Apparent and intrinsic jet opening angles deduced from individual MOD-
ELFIT components. Columns from left to right: (1) knot designation; (2) num-
ber of epochs used for the calculation where the component is resolved; (3)
mean separation from the core; (4) critical viewing angle from the compo-
nent’s speed; (5) mean apparent opening angle and (6) intrinsic opening an-
gle.

Then, we average over deconvolved size and distance, thus obtaining the aver-
age opening angle of a given component at a mean radial distance from the
core. The intrinsic opening angle of the jet, making use of the viewing angle
corresponding to each component, according to its apparent expansion speed
at each frequency, is given by Eq. 4-10. The results are shown in Table 4.9. The
mean intrinsic opening angle for the jet, deduced by averaging the (¢jn) of all
components is (2.2 £1.3)°.

4.4.4 Radial brightness temperature distribution

The brightness temperature of a given VLBI component in the source rest frame
is given by [see e.g. Lihteenmaiki et al., 1999]:

S
T, =1.22x10'? zgz (1+2) (X) (4-12)
VT oge

where:
* Sy is the component’s flux density in Jy,
* d the effective size of the emitting region in mas, and
* v the observing frequency in GHz.

In Fig. 4.10 the radial distribution of observed brightness temperatures along
the jet of PKS 1502+106 is presented. The brightness temperature, Ty, is cal-
culated for each component and epoch. What can be readily realized are the
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frequency-dependent T, values, with the highest observed brightness tempera-
tures calculated from the lowest-frequency VLBI data.

Observed brightness temperatures approach and mostly exceed the equipar-
tition limit [Readhead, 1994] of about 5 x 10'° K for the core, at all frequencies
(see Fig. 4.10). The core is at all times unresolved and thus the T, values repre-
sent lower limits.

The same trend of high Ty, persists throughout the first milliarcsecond down-
stream of the core, with a few components being resolved. Specifically, in the
regions

* between 0 and 1mas we estimate high Ty, at all frequencies deduced from
lower limits, with a handful of measured values of lower brightness tem-
perature as observing frequency increases, in the range from 107 K at
86 GHz to slightly above 107 K at 15 GHz.

* Between 1 and 2mas, the division persists, indicative of the sampling of
different portions of the jet. Here the measurements at 15GHz are clus-
tered in the range 107-10'°K while at both high frequencies the T, is
significantly lower, T, > 107 K

¢ Further than 2mas downstream, the jet is observable only at 15 GHz and
the distribution of T, is characterized by a decreasing trend from 107 K to
103 K at a distance of 4.6 mas.

The mean—over time—core brightness temperature at our 3 observing fre-
quencies is: <T15GHZ> > (3.841.5) x 109, <T43GHZ> > (154 1.0) x 1070, and

b, core b, core

<T86GHZ> > (7.4 45.0) x 10°. Overall, brightness temperatures along the jet

b, core
(Fig. 4.10) exhibit a decreasing trend with radial separation. Inference of a slope

is difficult due to the presence of a large number of lower limits for the T, due
to unresolved components. However, there exist no evidence to support any
increase of Ty,, as we move along the jet.

4.4.5 Magnetic field estimates

Estimates of the magnetic field strength for individual components can be ob-
tained under the assumption that synchrotron self-absorption (5SA) is the domi-

nant process shaping the observed spectra. Following Marscher [1983] the strength

of the magnetic field can then be calculated as

_ _ d
Boss = 10-b(a) 6352 (25 )  (6) 1)

where:

* b(a), is a tabulated spectral index-dependent parameter [see Marscher,
1983, Table 1]

¢ 9 the component size in mas,

* vn the spectral turnover frequency in GHz, and
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Figure 4.10: Brightness temperature, Ty,, distribution with respect to radial separation
from the core at all observing frequencies. Filled symbols represent T, mea-
surements, while open symbols represent lower limits.

* Sm the spectral turnover flux density in Jy.

Given the strong dependencies of Bggs, mainly on vy, and 9, we note that
measurement uncertainties of those quantities, translate into large uncertainty
of the magnetic field estimated through Eq. 4-13. Nevertheless, we attempt the
estimation for those components that the turnover frequency and flux density
are somewhat constrained, namely knot C1 and the core. Even if a Doppler fac-
tor 9, correction is not applied, an apparent value along the jet can be obtained
[Bach et al., 2005]. In Table 4.10 we summarize our findings.

C1 appears to exhibit a strong magnetic field of ~ 5.0 6 G. This large value
could be an indication of a highly-magnetized traveling disturbance along the
jet. Its high apparent expansion velocity of ~22 ¢ and high Doppler factor (22.1 <
5 < 51.4, see Section 4.4.1) may hint towards the plausibility of this scenario.

The VLBI core is the bright compact region featured in every blazar VLBI
map. Its characteristic spectral flatness is traditionally attributed to the superpo-
sition of a number of individual SSA components, each with a distinctly peaked
spectrum. The spectral shape of the core at epoch 2009.9 (see Fig. 4.8) hints for
the presence of an SSA peak close to a frequency of ~43 GHz. Taking this as the
turnover frequency and with Sy, = 2.3]y we obtaining an SSA magnetic field
estimate Bggpa~2 d mG.

Another constraint to the magnetic field can be set assuming equipartition
between radiating relativistic particles (Ee o< B~ ') and the energy contained
in the magnetic field (Eg o« B?). The equipartition magnetic field that minimizes
the total energy content Eiot = (1 + k)Ee + Ep is [see e.g. Bach et al., 2005]

}2/7

Beq = [4.5 (1+%) f(a,va,vp) LR3) (4=14)

where:
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KNOT Vp Sm d Veq Bgga /0 Beq  Oeq
(GHz) (Jy) (mas) (mas) G) G)

C1 36.7 0.13 0.10 ~0.01 5.0 03 =50
Core ~43 23 0.06 0.1 0.002 1.2

Table 4.10: Estimated physical parameters for knot C1 and the VLBI core. Columns from
left to right: (1) Designation; (2) turnover frequency; (3) turnover flux density;
(4) measured size; (5) equipartition critical size; (6) SSA magnetic field; (7)
minimum equipartition magnetic field and (8) Doppler factor.

* kis energy ratio between electrons and heavy particles,

¢ fis a tabulated function of «, and upper and lower synchrotron frequency
cutoffs, v,, v, in GHz,

¢ L is the synchrotron luminosity of the source given by L = 47[D% j;’: Sdv,
and

e R is the size of the knot in cm.

For k ~ 100 and f(—0.5,107,10'") = 1.6 x 107, we obtain the following expres-
sion

Beq = 5.37 x 10'% (SmvymDER3)%/7. (4-15)

Knot C1 is characterized by a moderate Beq ~ 0.3 G and the core features the
highest equipartition magnetic field with Beq =~ 1.4G and Beq ~ 2.6 G, respec-
tively. Results are summarized in Table 4.10.

The two magnetic field estimates have a different dependence on the Doppler
factor. On the one hand, Bgga o< & for the magnetic field strength calculated
from SSA, and Beq §(2/7%+1) for the minimum, equipartition magnetic field.

We use those to get an estimate of 8eq, when possible, from the ratio Beq/Bssa =

654 7% The estimated equipartition Doppler factor for C1, deq,c: & 50, is also

in good agreement with dyar < 51.4. Given the assumptions, all values are in
reasonable agreement.

4.5 DISCUSSION
4.5.1  The y-ray/radio flare

The monthly-binned Fermi/LAT data adopted from Fuhrmann et al. [2014] and
shown in Fig. 4.7 (top panel) span the time period between MJD 54707 (2008.66)
through MJD 55911 (2011.96). The source is already at high state, since the be-
ginning of our monitoring period. From then on, the rising trend continues
until MJD 54875 (2009.12), when the absolute maximum in y-ray photon flux
of ~1.3-10"°cm 2s ! is reached. In fact, there exists some amount of sub-
structure in the y-ray light curve. A second—local—maximum is reached on
MJD 54959 (2009.35) with comparable flux. Altogether, activity at high energies,
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from its start until the first—and absolute—minimum is reached on MJD 55295
(2010.27), lasts for almost 650 days (shaded area in Fig. 4.7).

In Savolainen et al. [2002] the generic connection between flux density out-
bursts and newly ejected jet features has been made, with most radio flares
accompanied by the ejection of one or more components. While usually the
brightness of knots associated with flares decays fast, here we follow the evo-
lution of one thanks to the enhanced resolution of mm-VLBI. As discussed in
Section 4.3.3 component C3, visible at 43 and 86 GHz only, is in fact charac-
terized by a decaying light curve with an initial flux density level—at epoch
2009.35—almost 10 times higher than that of the other two components (C1, C2)
present in the flow and seen also at both high frequencies.

Observations analyzed here are consistent with C3 having an apparent speed
of ~7.1c (Section 4.3.2) and its ejection year, based on the kinematical models
at 43 and 86 GHz, is 2007.4 + 2.2 and 2008.3 £ 0.3, respectively. C3’s time of zero
separation (red vertical line in Fig. 4.7) coincides with the onset of the y-ray flare
when extrapolating the rate of y-ray flux change, as it rises linearly, back in time.
We conclude, based on the ejection date of superluminal component C3, that it
is most probably associated with the y-ray flare and its radio counterpart. Since
its separation from the core, it is traveling downstream the jet with an apparent
superluminal velocity of 7.1 ¢ at 8 GHz and a consistent velocity at 43 GHz (see
Table 4.6). We note the larger uncertainty in the knot’s time of ejection at 43 GHz
as compared to observation at 86 GHz. That is due to the sparser sampling at
this frequency and the higher impact to the fit due to the very last data point in
the radial separation plot (middle panel of Fig. 4.5). In any case, the two figures
are consistent with each other.

Assuming the speed of knot C3 to remain constant, at the times of the two
v-ray photon flux maxima, in 2009.2 and 2009.4 (at MJD 54897 and 54959) the
knot is ~0.7 and ~0.8 pc downstream the 3-mm core, respectively.

A plausible scenario is that a disturbance originating at the jet nozzle of PKS
1502+106, while still upstream of the 3-mm core—i.e. the unit-opacity surface
at 86 GHz—it produces an increase of y-ray emission. As it continues to move
outwards, it becomes optically thin as it crosses the 3-mm VLBI core hence
producing the radio flare. Alternatively, the core may represent the first conical
recollimation shock of the flow [Daly and Marscher, 1988; Gémez et al., 1995;
Bogovalov and Tsinganos, 2005; Marscher, 2008], in which case the flare can be
attributed to shock-shock interaction and subsequent enhancement of emission.
In any case, as the disturbance moves further downstream we observe it as knot
C3 at its decaying flux density phase.

4.5.2 Distance estimates to the central engine

The long-standing debate as to where in the jet the high-energy emission orig-
inates, is presently far from being considered resolved. In this paper, combin-
ing radio single dish monitoring data and our findings from the VLBI analysis
of PKS 1502+106 presented here, we explore and further constrain the region
where the pronounced GeV activity of 2009 takes place and compare with the
SED modeling results of Abdo et al. [2010].
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Under the assumption that the core takes up the entire jet cross section, the
de-projected distance of the 86 GHz core from the vertex of the hypothesized
conical jet can be estimated using the following expression

o _ 1.8 (FWHMore)
T 2 tan(Pine/2)

(4-16)

With an average size for the core (FWHMcyre) = 0.03mas and a nominal
opening angle between ¢in = 2.2° and ¢y = 1.6° (Section 4.4.3), the 86 GHz
core is constrained to distances between <12pc and <16.5pc away from the
vertex of the jet, respectively. These distances constitute upper limits since the
core is at all times unresolved, and the size we report is an upper limit of its
angular size.

Using a cross-correlation function analysis, Fuhrmann et al. [2014] find signif-
icantly correlated variability for PKS 15024106 between the y-ray and 86 GHz
single-dish light curves, shown in Fig. 4.7. Radio lags behind vy rays by 14 £+ 11
days at a significance level above 99%. This time lag translates into a distance
of ~2.1pc between the y-ray emitting region and the T = 1 surface at 86 GHz.
Assuming that the core in our 86 GHz images coincides with the same surface of
opacity transition from the optically thick to thin regime in the jet, we conclude
that the y-ray emitting region is located at <10-15pc or <3-4.6 x 10'? ecm away
from the vertex of the hypothesized conical jet. These figures represent also
upper limits for the distance between the black hole and the y-ray production
region, due to the uncertain—but likely small—separation between the black
hole horizon and the base of the jet.

From the Mg II line profile the bulk BLR radius of PKS 1502+106 is estimated
to be Rgir = 2 x 10'” cm [see Abdo et al., 2010, and references therein]. The
distance of <3-4.6 x 10'? cm corresponds to a region at the outer edge or further
downstream from the BLR of the source. The upper limit reported here does
not contradict the findings of Abdo et al. [2010], where the external radiation
Compton mechanism (ERC) with the BLR photon field as the target for IC up-
scattering, has a significant contribution to the high-energy part of the SED. As
such, the MeV/GeV-active region must be within or at the edge of the BLR.
However, the y-ray flare discussed in Abdo et al. [2010] precedes by few weeks
the one we analyze here and most likely belongs to the pre-main-flare period
shown in Fig. 4.7.

The precision we can obtain from the VLBI data at hand is not sufficient
for the estimation of core-shifts, magnetic fields and other relevant physical
parameters, using the effect of frequency-dependent position of the VLBI core
component [Marcaide and Shapiro, 1984; Lobanov, 1998]. It is worth noting that
the results of Pushkarev et al. [2012] place the 15GHz core at a distance of
~8 pc from the vertex of the jet. Consequently, since the unit-opacity surface at
86 GHz ought to be closer to the jet base than the core at 15 GHz, the upper limits
reported above constrain rather loosely the 86 GHz core distance to the vertex. A
point that should be taken into account when estimating such distances through
VLBI when the core is unresolved. The upper limits deduced from VLBI will be
discussed in the next chapter where we obtain the distance of the 3-mm core
from the vertex of the jet through a detailed, multi-frequency light curve timing
analysis.
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4.5.3 Intrinsic jet properties

Given the Doppler factor and apparent speed for superluminal knots C1 and
C3, estimated in Section 4.3.2 and 4.4.1, we explore the jet properties of PKS
15024-106. From the expressions of both the Doppler factor and Lorentz factor
and making use of Eq. 46, we obtain the expressions of the Doppler factor
as a function of apparent speed given the viewing angle, 8 = f(Bappl0), and
given the Lorentz factor, 6 = f(Bapply). The loci in Fig. 4.11 represent these
two functions for a range of viewing angles and Lorentz factors (see caption
for details). Overplotted are regions of estimated 6 and Bapp. These help us in
constraining the intrinsic properties of the flow in terms of viewing angle and
the Lorentz factor.

Component C1 is characterized by an extreme variability Doppler factor of
~51. The figure is an upper limit calculated from causality arguments but agrees
well with 8¢q (see Tables 4.8 and 4.10). The same variability analysis for knot
C3, suggests comparable results from both 43 and 86 GHz, with an upper limit
for the Doppler factor ~12-15 (Table 4.8). Fig. 4.11 is indicative of the extreme
characteristics of the relativistic jet flow. Clearly, especially for C1, we are in the
small 6—extreme {3 regime, with the deduced parameters being >0.8° for the
viewing angle and 3 > 0.99. However, the same considerations for knot C3 give
more moderate results, with 6 > 3.4° and > 0.98.

Differences in the inferred aspect angle and intrinsic speed, between these two
knots, may reflect physical differences in the jet flow of PKS 1502+106. First, the
jet portion we observe at high frequencies—knot C3—is possibly still in its accel-
erating phase (see also the apparent speed profile in Fig. 4.6). This could explain
the differences seen between knots C3 and C1, with the latter being some 1 mas
downstream of the core. The jet, as revealed from the maps and the overall struc-
ture, appears to bend thus the high Doppler factor further out, traced by knot
C1, could also be attributed to differential Doppler boosting. Taking into account
only the 86 GHz data (red rectangle in Fig. 4.11) the two regions wherein com-
ponents C3 and C1 are traveling are completely incompatible, when it comes to
viewing angle and intrinsic speed.

The difference between the Doppler boosting factors in two regions, at two
different viewing angles 01 and 0,, keeping {3 constant is given by

V1 —pB2(BcosB, —PBcosOq)

b2 =01 = (T—PBcosB)(1—PcosOy)

(4-17)

Here, we test whether the change of Doppler factor of ~40, between the inner
and outer jet, at distances <0.5mas and >1mas can be caused only by a jet
bending towards our line of sight. Components C3 and C1 are traveling in those
two regions, respectively. The Doppler factor is estimated from variability—for
both—and also from comparing the SSA and equipartition magnetic field for
C1. C3 is characterized by &yar ~ 12-15 while the two independent estimates
agree very well for the Doppler factor of C1 to an extreme value of ~50. From
Fig. 4.11 the intrinsic speed of C3 is constrained between 3 ~ 0.95 and 3 ~ 0.995
(v = 3 and v = 10, respectively). Taking even the highest value for 3, keeping it
constant and applying Eq. 4-17 between 61 = 0.8° and 0, = 3.4° (the maximum
range observed), we obtain that the difference in Doppler factor of about 40 be-
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tween the two regions cannot be reconciled only by changing the viewing angle.
For these numbers only a 6, — 81 ~ 6 can be expected. Thus, the two regions are
characterized by both a change in the viewing angle and also by acceleration—
i.e. change of Lorentz factor. This can also be seen directly from the plot in Fig.
4.11, since only a few loci can lead from one region to the other and only for
the less constrained region for C3, coming from the kinematics at 43 GHz. Con-
verting the aforementioned intrinsic velocities to the more convenient Lorentz
factor, we obtain that even for the highest 3 = 0.995 (for C3) and for 3 = 0.999
(for C1), we obtain that a change of Lorentz factor, at least, from y ~ 10 to y ~ 22
takes place in the region between roughly 0.3 to 1.1 mas.

In estimating the viewing angle, it is worth noting that the critical value, 0,
might not be a good proxy for the angle between the jet and the observer’s line
of sight. This is the case for small kinematical Lorentz factors (ymin), deduced by
low observed apparent speeds. In fact, the viewing angle can be larger than 6.
for a flow at a larger viewing angle but intrinsically faster. However, the critical
angle does not largely differ from the true 0 for ultra-relativistic flows. This
conclusion draws from the behavior of Bapp with respect to the viewing angle
(cf. any plot of Bapp vs. 0) and the following energetics argument. An electron
traveling at 0.6c has only 1.5 times more (relativistic) kinetic energy than an
electron at 0.5 c. The same electron at 0.999 c or y ~ 22, possesses 3.4 times more
energy as compared to an e™ traveling at a speed of 0.99 c or y ~ 7. Obviously,
it is harder to accelerate the electron in the latter case as opposed to the former,
making the minimum Lorentz factor and consequently the critical angle good
proxies for the intrinsic values when very high apparent speeds are observed.

The variability viewing angle 6yar > 0.8°, calculated for C1 seems small
compared to the critical one 6. = 2.6°. These are not inconsistent findings
though because the critical viewing angle represents an upper limit as well,
calculated from the fastest component—here being C1. Estimation of a variabil-
ity viewing angle is also possible combining single-dish flux density measure-
ments and VLBI kinematics as in Hovatta et al. [2009], where the authors esti-
mate Oyar = 4.7° for PKS 15024-106. However, this figure is based on a smaller
Bapp = 14.6 measured at 22 GHz and 37 GHz in the period from 1990.5 to 1995.5
[cf. Teraesranta et al., 1998].

Pushkarev et al. [2009] calculate a slightly larger intrinsic opening angle for
the jet of PKS 1502+106. The reason is twofold. First, they obtain a slightly larger
intrinsic opening angle of 37.9° which they subsequently de-project using the
variability viewing angle reported in Hovatta et al. [2009], thus obtaining an
intrinsic jet opening angle of 3.11°. The differences with the values we report
here, of an opening angle between 1.6° and 2.2°, are justified by the higher
apparent speed of component C1 seen in our data, traveling with Bapp ~ 22.

The radial brightness temperature distribution cannot corroborate nor falsify
the “two-region scenario”, since in the first mas beyond the core, most figures
reported constitute lower limits. This arises from the sizes of components be-
ing unresolved at all three frequencies. In any case, what is evident is only the
decaying trend at distances > 1mas (see Fig. 4.10). Consequently, the scenario
of acceleration within the first mas from the core, supported by both kinemat-
ics and variability, cannot be tested through the dependence of Ty, on distance.
The case where the part of the jet probed by the 86 GHz VLBI data is still at
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its accelerating phase [see e.g. Lee, 2013], with the Doppler factor increasing
downstream of the 86 GHz core, is not incompatible with the radial T, profile.
Additionally, note that there is no evidence for any overall rising trend of Ty,
with distance, as we move away from the core, but rather a steady decay is seen
at all frequencies.

0

Doppler factor

Figure 4.11: Doppler factor as a function of apparent speed for given viewing angle, 6 =
f(Bappl®), and given intrinsic speed B, & = f(BapplB). Loci represent these
two functions for a range of 6 and 3. The values of intrinsic speeds plotted
are 3 = 0.9, 0.95, 0.98, 0.99, 0.995, 0.998, 0.999, 0.9995, and 0.9999 shown as
solid lines. For the viewing angle the values are 6 = 0.5°, 1°, 1.5°, 2°, 2.5°,
3°,4°,5°,6°, 8°, 10°, 15°, and 30° shown as dashed lines. Note the two
different jet regions, in terms of physical characteristics, where components
C1 and C3 are traveling. Shaded areas represent the observables from our
VLBI monitoring, namely the Doppler factor and the apparent velocity for
each of the two knots.

4.5.4 Particle versus magnetic field dominated jet

We explore the dominance of magnetic field versus magnetic-field energy by: (i)
the ratio of equipartition over measured brightness temperature and finally (ii)
comparing the equipartition critical size of VLBI components and their observed
size.
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From the ratio of observed to equipartition brightness temperature (Teq =
5x 10" K) we can explore the dominance of particle versus magnetic field
energy in the regions of the jet of PKS 15024-106. Using Eq. 5d from Readhead
[1994], the ratio of the two energy densities can be estimated through

172
Up Teq
—_ — — —_— 8
N (Tb> (4-18)

with up and up the energy density of relativistic particles and magnetic field,
respectively and Ty, the observed brightness temperature. Using the mean val-
ues for the core brightness temperature reported in Section 4.4.4, we obtain
NisGHz = 9.7 X 1072, ny36H, = 3.6 X 1072 and ngsgr, = 8.9 x 10~ 3. Magnetic
field dominates, on average, in the ultracompact region of the core, at all fre-
quencies, with a decreasing ratio (up/ug) as we move towards 86 GHz. This is
consistent with the findings of Lee [2013], who argues that while initially the jet
at 86 GHz is magnetic-field dominated, as we move further downstream of the
high-frequency core, towards regions probed by observations at lower frequen-
cies, magnetic-field energy is converted to kinetic flux and an increase in the
brightness temperature is to be expected.

The size of a source in equipartition, at the synchrotron turnover; i.e. the
‘equipartition critical size’, 9eq [Scott and Readhead, 1977] is given as

Deq = Fl@)1 — (14+2)7 /27117 (1 4 2)2+19)/34g3/17,, (2e=35)/34 ()

where:

* F(«) is a spectral-index dependent parameter from Scott and Readhead
[1977],

* o the optically-thin spectral index,
* Sm the flux density at the synchrotron turnover, and

* vy the turnover frequency

The equipartition critical size offers another means for estimating the energy
density dominance in a given source. In case ¥ > Deq, in the region with ob-
served size ¥, the magnetic field energy dominates. In the opposite case it is
the relativistic particles that contribute the most to the region’s energy density.
Using the spectral values obtained in Section 4.3.4, we calculate the following
critical size for the core and knot C1: Veg,c1 = 0.01, Veq,core < 0.07 mas. The
aforementioned values allow us to conclude that superluminal knot C1 appears
to be magnetic field dominated. Finally, for the core it is deq, core ~ 0.1 mas, while
its measured size at the turnover seen for epoch 2009.9 % < 0.06 mas. This fig-
ures suggest particle energy dominance for the core at 43 GHz. Our results are
summarized in Table 4.10.

46 CHAPTER SUMMARY AND CONCLUDING REMARKS

In the present chapter a full, three-frequency (15, 43, and 86 GHz) VLBI study of
the y-ray blazar PKS 1502+106 was presented, using GMVA and additional data
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from the MOJAVE monitoring program. Furthermore, we have made use of the
densely-sampled F-GAMMA single-dish light curves at matching frequencies
along with the Fermi/LAT monthly-binned light curve at energies >100 MeV.
The work presented above allows us to follow the multi-frequency flare of 2008-
2010 and conclude the following:

1. PKS 15024106 exhibits a compact, core-dominated morphology at all three
frequencies with a one-sided, bent, parsec-scale jet. The jet can be decom-
posed into 3 (C1, C2, and C3) at 43 and 86 GHz and 5 (Ca to Cc and Ci1,
C2) at 15 GHz MODELFIT components characterized by extreme superlu-
minal motion in the range 5-22 c. The most extreme example is component
C1 traveling downstream the jet at about 22 c at 15 GHz and comparable
speed at 43/86 GHz.

2. Doppler and Lorentz factor estimates for individual components within
the flow of PKS 15024106 are obtained using variability and VLBI kine-
matical arguments. The minimum Doppler boosting factors are §g_  c1 =~
Papp,c1 ~ 22.1 at 15 GHz. For knots C2 and C3, it is 8B app A Ymin,C2 = 9.3
and 6Bapp ~ Ymin,c3 = /.2, from the 86 GHz observations. For knot C1,
showing significant variability at 15GHz the calculations yield (8yar <
51.4) and Lorentz (yyar < 30.5) factors. Knot C3 is also found to have con-
sistent behavior at both high frequencies with 6@35 Hz < 12.1 and yi‘,grc Hz <
7.1, while at 86 GHz the estimation yields §%°H? < 15 and y85H? < 9.2,
All figures are consistent with the estimates of the minimum Doppler and
Lorentz factors. Doppler factor estimates are strikingly different for knot
C3 at r < 0.5mas and C1 at a distance r > 1 mas.

3. An additional Doppler factor estimate from the different dependencies of
Bssa and Beg on & can be calculated. The estimate for C1 is in agreement
with the estimates from kinematics and variability.

4. Using variability arguments we are able to constrain the viewing angle
towards the source to © > 3.4° for the inner and 0 > 0.8° for the outer
portions of the jet, after about 1 mas. Calculation of the critical viewing
angle—i.e., 0., minimizing the Lorentz factor for a given Bapp,—for knot
C1 at 15GHz yields 0. = 2.6°.

5. We calculate the opening angle of the jet of PKS 1502+106 with two meth-
ods. First by a linear fit to the deconvolved size of all resolved knots with
respect to radial separation form the core and second by averaging the
size of each component and calculating the opening angle of each one sep-
arately and finally averaging. The estimated de-projected opening angle is
between 1.6° and 2.2°.

6. The differences in apparent speed and viewing angle point towards a jet
bending after the first mas. This results in differential Doppler boosting—
i.e. increasing & from ~12-15 to ~50 as traced by components C3 and C1
traveling at radial distances of <0.5mas and >1mas from the core, respec-
tively. However, the Doppler factor gradient cannot be explained on the
grounds of bending only. Acceleration must also be at play within the first
mas of the jet (see next item).
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Constraining the intrinsic 3 and viewing angle, 0, from the the limits cal-
culated for the Doppler factor and the measured apparent velocity we
can clearly distinguish between two regions of the jet of PKS 1502+4-106.
These are visible in Fig. 4.11, wherein the two knots C1 and C3 are trav-
eling. Specifically, close to the core at a distance < 0.5mas the parame-
ters obtained for C3 at 43 GHz constrain the parameters of the flow to
0.95 < B < 0.995 and 1.5° < 0 < 10°. The same component at 86 GHz sets
slightly stringer constraints to the viewing angle with 4° < 0 < 8°. On the
other hand in the region where C1 is traveling its observed Doppler factor
and apparent velocity constrain the flow to 3 > 0.999 and 0.8° < 6 < 2.5°.
Thus setting clearly a division between the two jet regions. Hence, we con-
clude that the jet of PKS 15024106 bends towards us in the region beyond
~1 mas downstream of the core and accelerates as well.

The radial brightness temperature profile shown in Fig. 4.10 indicated very
high Ty, for the core region at all three frequencies. We find though a trend
of decreasing T, as we go towards higher observing frequency and with
increasing distance from the core with no increasing trend whatsoever.
This could indicate a magnetically-dominated core region probed by the
86 GHz observations where Poynting flux has not yet fully converted to
kinetic flux.

Spectra of individual components allow for the calculation of the magnetic
field strength in different regions of the jet. Component C1 exhibits a dis-
tinctive SSA peak. The core shows a flat spectrum with (x) ~ —0.22 but
at one epoch (2009.9) signs of a turnover at ~43 GHz. To obtain S, and
vm we fit an SSA model to the spectrum of C1 and assume a turnover at
about 43 GHz for the core. Through the comparison between the SSA and
equipartition, minimum magnetic field we conclude that for component
C1 Bssa is much stronger than Beg, indicating a high degree of Doppler
boosting. Finally, for the core it is Bssp/0 > 2mG and Beq = 1.2G.

From the contrast between the observed and equipartition critical size we
conclude that knot C1 is magnetic field dominated. The analysis for the
core suggests a particle energy dominated region at 43 GHz.

Radio flux density decomposition into distinct VLBI components and com-
parison with the single-dish radio flux density outburst indicates that the
bulk of radio emission originates from the core at all frequencies while an-
other component, C3, only resolved at 43 and 86 GHz contributes also to
the flare emission and during the period of mm-/cm-VLBI monitoring ap-
pears in a flux density decaying phase. Apart from the core at 43/86 GHz,
C3 shares a significant radio flux density level. Component C3 is not re-
solved at 15 GHz due to blending with the core.

Given the radio flux density decomposition and the estimated ejection
time of knot C3—coincident with the single-dish mm flare onset—we con-
clude that it is responsible for the radio flare observed in PKS 15024106
during the period 2008-2010. Furthermore, the previously established cor-
relation between the radio flare and y rays indicates that component C3
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13.

is responsible for the y-ray flare and its radio counterparts. Arguably, the
2008-2010 flare of PKS 1502+106 is an event originating in a disturbed re-
gion at the jet nozzle. While still upstream of the 3-mm core it produces the
increased y-ray emission observed and as it continues to move, it becomes
optically thin (at 86 GHz) close to the 3-mm VLBI core thus enhancing its
brightness. It then continues on and after the 86 GHz optically thick region,
is seen as knot C3 at its decaying flux density phase.

We conclude that the y-ray emitting region is located at <10-15pc or <3-
4.6 x 1017 cm away from the vertex of the hypothesized conical jet. These
estimates are upper limits for the distance between the SMBH and the
v-ray production region, due to the uncertain distance between the black
hole horizon and the base of the jet.

Concluding, PKS 15024106 represents a source whose complex structural dy-
namics needs to be further investigated with higher-cadence, high-resolution
imaging at mas and sub-mas scales.



THE BROADBAND OUTBURST OF PKS 1502+106: WHAT
CAN IT TELL US?

5.1 INTRODUCTION

The present chapter is concerned with the presentation and analysis of the
single-dish data set on PKS 15024106 covering the broadband 2008-2010 out-
burst. The set includes multi-epoch and multi-wavelength observations from the
Fermi-GST AGN Multi-frequency Monitoring Alliance (F-GAMMA) program?,
along with light curves from the OVRO 40 m blazar monitoring program? and
the available data from the high-frequency SMA calibrator list archive3 at a cen-
tral frequency of 226.5 GHz.

The regularly sampled FFGAMMA data set, presented and analyzed in the fol-
lowing, spans the frequency range between 2.6 GHz to 142.33 GHz and the time
baseline covers approximately six years in length, with the bulk of observations
starting in 2008 June and continuing until 2014 April and some high frequency
light curves starting as early as 2007 May. The data set features a mean cadence
of ~30 days.

The multi-wavelength approach has a significant impact in blazar physics and
has been employed by many authors in previous studies, offering a tool towards
an—as complete as possible—understanding of blazar phenomenology [see e.g.
Hartman et al., 1992; Urry, 1999; Ferrarese and Ford, 2005] through different the-
oretical models. Testing the feasibility and/or validity of such models translates
into quantitatively contrasting the observational signatures of the mechanisms
they invoke with actual observations. Dense, long-term, multi frequency mon-
itoring of these extreme manifestations of AGN activity offer a unique oppor-
tunity for putting blazar variability models to the test and comparing with the
predictions of theoretical frameworks that attempt to explain the emission and
overall observed characteristics of those sources.

The scope here is to parameterize the observed outburst seen in the light
curves and extract its relevant parameters such as flare amplitudes, time scales,
and cross-band delays. First, the use of observed cross-band and frequency-
dependent time lags allows us to estimate the core shifts—i.e. the frequency-
dependent position of the core—with an approach other than via traditional
multi-frequency VLBI measurements. With the core shift at hand, an opacity
profile of the source is obtained and, under the assumption of equipartition,
physical parameters such as the magnetic field at each respective core region
and at a distance of 1pc away from it are also estimated. Furthermore, the dis-
tance of each core to the vertex of the jet in combination with the observed delay
between radio and y rays allow for decisively constraining the location of the
high-energy emission.

1 http://www3.mpifr-bonn.mpg.de/div/vlbi/fgamma/fgamma.html
2 http://www.astro.caltech.edu/ovroblazars/
3 http://smal.sma.hawaii.edu/callist/callist.html
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Second, using the deduced flare parameters a direct comparison with the
predictions of the shock-in-jet scenario is attempted, through the results of an-
alytical simulations within its framework. This approach also allows for better
constraining the physical parameters such as the evolution of the Doppler factor
and the magnetic field topology with distance, in the assumed conical jet of PKS
1502+106.

5.2 RADIO OBSERVATIONS AND THE F~-GAMMA PROGRAM

Data used in this work have been collected within the framework of the F-
GAMMA program [Fuhrmann et al.,, 2007; Angelakis et al., 2010; Fuhrmann
et al., 2014]. It is the coordinated effort for the contemporaneous monitoring
of a sample comprising approximately 60 Fermi detected blazars at three ra-
dio telescopes, namely the Effelsberg 100-m (EB), Institut de Radioastronomie
Millimétrique, IRAM 30-m (at Pico Veleta, PV, Spain) and Atacama Pathfinder
EXperiment (APEX) 12-m, at Llano de Chajnantor, Chile. Since its initiation in
2007, the FF-GAMMA program followed the evolution of the total intensity and
polarization of this population of extreme objects enabling detailed studies of
broadband variability, emission mechanisms, spectral evolutionary paths and
the long sought connection between radio emission and vy rays.

The complete frequency coverage spans 11 bands between 2.64 and 345 GHz;
2.64 to 43.0 GHz available from observations at EB, 86.24 and 142.33 GHz at PV
and 345.00 GHz at APEX (for details see Table 5.1). The monthly observations
at EB and PV were performed in a quasi-simultaneous manner with a typical
separation of days to ensure maximum spectral coherency. Allocated F-GAMMA
observing runs were complemented by the general flux monitoring conducted
at PV and in close collaboration with the local staff [Ungerechts et al., 1998]. A
subsample of 25 F-GAMMA sources were observed from APEX along with a
number of interesting low-declination Fermi blazars and other AGN, that are
not observable from the sites of EB and PV. A detailed description of EB and
PV observations and data reduction is provided in Fuhrmann et al. [2008, 2014];
Angelakis et al. [2015]; Nestoras et al. [in prep.]. In the following the essential
reduction steps are presented in an abridged but comprehensive way.

5.2.1 Effelsberg 100-m telescope data analysis

EB data are obtained using the heterodyne receivers mounted at the secondary
focus of the 100-m telescope (see Table 5.1). Receivers at 4.85, 10.45, and 32.00 GHz
are multiple-feed equipped systems allowing differential (beam-switched) mea-
surements. EB observations are conducted with cross-scans, that is slewing over
the radio source in the directions of azimuth and elevation. A necessary number
of sub-scans is commanded accordingly, thus enabling the necessary signal-to-
noise ratio (SNR) to be reached. After acquisition of raw data, an initial data
quality control or “flagging” is performed, at sub-scan level, ensuring that sub-
scans fulfill some minimum quality criteria.

Later, sub-scans of each observed source are averaged together and finally
a Gaussian fit is applied in order to extract the relevant parameters used in
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FACILITY WAVELENGTH FREQUENCY ENERGY
(mm) (GHz) (GeV)
Effelsberg 100-m 110 2.64
60 4.85
36 8.35
28 10.45
20 14.60
13 23.05
9 32.00
7 43.00
IRAM 30-m 3 86.24
2 142.33
APEX 12-m 0.8 345.00
Fermi/LAT e e 0.1-300

Table 5.1: -GAMMA program facilities and spectral coverage.

subsequent reduction steps described below. The steps of the post-measurement
data reduction procedure are as follows:

1. Pointing offset correction. This is meant to account for the power loss
due to the discrepancy between the telescope pointing model and the real
source position. The correction is applied through the following formula:

Ap; 2
Tipoi = Tiops exp [41n2 [ =t (5-1)
1,po1 1, 0bS FWHM—V

where,
* i, jare the scan driving direction indices 1i,j = {AZI, ELV} with i #j,
* Tj poi the antenna temperature in direction i after pointing correction,

* T obs is the observed antenna temperature prior to pointing correc-
tion,

. Apj is the pointing offset obtained by a Gaussian fit in the j direction,
and

e FWHM, is the extracted FWHM of the Gaussian at observing fre-
quency V.

2. Atmospheric opacity correction. This accounts for the missing flux due to
transmission of the observed radiation through the Earth’s atmosphere. It
is applied as:

Tope = Tobs €XP (Tatm) (5-2)

where,

* Tops, is the observed antenna temperature prior to opacity correction,
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* Topc is the resulting antenna temperature after opacity correction,
* Tum is the atmospheric opacity at the source elevation.

The atmospheric opacity, Tatm, is a function of zenith angle only
Tatm = Tzen - X(2) = Tz 8€cz (5-3)

where,
* zis the zenith angle corresponding to elevation ELV = 90° —z,
* T, is the opacity at the source elevation ELV,
* Ten the zenith opacity, and
¢ X(z) the airmass as a function of zenith angle.

The calculation of zenith opacity is done for every observing epoch indi-
vidually by fitting the lower envelope of the recorded Tsys as a function of
elevation.

. Elevation-dependent gain compensation. Telescope gain is a strong func-

tion of its elevation due to gravitational deformation of the main primary
reflecting element, resulting in excursions of its geometry from that of
an ideal paraboloid. At the Effelsberg 100-m, the effect is largely reduced
thanks to construction considerations (use of the homology principle), but
nevertheless small residual effects are present, due to its gross size and
weight. The elevation-dependent gain compensation or simply gain cor-
rection is applied according to the following formula:

—1

Tgc = lobs * G (5_4)

where,
* Tops, is the observed antenna temperature prior to gain correction,
* Tg is the gain-corrected antenna temperature,
* G is the elevation-dependent gain curve.

The gain curve at each observing frequency is given by a second-order
polynomial with parameters Ay, A7 and A, of the form:

G(ELV) = Ao + A7 - ELV + A, - ELV? (5-5)

Parameters Ap, A7 and A are recorded and provided by the telescope
staff4.

. Absolute flux density calibration. The final step towards a fully calibrated

data set is the conversion of the final, corrected antenna temperature from
Kelvin to Jy. The procedure is commonly referred to as sensitivity correction.
It is achieved through the use of standard flux density calibrators which
provide the conversion factor between K and Jy. This is done simply by
assigning each calibrator’s constant flux density to the observed antenna
temperature. Flux densities of these calibrators are reported in the litera-
ture (see Table 5.2).

4 https://effl00mwiki.mpifr-bonn.mpg.de/doku.php
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SOURCE 3C 48 3C 161 3C 286 3C 295 NGC 7027 K3-50A W3(0OH)

Effelsberg 100-m

S2.64 9.51 11.35 10.69 12.46 3.75
S4.85 548 6.62 7.48 6.56 548
S8.35 3.25 3.88 5.22 3.47 5.92
S10.45 2.60 3.06 4.45 2.62 5.92
S14.60 1.85 2.12 3.47 1.69 5.85
S23.05 1.14 1.25 2.40 0.89 5.65
S32.00 0.80 0.83 1.82 0.55 549
S43.00 0.57 0.57 1.40 0.35 5.34
IRAM 30-m
S86.00 2.92 3.23 2.19
S$14233 4.16 3.85 4.32

Table 5.2: Calibrator flux densities in Jy, used for the calibration of Effelsberg 100-m and
IRAM 30-m F-GAMMA data. The flux density of NGC 7027 is corrected for ex-
tended structure, compared to the telescope’s primary beam at v > 10.45 GHz.
The table combines values from Angelakis et al. [2015] and Nestoras et al. [in
prep.]; see also references therein.

The fractional impact of each correction step taken is shown in Table 5.3 for
the two main facilities used by the FF-GAMMA program.

5.2.2 IRAM 30-m telescope data analysis

IRAM 30-m F-GAMMA observations employ calibrated cross-scans using the
“B” and ”"C” SIS (until 2009 March) and the Eight Mixer Receiver (EMIR) het-
erodyne receivers. Before the use of EMIR, SIS had the capability of delivering
0.5GHz of bandwidth at 86.2GHz and 1GHz at 142.33 GHz and 228.93 GHz,
with linear polarization. The EMIR receiving system is characterized by signif-
icantly larger bandwidth, of 8 and 4 GHz at 86.24 and 142.33, respectively and
horizontal /vertical polarization configuration. However, during our observa-
tions the NBC backend was employed, offering a bandwidth of 1 GHz [Nestoras
et al., in prep.]. The downtime for the IRAM 30-m part of the FFGAMMA pro-
gram due to the receiver upgrade, from SIS to EMIR, was approximately 1.7
months, between 2009 March 8 and 2009 April 28. Calibration follows along the
same lines as with Effelsberg data with the exception of atmospheric opacity
correction, that at IRAM 30-m is done automatically using a chopper-wheel-like
scheme discussed below. Within the Mira software package a Gaussian fit is
also performed in order to extract the observed parameters (amplitude, FWHM,
and position offset) of each sub-scan. After a first round of flagging at sub-scan
level, sub-scans are averaged per direction (AZ-ELV). A reliable measurement
of antenna temperature is then obtained by averaging over both directions and
performing a Gaussian fit. The post-measurement corrections for compensation
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FREQUENCY POINTING OPACITY GAIN
(GHz) (%) (%) (%)

Effelsberg 100-m

2.64 0.5 2.3 0.0
4.85 0.4 2.5 1.2
8.35 0.5 2.5 0.9
10.45 1.2 3.1 1.2
14.60 1.3 29 1.3
23.05 1.6 8.1 2.1
32.00 3.1 7.9 2.9
43.00 5.1 20.0 2.1
IRAM 30-m
86.24 1.0 . 5.0
142.33 4.0 . 5.0

Table 5.3: The mean fractional impact of each correction step taken, on radio data from
the Effelsberg 100-m and IRAM 30-m telescopes. Table adopted from Ange-
lakis et al. [2015].

of pointing offsets and elevation-dependent antenna gain are applied similarly
to those for Effelsberg 100-m data. At the IRAM 30-m, conversion to the stan-
dard flux density scale is done through frequent observations of primary (Mars,
Uranus) and secondary (W30H, K3-50A, NGC 7027) flux density calibrators.

5.2.2.1 Calibrated cross scans

To calibrate our data the standard method implemented for heterodyne receivers
at the IRAM 30-m is used [Downes, 1989; Mauersberger et al., 1989]. Prior to the
acquisition of target source data, a calibration scan with three measurements is
performed. These are the counts registered for two loads of known temperature,
at Teoq for the cold load, at T, for the load at ambient temperature, along
with the sky temperature, Tsky, near the target source. Measuring the counts
generated by the receiving system, the conversion from backend counts to an-
tenna temperature (T} [K]) is achieved for the subsequent on-source pointing
scan. This is instantaneously corrected for atmospheric opacity and antenna for-
ward efficiency. It is additionally equivalent to that traditionally derived from
the “choper wheel calibration” [see e.g. Penzias and Burrus, 1973; Kutner and
Ulich, 1981].

5.2.2.2  Wobbler switching

Up until the receiver change from SIS to EMIR, beam switching with a frequency
of ~5Hz was used for data acquisition with the IRAM 30-m telescope. Instead,
in the EMIR era the wobbler switching method for cross-scans is used.
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Figure 5.1: Example of a real-life PV sub-scan. Image courtesy of I. Nestoras (MPIfR).

The wobbling—in azimuth—sub-reflector of the 30-m telescope is used as fol-
lows. During the course of each sub-scan along the azimuth direction—i.e. while
the telescope is driving over the source in AZ—the secondary mirror switches
between +33" along the same direction (AZ) at a frequency of ~2 Hz. Each ex-
treme position of the wobbler is referred to as a wobbler throw. The source signal
is given by the difference between the measurements at each wobbler throw
and ensures a very stable and flat baseline (see Fig. 5.1). The use of wobbler
switching leads to a significant improvement in data quality, in particular dur-
ing unstable weather conditions’. For an adequate SNR to be achieved a number
between 2—4 sub-scans per direction was used within each scan that typically
lasts between 30 and 45s.

5.2.3 APEX 12-m data

At APEX the Large APEX Bolometer Camera (LABOCA) is used at a wavelength
of 0.83 mm [Siringo et al., 2009]. LABOCA comprises 295 channels and offers a
field of view of 11.4’ at 345 GHz, with a bandwidth of 60 GHz. For details on the
source sample, observing technique and data reduction see Larsson et al. [2012].

5.3 FERMI-GST Y-RAY OBSERVATIONS

For the purposes of the present chapter the Fermi monthly-binned y-ray light
curve of PKS 15024-106 is used. The light curve covers the time period between
MJD 54707 (2008.66) and MJD 55911 (2011.96). It has been introduced and dis-
cussed in the previous chapter [see Section 4.2.4 and Fuhrmann et al., 2014].

See also the telescope’s control system manual here: http://www.iram.es/IRAMES/documents/
ncs30mPako/Current/PDF/pako.pdf
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(a) the Effelsberg 100-m radio telescope, Ger- (b) the IRAM 30-m telescope, Pico Veleta,
many. Spain. Credit: IRAM

(c) the APEX telescope, Chile. Credit: (d) the Fermi telescope in
ESO its orbital delivery vehi-
cle. Credit: NASA

Figure 5.2: Facilities used by the FGAMMA blazar monitoring program.
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Figure 5.3: Multi-wavelength light curves at radio frequencies from the F-GAMMA
program and the y-ray light curve from Fermi. From top to bottom data
are shown from: the Effelsberg 100-m at 2.64 GHz, 4.85GHz, 8.35GHz,
10.45GHz, 14.60 GHz, 23.05 GHz, 32.00 GHz, and 43.00 GHz; the IRAM 30-m
at 86.24 GHz and 142.33 GHz; APEX 12-m at 345.00 GHz. The bottom panel
features the monthly-binned light curve from Fermi/LAT at E > 100 MeV.
See also Table 5.1.
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Figure 5.4: Light curve at 15.00 GHz from the OVRO 40 m blazar monitoring program
[Richards et al., 2011]. See Section 5.1 for details.
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Figure 5.5: Light curve at a central frequency of 226.50 GHz from the high-frequency
SMA calibrator list archive [see e.g. Gurwell et al., 2007]. See Section 5.1 for
details.

5.4 LIGHT CURVE TIME SERIES ANALYSIS

The importance of light curve parameters lies in the fact that different blazar
variability models predict different behavior in the time and frequency domain.
Here, the relevant parameters of the broadband outburst seen in PKS 1502+106
are extracted from observations using three independent approaches, namely
decomposition into exponential flares, a Gaussian process regression, and a
cross-frequency relative timing analysis of the flare with the application of the
discrete cross-correlation function.

5.4.1 Decomposition into exponential flares

The first method we employ, in order to obtain the flare parameters from the
multi-frequency light curves, is a decomposition of flux density variations into
exponential flares. This has been used in the past and under certain assump-
tions it can lead to estimates of jet parameters derived from flare characteristics,
such as the Doppler boosting factor and Lorentz factors along with the viewing
angle towards an extragalactic source [see e.g. Lahteenmadki and Valtaoja, 1999;
Hovatta et al., 2009; Valtaoja et al., 1999)].

Here we employ the same approach and we extract the relevant flare charac-
teristics. These are the variability time scale of the 2008-2010 flare, its amplitude
at each observing frequency, and the cross-band delays.

The flaring activity in PKS 15024106 is dominated by a single, clearly visible
event across frequencies (see Fig. 5.3). Despite the fact that substructure could
be present—data points prior and after, but close in time to the peak flux density
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may hint towards this case—the event is largely unaffected by it. This putative
substructure appears more pronounced at higher radio frequencies and also
seen in the double-peaked y-ray light curve. In any case, the isolated flare facili-
tates our study and gives us the opportunity to follow the behavior of a “clean”
outburst, free of heavy blending, an effect often seen in the complex light curves
and overall activity of other blazars [e.g. S5 0716+714, Rani et al., 2013].

For the purposes of the fitting process, only observations within the time in-
terval of the flaring event are considered. This is justified and follows from the
discussion above, on the well-defined nature of the outburst in question. Then
the quiescent level is subtracted. This is an assumed constant flux density level
that accounts for the underlying, steady-state jet flow and is equal to or smaller
than the minimum flux density of the light curves. Here, the minimum flux of
each light curve is subtracted (see Table 5.4). An alternative of fitting a linear
baseline level taking into account the lowest flux density points bracketing the
outburst was also considered. This is not a good approach in the case of PKS
15024106 since, as often is the case, consequent outbursts start without neces-
sarily reaching a quiescent level prior to the onset of a new one—i.e. different
flares are superimposed on each other [Valtaoja et al., 1999]. It also implicitly
assumes that flares are superposed on a quiescent flux density level which is a
linear function of time (and diminishes if the slope of the linear fit is negative),
a notion that lacks a physical basis.

The expression fitted to the data is

S (t_tmax)/tr, t<t
g(t) _ max € max (5—6)

Smax ei(titma)()/td/ t > tmax
where the free parameters are

* Smax, the peak flux density in Jansky,

* tmax, the time when Spayx is reached in days with respect to the reference
M]JD 54300,

* t;, the rise time in days and
* tg4, the decay time in days

When the procedure converges, the best fitting set of the above parameters is
returned with the errors in each one, representing the standard fitting error. The
radio flare data along the exponential rise and decay model fitted to the data are
shown in Fig. 5.6 and 5.7. The fit agrees reasonably with the data in most cases
apart from a few exceptions especially at high observing frequencies. Though
the model used for the flare decomposition usually gives good estimates for
the flare amplitude this is not the case for other parameters such as the cross-
frequency delay, which is systematically underestimated compared to the other
two methods we employ (see coming sections and Table 5.6). This could hint that
the flare seen in PKS 15024106 does not show an evolution that can be modeled
though an exponential functional form (see e.g. the 15 GHz OVRO data and the
model). Results are summarized in Table 5.4.
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Figure 5.6: Flare decomposition into exponential rise and decay parts. Here from top to
bottom and left to right, frequencies in the range 2.64-32.00 GHz are shown.
The reference date is MJD 54300.
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FREQUENCY MIN. FLUX Smax tmax ty tq
(GHz) Jy) Jy) (MJD 54300+) (days) (days)
2.64 0.868 0.653+0.032 736.3+22.1 351.6+1144 531.64+78.5
4.85 0.777 1.1724+0.026 700.2+5.6  202.2+16.7 300.8+128
8.35 0.740 1.993+0.040 683.3+43 2089+14.6 2165+6.38
10.45 0.725 2.394+0.061  666.1 +4.9 184.6 £15.0 197.7+6.5
14.60 0.683 2.774 +£0.067 659.3+5.1 25194139 187.1+6.5
15.00 0.711 2816 £0.027 66l1.6+2.1 250.1+5.3 1772+ 34
23.05 0.478 3.263+0.086 641.6+58  288.1+4+273 198.6+73
32.00 0.516 3.552+0.251 663.0+11.6 19894353 1343+124
43.00 0.299 4.098+0.485 652.24+29.6 2684+61.3 160.2+43.7
86.24 0.507 3.367+0.185 6698+95  269.9+354 105.7+105
142.33 0.263 2590+0.231 6704+141 4935+1065 1233477
226.50 0.238 2377 +£0.125  659.2+9.1 233.24+142  111.5+6.9

Table 5.4: Fit results from exponential flare decomposition after subtraction of the light
curve absolute minimum at each frequency. Only data points corresponding
to the flare are fitted and not light curve data points. Columns from left to
right: (1) observing frequency; (2) the minimum flux density subtracted prior
to the fit; (3) obtained flare amplitude; (4) obtained time of flare maximum;
(5) obtained flare rising and (6) decay time.
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Figure 5.7: Flare decomposition into exponential rise and decay parts. Here from top to
bottom and left to right, frequencies in the range 43.00-226.5 GHz are shown.
The reference date is MJD 54300.
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5.4.2 Gaussian process regression

In Section 5.4.1, the standard approach to attacking a generalized regression
and prediction problem is exploited. That is, one wants to extract (or learn, as in
machine learning applications) the properties of a system—put simply, a func-
tion f that describes the system well enough—from a given set of observations
referred to as the training data set. In trying to do so there exist two approaches.

The traditional one and most heavily applied is to obtain the target function
f, by preselecting a class of functions, e.g. linear, and minimizing the residuals
between the target function and the training data. The predicting power of the
acquired model is restricted by how well the target function is modeled by the
preselected class. One can increase the complexity of this class, for example
by considering higher-degree polynomials, but is running the danger of over-
titting.

A second way to learn f from the data is by assigning a prior probability to
all functions one considers to be more likely, for example on the grounds of
their smoothness. This non-parametric Bayesian approach, may seem to suffer
from the obvious problem of having to deal with an infinite set of functions,
but this is not the case. Instead, it can be implemented thanks to a stochastic
process called Gaussian process [cf. Chapter 2 of Rasmussen and Williams, 2005,
and Ivezi¢ et al., 2014].

A Gaussian process (GP) is a probability distribution over functions. It con-
stitutes the generalization of the Gaussian distribution of random variables or
vectors, into the space of functions. In Fig. 5.8a, twenty random samples are
drawn from a prior distribution defined by a Gaussian process that considers
smooth functions; i.e. infinitely differentiable.

Gaussian process regression is also referred to—especially in the scientific
field of geostatistics—as Kriging, following from the pioneering work of Danie
G. Krige on plotting distance-weighted averages at the Witwatersrand gold reef
complex in South Africa in the 1950s. Krige’s objective was to estimate the most
likely distribution of gold, based on sparse samples from a limited number of
boreholes® [Agterberg, 2014].

In the case of AGN light curve fitting, the problem has the form of one-
dimensional regression with the observables being flux density levels at certain
times. Given a set of three observations or training data points

D ={(x1,91), (x2,Y2), (x3,Y3)} (5-7)

as in Fig. 5.8b, our problem reduces to finding the functions, drawn from the
prior distribution, that pass through all the training points. This distribution of
functions is the posterior distribution and its mean, being the expected value,
can be considered as the “best-fit function”. Use of the word function here is
inappropriate since the outcome of the procedure is a set of the posterior mean
values at certain input positions x;, rather than a mathematical relation with a
functional form. The strong point of Gaussian process regression is its ability to
deliver robust error estimates. The shaded area in Fig. 5.8b represents the 2o or
95% confidence interval.

6 http://en.wikipedia.org/wiki/Kriging
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Figure 5.8: Gaussian process prior and posterior distributions. Shaded area is delineat-
ing a range of 2 standard deviations above and below the mean. For the pur-
poses of this illustration the length scale hyperparameter was set to 1 = 0.8
(see text for discussion).

It is obvious that the selection of prior is of crucial importance to the final
outcome since it governs the properties of functions used for inference. Similar
to a multivariate Gaussian distribution—and before conditioning on data—a
Gaussian process is defined by its mean, p, and covariance, k. Without loss of
generality one can always assume that p = 0 since the data set can always be
trivially shifted to accommodate for this assumption.

In the context of Gaussian processes the covariance function, covariance kernel
or simply kernel,

Covl[f(xi), f(x;)] = k(x,%;) (5-8)

is used to define the covariance between any two function values at points x;
and x;; i.e. the similarity between data points. It is chosen on the basis of our
prior beliefs for the function to be learned. Essentially the kernel defines the
class of functions that are likely to appear in the prior distribution which in
turn determine the kind of structure that the specific GP is able to model cor-
rectly. There exists a large number of available kernels each of which can cap-
ture different structural information, according to the problem in hand. Kernels
have their own set of parameters, called hyperparameters, since they define the
properties of the prior distribution over functions instead of the functions them-
selves. There exist simple kernels, such as the squared exponential kernel, with
only two hyperparameters and more complex ones with larger sets of hyperpa-
rameters. A very useful property of kernels is that addition and multiplication
between two or more of them, also produce valid covariance kernels. As such,
there is always the option of constructing a covariance kernel that fits the charac-
teristics of the modeling problem?. Some examples of simple covariance kernels

For a complete treatment of the subject of describing structure with kernels see http://mlg.eng.
cam.ac.uk/duvenaud/cookbook/
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are the squared exponential, the periodic, and the linear. The former will be dis-
cussed in the next paragraph while the two latter from their intuitive naming
hint towards the kind of structure they are able to deal with.

The squared exponential kernel has the functional form:

ki ) = o exp (57 5-9)

where the hyperparameters are

* ], the characteristic length scale which determines the length of the wiggly
pattern (see Fig. 5.8a) in the functions comprising the prior and

e o2, is the variance, that maps the mean distance of the function away from
its mean value. In this framework it serves only as a scaling factor.

The most widely used kernel is the squared exponential, owing to its generality
and smoothness. The latter is the only assumption when using it and is every-
thing but a problem, since most time series arising from physical processes have
no reason not to be smooth.

While in Fig. 5.8 we dealt only with noiseless data, it is most often the case
that our observations are of the form

92{("11914‘61) |i:1/'°°/n} (5_10)

where e here denotes the noise term affecting each data point. Accommodating
for noise is a natural consequence of kernel properties, in that one needs only
to add it in the noiseless covariance kernel

Kn (xi,%) = K(xi,%;) + 021 (5-11)

where I is the identity matrix [Roberts et al., 2012].

As an end note, it is worth noting that procedures such as linear regression,
spline interpolation and Kalman filtering can be considered as—and in fact are—
Gaussian processes arising from different covariance kernels.

5.4.2.1 Training the Gaussian process

Since hyperparameters define the properties of the prior distribution through
the covariance kernel, they play a significant role in accurately modeling the
data, depending on the complexity of the kernel selected; i.e. the number of hy-
perparameters it employs. The process of selecting the best set of hyperparame-
ters using the data themselves is referred to as training the GP or, more generally,
Bayesian model selection. In essence, one wants to update the prior knowledge in
light of a training data set.

One way of doing so is by maximizing the marginal likelihood [Williams and
Rasmussen, 1996]. Letting © denote the vector of hyperparameters, then in the
case of the squared exponential kernel (Eq. 5-9) we have:

0 ={l, 0% (5-12)
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Then, the probability (or evidence) of the training data, y, given the hyperpa-
rameters vector 0 is:

p(y|x,0) (5-13)
and the log marginal likelihood is given by

1 _ 1 n
L =1log p(ylx,0)= -3 y' kn1 Y—3 log [kn|— 5 log 27. (5-14)

In the general case of a hyperparameter vector © = {0; | j = 1...n}, the deriva-
tives of the log marginal lkelihood with respect to each 0; are

0L 1 1 0kn ., 1 10 kn
=yt 2k Ty— =T kT2, -

Equation 5-15 can be used with any numerical gradient optimization algorithm
in order to maximize the log marginal likelihood and return the set of best
hyperparameter values for the problem at hand. The schematic description of
the algorithmic steps to be taken can be found in Rasmussen and Williams
[2005], Ch. 2, p. 19.

5.4.2.2  Application of GP regression to the light curves of PKS 1502+106

For the application of the method to the radio light curves of PKS 15024106,
a variant of the algorithm presented in Pedregosa et al. [2011] has been used,
developed specifically for this purpose. The original suite of machine learning
programs can be accessed online®.

Here, we consider the full length of each available light curve, without limit-
ing ourselves to the time period bracketing the flare, as in the case of decompo-
sition into exponential flares. Again, for the reasons discussed in Section 5.4.1,
before proceeding with the Gaussian process regression, we subtract the min-
imum flux density level observed at each frequency from the corresponding
light curve. To ensure the best unbiased result we perform the process with 100
random initializations of the length scale parameter. Upon completion, the pos-
terior mean distribution is returned along with a robust uncertainty estimate in
the form of a 95% confidence interval for the flux density, and the set of hyper-
parameters maximizing the log marginal likelihood. Consequently, we are able
to extract the flare amplitude, Smax, the time of maximum flux density, tmax,
and the cross-band delay, 1gp. Additionally, by the flare rising and decay time
are extracted from the times of the two flux-density minima bracketing the flare
maximum. Fig. 5.9 and 5.10 visualize the results of regression at each frequency,
while Smax, tmax and tise, and tyise values characterizing the flare are visible in
Table 5.5. According to the results the flare amplitude, Smax, shows an increas-
ing trend with frequency, up to 43 GHz whereafter the flare amplitudes start
falling again as seen for 86.00, 142.33 and 226.5 GHz (see also Fig. 5.19). As will
be discussed later in this chapter there exists a clear tendency for the flare to
be visible earlier at higher-frequencies, an effect attributed to opacity (see also
Fig. 5.15). The flare rising times while initially increase with frequency, in the

8 http://scikit-learn.org/stable/index.html
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FREQUENCY MIN. FLUX Smax tmax trise tdecay

(GHz) Jy) Jy) (MJD) (days)  (days)
2.64 0.868 0.593 +£0.032 55095.148 239.848 366.752
4.85 0.777 1.084 +0.031 55016.808 201.808 383.192
8.35 0.740 1.764 +£0.043  54980.390 230.890 435.910
10.45 0.725 2.055 £0.062 54968.684 234.884 435.016
14.60 0.683 2414 £0.088 54954.377 288.077 467.623
15.00 0.711 2.570+0.026 54952.276 276.176 391.724
23.05 0.478 2.856 +0.189 54921.861 390.761 457.039
32.00 0.516 2590 +0.277 54916.658 447.858 446.542
43.00 0.299 3.542 +0.454 54925.763 383.363 527.237
86.24 0.507 2439 +0.144 54912.756 331.256 437.244
142.33 0.263 1.987 £0.254 54888.044 313.544 444.456
226.50 0.238 1.823 £0.102 54914.307 300.307 460.793

Table 5.5: Gaussian process regression results after subtracting the minimum flux of
the light curve. Columns from left to right: (1) observing frequency; (2) the
minimum flux density subtracted prior to the fit; (3) obtained flare amplitude;
(4) obtained time of flare maximum; (5) obtained flare rising and (6) decay
time.

frequency range further than 32.00 GHz they show decreasing trend. Finally, in
terms of the flare decay times they seem to be following a slightly increasing
trend with frequency in the whole frequency range employed here (see also Fig.

5.21).
5.4.3 The discrete cross-correlation function (DCCF)

Putative correlated variability across observing bands based on ”“sampling-rate-
limited” time series can be investigated and quantified using the discrete cross-
correlation function (DCCEF). The approach is discussed in detail in Edelson and
Krolik [1988] and along with other cross-correlation methods, it has been used
for assessing correlated variability in light curves and spectra by a number of
investigators [cf. Gaskell and Sparke, 1986; Gaskell and Peterson, 1987; Maoz
and Netzer, 1989].

The cross correlation function (CCF), as a function of time lag T for two discrete,
evenly sampled light curves x(t;) and y(t;) is given by

(5-16)

N
1 y(ti — ) — 1l
F(t _
cc N ; crxcry

where,
* X, is the mean of light curve x(t;),

e 0,, its standard deviation,
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Figure 5.9: Gaussian process regression curves for the radio light curves in the range
2.64-15.00 GHz. Data points are shown in red, the prediction curve in dark
blue and the 95% confidence interval is the lighter blue shaded area.
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* 7, is the mean of light curve y(t;) and

* oy, is the standard deviation of light curve y(t;).

The nature of light curves discussed here and most frequent case, especially
for light curves obtained through long-term monitoring of blazars, is that they

are unevenly sampled. This fact introduces the need for the discrete cross-correlation

function [Edelson and Krolik, 1988, see also Larsson, 2012]. In contrast to linear
interpolation methods, the DCCF takes into consideration only the data points
themselves. In essence, the operation is to slide the two light curves against each
other with respect to time, while computing the correlation value for each pair of
data and with respect to each sliding interval or time lag, T. For two irregularly
sampled light curves with n and m number of observations respectively, the
aforementioned operation yields the unbinned cross-correlation function (UCCEF)

(xi —%) (yi —9)
Ox Oy '

UCCFyj(Tt) = (5-17)
Averaging the UCCF in time lag bins yields the DCCF. Positive DCCF values
indicate a positive correlation with an average time shift T, while negative values
imply anti-correlation.

In previous work by Fuhrmann et al. [2014], the DCCF technique has been
used in search of possible correlation between the radio wavebands and Fermi y-
ray observations of the F-GAMMA blazar sample. This study has demonstrated
a significant existence of radio/y-ray correlated variability in blazars through a
DCCEF stacking analysis and also quantified the average frequency-dependent
time lags between observations at the FFGAMMA radio frequencies. Specifically,
for PKS 15024106 a 3 mm/vy-ray correlation is detected at a significance level
above 99%, with a time of arrival delay of 14 £ 11 days (see Fig. 5.11). Mean-
ing that the mm-radio emission is lagging behind vy rays. The aforementioned
difference of time of arrival for each band translates to a de-projected radial
separation of the corresponding emitting regions of 2.1 pc.

One of the targets of the present study is to built on these previous findings
and quantify the correlated variability beyond the mm/sub-mm band towards
all observed radio frequencies, taking full advantage of the wealth of the F-
GAMMA data set (see Fig. 5.3.) The DCCFs have been calculated between the
15 GHz light curve of the OVRO 40 m Blazar Monitoring Program (OVRO) and
all available light curves from SMA? at 226.5 GHz down to 2.64 GHz, the lowest
frequency the F-GAMMA is observing at. Here, a positive lag Tpccr implies that
the peak of activity, lags behind the reference frequency by tpccr, measured in
days. Hereafter, we refer to the cross-correlated light curves as the reference
(OVRO 15 GHz) and the target (all the rest). The selection of the OVRO 15GHz
data as the reference light curve is due to the better sampling.

5.4.3.1 Estimation of time lags

In addition to assessing the presence of correlations, DCCFs quantify it by
means of reporting where it occurs in the time lag domain. Various methods

The Submillimeter Array (SMA) operates in the frequency range between 180 GHz and 700 GHz
and comprises eight 6 m antennas in configurations with baselines up to 509 m. It is an 8-element
radio interferometer located on the top of Mauna Kea, Hawaii.
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Figure 5.11: DCCF of PKS 15024106 between light curves at 86.24 GHz and y rays. Lines
represent significance levels above correlation by chance, at 99% (dotted
line) and 90% (dashed line) levels. Image adopted from Fuhrmann et al.

[2014]

can be employed for this purpose [see e.g. Larsson, 2012]. In the following we
use a Gaussian fit to obtain the DCCF peak and its position. Since the value of
interest is the peak of the DCCF, the Gaussian fit is performed in the time lag
range that ensures better peak determination. The peak of the Gaussian is the
value of time lag Tpccr reported in Table 5.6. Left panels of Fig. 5.12 through
5.14 show all calculated DCCFs with respect to our selected reference frequency
along with the Gaussian fit.

The results confirm the presence of strongly correlated activity across all radio
frequencies. In all cases, a strong positive peak is clearly visible. In this way
the Tpccr between all light curves and the reference light curve at 15GHz is
obtained. Subsequently, these time lags are referenced to our highest-frequency,
well-sampled light curve at 142.33 GHz.

5.4.3.2 Estimates of time-lag uncertainty

Any reported time lag calculated through the DCCF has to be accompanied by
an estimate of the measurement uncertainty. This is not a trivial task and there
exists no universally accepted way of doing so. For the purposes of our study
we use the model-independent Monte Carlo approach introduced by Peterson
et al. [1998].

The two main sources of uncertainty in cross-correlation analyses—in addi-
tion to limited data trains and consequently limited number of events—are: (i)
flux uncertainties and (ii) uncertainties associated with the uneven sampling
of the light curves under investigation for putative correlated variability. The
method is comprised of two parts; that of the flux redistribution (FR), and that
of random sample selection (RSS), accounting for (i) and (ii) respectively. The algo-
rithm is essentially as follows:

1. Introduction of Gaussian deviates to the data, constrained by the maxi-
mum ﬂUX measurement error.
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2. Use of a re-sampling with replacement scheme to randomly select data
points and create an equally long light curve; i.e. use of a bootstrap-like
procedure.

3. Calculation of the DCCF and determination of the time lag corresponding
to its peak through a weighted Gaussian fit.

4. After a number of N Monte Carlo realizations, obtain the cross-correlation
peak distribution (CCPD).

The uncertainty, +ATgg9, or simply +AT, can be obtained directly from the
CCPD and corresponds to the time lag interval of Ty edian — AT and Thedian + AT,
such that 68% of the realizations yield results within this interval. This estimate
is equivalent to 1o error, in the case of a Gaussian distribution [Peterson et al.,
1998]. Here, a number of 5000 Monte Carlo simulations were performed.

One final remark is needed since the procedure of re-sampling with replace-
ment might not be familiar to the reader. In statistical applications the way one
draws samples from a population in order to arrive to conclusions concerning
the population as a whole is a complicated and challenging operation. Bootstrap-
ping is one option and relies on creating different samples of the population
essentially from a single initial or parent sample. A given light curve is, for
example, a sample drawn from the underlying process, that is the full flux den-
sity variability pattern of the source; i.e. the infinitely populated light curve.
One then can create secondary samples of the underlying process by randomly
drawing data points from the light curve and creating another one. The primary
purpose of bootstrapping is to test the performance of different statistical esti-
mators. Depending on whether each drawn datum is replaced, i.e. put back to
the initial sample, the procedure is characterized as re-sampling with replace-
ment or re-sampling without replacement. In the former the same datum can
be randomly drawn more than once, while in the latter each datum can be
randomly selected only once and then is disregarded during subsequent ran-
dom selections. The important implication of the two above approaches is that
in re-sampling with replacement, the resulting distributions—the two new light
curves—are statistically independent. As already mentioned, a re-sampling with
replacement scheme is employed here.

5.5 FREQUENCY-DEPENDENT TIME LAGS

Time delays between flare maxima are often seen and usually attributed to the
effect of optical depth. Flare onsets and maxima appear first at higher frequen-
cies and successively progress towards the lower end of the observing frequency
range. This is usually connected to the motion of disturbances that as they move
downstream the jet and expand adiabatically, the optical depth decreases and
lower frequency (hence energy) photons are able to escape the synchrotron-
emitting region.

The DCCFs shown in Fig. 5.12 through 5.14 confirm the presence of a correla-
tion between the outburst across observing frequencies, with time lags between
the reference frequency of 15.00 GHz and all other light curves. In Table 5.6 the
results are referenced to the highest well-sampled frequency of 142.33 GHz. In
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Figure 5.12: DCCFs for the light curves in the frequency range 2.64-10.45 with respect
to the 15.00 GHz OVRO light curve. Also shown is the best-fit Gaussian
function, the peak of which corresponds to the time lag.
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function, the peak of which corresponds to the time lag.
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Figure 5.14: DCCFs for the light curves in the frequency range 86.24-226.50 with respect
to the 15.00 GHz OVRO light curve. Also shown is the best-fit Gaussian
function, the peak of which corresponds to the time lag.
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Fig. 5.15 the delays obtained with all three methods are shown, namely results
from the decomposition into exponential flares, the Gaussian process regression,
and the DCCF analysis.

The light curve decomposition into exponential flares grossly underestimates
the cross-frequency time lag due to the shape of the light curve that cannot be
well approximated by Eq. 5-6 and also due to the under-sampled flare peak,
especially at high frequencies. On the other hand, Gaussian process regression
and the discrete cross-correlation function analysis yield conclusive results that
are—within the uncertainties—in very good agreement with each other (see Fig.
5.15).

After averaging the time lags obtained through the GP regression and the
DCCEF analysis, the longest delay is seen for 2.64 GHz being ~200 days. A de-
creasing trend is clearly visible towards higher frequencies with a time lag of
~140 days at 4.85GHz and for 8.35 GHz being ~110 days on average. Between
the highest frequency of 142.33 and 86.24 GHz it is Tpccp ~ 24 days. The last
positive time lag between 226.5 and 142.33 GHz is attributed to the low sam-
pling rate of the SMA light curve rendering it also unusable as high-frequency
reference.

This decay trend is described well by a power-law. In order to obtain its index,
the frequency-dependent delays are fitted by a power-law of the form av—'/r
using a weighted list-squares procedure. The results for index k, are for the
GP regression k; gp = (1.4 +0.1) and k; pccr = (1.8 £0.2) for the DCCF results.
They both are shown, along with the best-fit curves, in Fig. 5.15. The importance
of index k, will be discussed in the following section.

56 TIME-LAG CORE SHIFTS AND OPACITY STRUCTURE OF PKS 1502+106

Through the technique of VLBI, discussed in previous chapters, sub-parsec-scale
imaging of extragalactic radio jets is possible and parsec-scale imaging typically
achieved [e.g. Zensus, 1997]. Like most blazars PKS 15024106 features a flat-
spectrum core, indicative of the superposition of optically thick synchrotron
components [e.g. Kaiser, 2006]. In addition to the scenario that the observed
core is the first stationary hotspot (recollimation shock) of the jet [Daly and
Marscher, 1988; Gomez et al., 1995], a widely accepted interpretation is that this
core is the point of the continuous flow where the photons at a given frequency
have enough energy, hence are able to escape the opacity barrier. Under this
scenario the core is interpreted as the surface where the optical depth is close or
equal to unity at a given frequency [e.g. Konigl, 1981].

The standard relativistic jet paradigm [Blandford and Konigl, 1979; Konigl,
1981] predicts that the apparent position of this unit-opacity surface depends
on observing frequency (see Fig 5.16). Therefore, according to the interpretation
for the core discussed above, its position must also be frequency-dependent.
This ”core-shift effect” was fist observed by Marcaide and Shapiro [1984] and
ever since it is often observed with multi-frequency VLBI [e.g. Lobanov, 1998;
Kovalev et al., 2008; Sokolovsky et al., 2011; Pushkarev et al., 2012; Fromm et al.,
2013b].

The importance of core-shift measurements lies in the fact that they can pro-
vide us with critical insights into the structure and physics of ultracompact jets,
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FREQUENCY Texp TGP TDCCF
(GHz) (days) (days)  (days)
2.64 65.9+263 207.104 185137
4.85 29.8+152  128.764 153717
8.35 1294147 92346 12073}
10.45 ~43+£149 80.640 111133
14.60 ~11.1+£15.0 66333 84135
15.00 —-88+143 64232 5833
23.05 ~288+152 33817 4328
32.00 ~74+£183 28614 33%3]
43.00 ~182+32.8 37719 354
86.24 —0.6£17.0 24712 23%3%
142.33 0.0 0.0 0.0
226.50 ~11.2+168 26263 37715

Table 5.6: Cumulative table containing time lag results from all methods with respect
to data at 142.33 GHz. OVRO 15GHz data come without Tpccp uncertainty
since the light curve was used as the initial reference for the DCCF analysis.
Columns from left to right: (1) observing frequency; (2) frequency-dependent
lime lag from exponential flare decomposition, (3) from Gaussian process re-
gression, and (4) from the DCCF analysis.
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Figure 5.15: Frequency-dependent time lags with respect to the 142.33 GHz data ob-
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the values obtained from the DCCF analysis, red circles those from the
Gaussian process regression and gray triangles the time lags from the expo-
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Figure 5.16: Illustration of the frequency-dependent core position effect seen in VLBI
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etrate the opacity barrier set by synchrotron self-absorption to frequencies
lower than it. Image adopted from Lobanov [1996].
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such as the position of the core at each frequency relative to the jet base and the
magnetic field in different portions of the relativistic flow [e.g. Lobanov, 1998;
Hirotani, 2005]. Unfortunately, the difficulty of obtaining accurate core-shift data
through VLBI is proportional to their high value since highly accurate positions
are required, especially at higher frequencies. Usually the price to pay comes
in the form of time-consuming and complicated phase-referencing observations,
which nevertheless when successful yield extremely interesting results such as
those for the jet of M 87 by Hada et al. [2011].

Relative timing of total flux density outbursts, as seen in single-dish radio ob-
servations, presents a viable alternative to VLBI core-shifts. Let us return back to
the standard jet model. Here, a disturbance originating at the jet base will prop-
agate outwards along the jet. As this disturbance or shock moves away from the
base it crosses the sequence of physically separated regions where the jet flow
becomes optically thin—i.e. the VLBI cores, as seen at a given sequence of ob-
serving frequencies. When the disturbance reaches a given unit-opacity surface
for a given frequency v;, the synchrotron flare emission most likely becomes op-
tically thin at v;. This is observed in single-dish light curves as a total intensity
outburst, while in VLBI maps these traveling shocks could be manifested as re-
gions of enhanced emission after the core, so-called VLBI components or knots
[Marscher and Gear, 1985]. Since the times of maxima in single-dish light curves
correspond to the flare emission becoming optically thin at the unit-opacity sur-
face for a given frequency, it follows that these times are frequency-dependent
as well and carry information on the opacity of each core region. In other words,
through relative timing of the same flaring event seen at different bands one can
obtain a tomography of the jet in terms of nuclear opacity, similar to VLBI core-
shift measurements. For details see also Kudryavtseva et al. [2011]; Bach et al.
[2006] and for applications Kutkin et al. [2014] and Fuhrmann et al. [2014].

An important consideration to be taken into account is that the method is
based on the absence of any optically thick component downstream of the core.
If there was any, it would sooner or later induce an opacity-driven enhancement
of flux density due to its expansion and subsequent drop of density at a region
further away from the core, the position of which we try to constrain. Essentially,
the emission needs to become optically thin when it reaches each respective
unit-opacity surface. In that respect and given the spectra of VLBI components
presented in Section 4.3.4, component C3 which is used for our calculations is
optically thin, at least between 43 and 86 GHz.

Based on Lobanov [1998], a “time-lag core-shift” between two frequencies v
and v,, with v, > vy, can be defined as follows [see also Kudryavtseva et al.,,
2011]

er — 4.85 X 1

/ke 1/ke
_9 LLAt DL Vi Y, )
° (1+2)2 (.V;/kr —v}/kr (pcGHz) (5-18)

where

e 1 is the VLBI jet proper motion in masyr—!,

* At is the observed time lag between the frequency pair v; and v; in yr,

* Dy is the luminosity distance in pc,
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e 7 is the redshift,

* vi, vy are the first and second observing frequency, both expressed in
GHz.

* k; is the power-law index obtained by fitting the cross-band delays (see
previous Section). Here, k; = [(3 —2a)m + 2n — 2]/(5 — 2&) with m and
n denoting the index of the power-law dependence of the magnetic field
B(r) oc T~ ™ and the electron number density Ne(r) oc ™™, respectively at
distance r along the jet. Finally, « denotes the optically thin spectral index.
In case of external density gradients and/or free-free absorption, it is k; >
1. For SSA dominated opacity and equipartition between particle energy
and magnetic field energy, k; = 1 for m = 1 and n = 2 independently of
o

The angular offset in units of mas is given by Ar = pt. That is the distance
traveled by the respective disturbance within the time interval t. Using Q. and
following the works of Lobanov [1998], Hirotani [2005], and Kudryavtseva et al.
[2011] we can obtain expressions for the magnetic field and distance between
the core and the vertex of the assumed-conical jet. The frequency-dependent
distance of the core—at any desired frequency v—is given by

Oy v—1/ke

sin 0 (5-19)

Teore(V) =
We employ Eq. 5-18 and 5-19 to infer the separation of the radio core at each
frequency from the vertex of the conical jet. In that, we use k, = (1.6 == 0.2) the
average k. calculated based on two different methods, the DCCF analysis and
the Gaussian process regression. The full range of k; obtained from all three
methods is rather wide with 0.8 < k; < 1.8. Nevertheless, GP and DCCEF re-
sults agree very well with each other indicating that k; > 1. This implies the
possible presence of jet external density gradients and/or foreground free-free
absorption (e.g. due to the BLR). Other parameters used are pu = 0.09 mas yr*1
which corresponds the proper motion of component C3 at 86 GHz, responsible
for the flare under scrutiny (see Section 4.3.2), 0 = 2.6° the critical viewing angle
(see Section 4.4.2), z = 1.8385, and Dy, = 14177 Mpc. Results of the calculation
are shown in Table 5.7 and reveal the opacity structure of PKS 1501+106. The
larger distance of ~10.0 pc is reported for the 2.64 GHz core, as expected, and
distances diminish as we go towards higher frequencies. At observing frequen-
cies between 23.05 and 43.00 GHz the light curves become slightly more sparsely
sampled due to the fact that weather effects and poorer system performance of
the Effelsberg 100-m telescope at those bands play an increasingly important
role. Nevertheless, the trend continues up to 86.24 GHz where the core is about
4.1 pc away from the base of the jet.

5.6.1 Localizing the y-ray emission region

The ultimate goal of pinpointing the y-ray emission region is reached by combin-
ing the findings of the present study with those of Fuhrmann et al. [2014] who
localize the y-ray active region at about 2.1 pc upstream of the 86.00 GHz unit-
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FREQUENCY AVERAGET Ar Qv Tcore
(GHz) (days) (mas) (pcGHz) (pc)
2.64 196.1 0.048 0.825 10.0
4.85 140.9 0.035 0.904 7.4
8.35 106.2 0.026 1.014 5.9
10.45 95.8 0.024  1.085 5.5
14.60 75.2 0.012 1.113 4.6
15.00 61.1 0.015  0.925 3.8
23.05 384 0.009  0.845 2.6
32.00 30.8 0.008 0.932 2.4
43.00 36.4 0.009 1.525 3.2
86.24 23.9 0.006  3.031 4.1

142.33 0.0

Table 5.7: Frequency-dependent “time-lag core shifts” obtained through the flare timing
analysis. Time lags are averaged per frequency between tcp and tpccr. Values
are reported without error. All time lags are referenced to the highest well-
sampled frequency of 142.33 GHz. Columns from left to right: (1) observing
frequency; (2) average time lag between tgp and Tpccr; (3) the angular offset
in units of mas (Ar = ut); (4) time-lag-based core position offset; (5) core
distance to the vertex of the jet.

opacity surface. Here, based on the opacity-driven time lags across the eleven
observing frequencies, the distance of the 86.00 GHz core from the vertex of the
assumed-conical jet is constrained to ~4.1 pc. From the combination follows that
the y-ray emission region is located at approximately 2 pc away from the jet base,
well beyond the bulk of BLR material of PKS 15024106, placed at Rprr ~ 0.1 pc
[Abdo et al., 2010]. A y-ray emission region placed so far away from the BLR
almost negates the notion that BLR photons alone can be used as the target
photon field for IC up-scattering to y-rays, thus other or additional seed photon
fields (e.g. torus, SSC) need to be involved in the process.

5.6.2  Equipartition magnetic field

Under the assumption of equipartition between the energies of the magnetic
field and of particles—i.e. setting k; = T—and with a spectral index o = —0.5,
the following expression yields the magnetic field strength at a distance of 1pc
from the vertex of the jet

3 2\ /4
03, (1+2) ) -

B ~ 0.025
Tpe ( 52¢ sin’ 0

(5—20)

where
* % is Doppler factor and

* ¢ is the jet’s half-opening angle.
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The magnetic field strength at the core can be estimated through

Beore(V) = By pc rc_ole (5—21)

Use of Eq. 520 and 5-21 allows for the calculation of the magnetic-field
strengths at a distance of 1pc and at the point of each respective radio core.
We employ the values for the Doppler factor and half opening angle deduced
and reported in Section 4.4 of = 10 and ¢/2 = 0.95°, respectively correspond-
ing to components traveling within the inner jet of PKS 15024106 (see Section
4.3.2). Resulting values for B pc and Bore are summarized in Table 5.8. Inferred
magnetic field strengths are higher at higher frequencies, when approaching the
jet base. Magnetic field strength values range between 3 and 16 mG for the 2.64
(furthest) and 86.24 (closest) cores, respectively, assuming equipartition.

Results presented here are in reasonable agreement with the core shift mea-
surements derived by Pushkarev et al. [2012] who employ standard VLBI tech-
niques and obtain a separation of ~8 pc between the 15 GHz VLBI core and the
vertex of the jet. Some discrepancies can be seen in the—inferred from VLBI
core shifts—physical parameters of the jet, such as the magnetic field at a dis-
tance of 1 pc and in the 15 GHz core (B1 pc and Beore), but these can be explained
through the different kinematical parameters used. Specifically, Pushkarev et al.
[2012] make use of the fastest non-accelerating, component apparent speed mea-
surement from data covering the period 1994 August to 2007 September, as
reported by Lister et al. [2009]. However, in the present thesis we use the re-
sult for the proper motion, u, of the component most likely responsible for the
multi-wavelength flare of 2008/2010 (knot C3), as we showed in the previous
chapter, whose apparent angular velocity—while traveling in the inner jet of
PKS 1502+106—is almost half of what Pushkarev et al. [2012] use.

5.7 COMPARISON WITH SHOCK-IN-JET MODEL SIMULATIONS

The origin of blazar variability and its extreme characteristics is still a matter
of intense debate. A multitude of different mechanisms have been proposed in
order to explain it. Among those are shocks generated and propagating along
the relativistic jet [e.g. Marscher and Gear, 1985; Valtaoja et al., 1992], colliding
relativistic plasma shells [e.g. Spada et al., 2001], precession of the jet itself due
to the presence of binary black holes [e.g. Camenzind and Krockenberger, 1992]
or Kelvin-Helmholtz instabilities developing within the relativistic outflow [e.g.
Lobanov and Zensus, 2001, and references therein].

Different variability mechanisms predict different dependencies of observed
parameters in the time and frequency domain—i.e. light curves and broadband
spectra. In the following we compare our findings in the time domain and the
extracted light curve parameters with the predictions of analytical simulations
based on the shock-in-jet model [Fromm et al., 2014].

5.7.1  The shock-in-jet scenario and flare evolution

The central assumption of the classical shock-in-jet model [Marscher and Gear,
1985] is the propagation of a shock within the relativistic jet of an AGN. The
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FREQUENCY AVERAGE T Bipe  Beore

(GHz) (days) G) G)
2.64 196.1 0.025 0.003
4.85 140.9 0.027 0.004
8.35 106.2 0.030 0.005
10.45 95.8 0.031 0.006
14.60 75.2 0.032  0.007
15.00 61.1 0.028 0.007
23.05 384 0.026 0.010
32.00 30.8 0.028 0.012
43.00 36.4 0.040 0.013
86.24 23.9 0.067 0.076
142.33 0.0

Table 5.8: Equipartition magnetic field strength calculated through time lags and sub-
sequent time-lag core shifts. Values are based on average T and are reported
without error. Columns from left to right: (1) observing frequency; (2) average
time lag between tgp and Tpccr; (3) magnetic field strength at a distance of
1 pc from the core; (4) core magnetic field strength.

jet itself is assumed to have a conical geometry; i.e. its radius, R, and distance
along it, r, are directly proportional with R oc r°? where p = 1. At the shock front
conditions are appropriate for the acceleration of particles up to relativistic en-
ergies. After interaction with the shock those particles travel behind the shock
front, while at the same time lose energy through the mechanisms of Compton,
synchrotron and adiabatic (non-radiative) energy losses [see e.g. Valtaoja et al.,,
1992; Tiirler et al., 2000; Fromm et al., 2011]. The emitted synchrotron spectrum
evolves and its shape is dictated by the relative dominance of each energy loss
mechanism. The turnover frequency, vmax, of the synchrotron spectrum follows
a characteristic three-stage path in the turnover frequency — turnover flux den-
sity plane (Vmax—Smax) With vimax sweeping the frequency range from higher to
lower values. In parallel, the peak flux density of the spectrum, Smax, is evolving
as follows:

1. First, at higher frequencies, it rises during the stage of Compton losses,

2. it then reaches a plateau where it stays approximately constant for as long
as synchrotron losses dominate, and

3. finally, towards the low-frequency end, it decays during the final stage
when adiabatic losses dominate.

The physical quantities of the model are parameterised with the use of power
laws. The energy distribution of relativistic electrons is given by

N(E) =KE™® (5—22)



5.7 COMPARISON WITH SHOCK-IN-JET MODEL SIMULATIONS

where K is a normalisation factor, E the energy, and s the power-law index. The
variation of the magnetic field along the jet is given by

B x R™P. (5—23)

Index b also carries information on the topology of the magnetic field in the
flow. For a toroidal magnetic field b = 1, while for poloidal topology b = 2. The
variation with distance of the aforementioned normalisation factor is given by

K ox R7K. (5—24)
Finally, the evolution of the Doppler factor is given by
5 oc R4, (5—25)

Here, negative exponents for the two power laws in Eq. 5-24 and 5-25 denote
that the quantities described by them increase with distance along the jet—e.g.
for d < 0 the jet is accelerating, for d = 0 the Doppler factor is constant, while
d > 0 implies deceleration. According to the model, it is these power-law in-
dices through which the observed patterns of blazar variability can be largely
understood.

5.7.2  Analytical model simulations

From an observer’s point of view, the main observables—as far as multi-frequency

radio light curves are concerned—are the flare amplitude, its time scale (rise and
decay time scales) and putative delays between flare maxima at different bands.
These light curve parameters are observing-frequency dependent (see Fig. 5.15,
5.19, and 5.20 and 5.21).

Based on the original shock-in-jet scenario of Marscher and Gear [1985], Fromm
et al. [2014] have performed a series of simulations yielding synthetic blazar
light curves at the frequency range matching the FF-GAMMA spectral coverage,
namely in twelve bands between 2.6 and 345.00 GHz. Those light curves were
produced for a spectrum of different values of the indices s, b, and d (k is given
by k = 2(s +2)/3, thus reducing the number of free parameters of the model).
The ranges for each of the three indices were selected based on physical argu-
ments and observational findings [for a full account see Fromm et al., 2014] and
they are 2 < s < 3, hence 2.7 < k < 3.3 for the spectral slope, —0.45 < d < 0.45
for the Doppler factor, and 1 < b < 2 for the index describing the magnetic field
topology (toroidal, helical or poloidal). From the synthetic light curves, predic-
tions for “observables” such as the flare amplitude, flaring time scale and delay
between different bands are deduced in each case.

Given a data set comprising radio light curves at different bands, we are
offered the chance for a direct comparison between the observed parameters
(flare amplitude, flaring time scale and cross-band delays) and those arising
from the simulated light curves. We can thus constrain the model indices and
ultimately get a handle on the evolution of physical parameters of the jet and
the shock producing the outburst (see Section 4.6). As an example, in Fig. 5.17
extracted light curve parameters of Fromm et al. [2014] are shown, for three
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Figure 5.17: Frequency-dependent light curve parameters and their variation with d.
From left to right the flare amplitude, flare time scale and cross-band delays
are shown, each at three values of d, namely d = —0.3, 0.0, and 0.3. The
other indices are kept constant with b = 1.5 and s = 2.5. For the first
and second panels from the left solid lines represent the rising part of the
light curve, while dashed lines are used for the slopes of the decaying part.
Numerical values for the slopes are shown with that of the decaying part
in parenthesis. Image adopted from Fromm et al. [2014].

different values of the Doppler factor index d. From the slopes obtained through
observed light curves, the values of s, b, and d can be constrained.
This is what we do in the sections to follow.

5.7.3 Results

Overall, the slopes extracted from the multi-wavelength light curves indicate a
good agreement of trends with expectations of the shock-in-jet model. A fact
advocating for a shock origin of the 2008/2010 flare of PKS 1502+4-106. In the
following paragraphs the observed light curve parameters (cross-band delays,
flare amplitudes and time scales) are presented and discussed in conjunction
with the results of the analytical shock-in-jet model simulations [Fromm et al.,
2014]. The slopes for all light curve parameters extracted through the power
law fits are as follows: for the cross-frequency delays €yme—1ag ~ —0.6 (see Fig.
5.15), for the rising and decaying part of the flare, obtained through the GP
regression time scale €faretimeriseGp ~ 0.08 and €fare time decay gp = 0.04, respec-
tively. For the same parameter the decomposition into exponential flares gives
€flare timeriseexp ~ 0-06 and. €fare time decayexp ~ —0.3. Finally, for the flare ampli-
tudes we obtain (averaging between the results of GP regression and exponential
flares) €flare amprise ~ 0.7 and €fare amp decay ~ —0.3, respectively. In the following
we search the parameter space and try to constrain the shock physical parame-
ters their evolution.
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5.7.3.1 Cross-band delays

The frequency-dependent time lags, T, obtained through our relative flare timing
analysis have already been shown in Fig. 5.15 and used to estimate the distance
of each radio core—or unit-opacity surface—to the vertex of the conical jet and
the magnetic field strengths along it. Here, we compare these values with the
predictions for cross-band delays obtained through the simulations of Fromm
et al. [2014].

Firstly, a general good agreement is found between the frequency depen-
dence of T, shown in Fig. 5.15, and the shock model predictions shown in
Fig. 5.17 (right). The most stringent constraint to the physical parameters of
the jet of PKS 15024106 is set by the power-law slope of the observed time lags,
€time—lag = —1/kr (see Section 5.5). That is because only a limited area of the pa-
rameter space can accommodate for the obtained value €jme—1ag ~ —0.6 (see Fig.
5.15). This value is obtained by averaging over the two values arising from the
GP regression and the DCCF analysis and is in accord with the pattern expected
from the shock model. From a comparison with the parameter space plots pro-
vided in Fig. 11, 12, 13, and 14 of Fromm et al. [2014], we obtain the value of
parameter d, being in the range of slopes €iime 1ag, consistent with d = —0.15.
Although a slightly higher (absolute) value between —0.15 and —0.3 cannot be
excluded. In Fig. 5.18 the aforementioned figures of Fromm et al. [2014] are
partially reproduced for visualization of the results. Through the slope of the
frequency-dependent cross-band delays, one can safely exclude the scenario of
a decelerating jet. Our findings in fact suggest the presence of a certain degree
of acceleration taking place within the relativistic jet of PKS 15024-106.

5.7.3.2 Flare amplitude

The frequency dependence of flare amplitudes as obtained in Section 5.4 is
shown in Fig. 5.19. Results from both GP regression and decomposition into
exponential flares are visible on the same plot. Flare amplitudes rise with fre-
quency until they culminate at a frequency of about 43 GHz, after which the
amplitude of the flare drops. The rise and decay wings follow a trend that is
well described by a broken power law in very good agreement with the shock
model expectations (cf. Fig. 5.17 (left) and 5.19). Fig. 5.19 also shows the slopes
extracted for each method via a power-law fit. Both approaches (GP and expo-
nential flare decomposition) yield very consistent results with the slopes being
€flareamprise ~ 0.7 for the rising part of the flare amplitude as frequency increases
and €flareamp decay ~ —0.3 for the decaying part.

With the Doppler factor adequately constrained from the slope of observed
time lags, we proceed by comparing the two slopes €fare amp rise ad €flare amp decay
with the simulation results in order to constrain the values of parameters b and
s, governing the evolution of the magnetic field and its topology and the elec-
tron energy distribution, respectively. From Fig. 5.18 we conclude that parame-
ter b, using €flareamprise ~ 0.7, can be accurately constrained within the range
1.5 S b < 2.0. However, the slope of the decaying part allows for a small range
of 1 < b < 1.3. As such, the magnetic field configuration cannot be adequately
constrained since it relies heavily on those slopes and the Doppler factor. The sit-
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Figure 5.19: Frequency-dependent flare amplitudes. Triangles denote the values ob-
tained through Gaussian process regression and circles those from expo-
nential flare decomposition. Fitted power law functions are also shown fol-
lowing the same color coding and showing the rise and decay wings with
respect to frequency. Best-fit power-law indices are shown on the plot.

uation is, in essence, the same for for parameter s to which also poor constraints
can be set.

5.7.3.3 Flare time scales

In Fig. 5.20 and 5.21 we show the observed frequency-dependent flare time
scales obtained through decomposition into exponential flares and Gaussian
process regression, respectively. Results do not agree well with each other. A
power-law fit is nevertheless attempted yielding the slopes for the rise and de-
cay time through GP regression €fare timeriseGp ~ 0.08 and €gare time decay GP ~
0.04. Flare rise and decay slopes obtained from flare decomposition values are
€flare timeriseexp ~ 0.06 and €fare time decayexp ~ —0.3. The time scale of the flare
decay cannot be adequately described by a power law. Nevertheless, we show
an attempt in both cases but we do not use it for any inference.

The power-law slopes of the rising part of the flare with both methods give
comparable results. Comparing with the model simulations we obtain a sightly
higher (absolute) value for the Doppler factor parameter being consistent with
d = —0.45.

58 CHAPTER SUMMARY AND CONCLUDING REMARKS

In the preset chapter we exploited the dense, long-term F-GAMMA radio light
curves in the frequency range 2.64-142.33 GHz obtained with the Effelsberg 100-
m and IRAM 30-m. Additionally, light curves at 15.00 and 226.6 GHz were used
from the OVRO 40 m monitoring program and the Submillimeter Array. Finally,
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Figure 5.20: Frequency-dependent flare variability time scales, through the decomposi-
tion into exponential flares. Purple circles correspond to the rising part of
the light curve at each frequency, while filled green squares to the decay-
ing part. Solid lines, color-coded according to the data, indicate the best-fit
power-law of the form av®. Indices b = {eﬂaretimeriseexp/ €flare time decayexp}

are shown on the plot.
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Figure 5.21: Frequency-dependent flare variability time scales, through Gaussian pro-
cess regression. Purple circles correspond to the rising part of the light
curve at each frequency, while filled green squares to the decaying part.
Solid lines, color-coded according to the data, indicate the best-fit power-
law of the form av®. Indices b = {€fare time rise GP/ eﬂaretimedecayGP} are

shown on the plot.
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the set was completed with the monthly-sampled Fermi/LAT y-ray light curve
(see Fig. 5.3, 5.4, and 5.5).

The data processing steps were presented in detail in Section 5.2. Those con-
cern the reduction of data from both the main F-GAMMA facilities, namely the
Effelsberg 100-m and IRAM 30-m.

A detailed section was devoted to the three independent approaches used
in order to quantify the observed flare of PKS 1502+106 in the time domain.
Those are: (i) a light curve decomposition into exponential flares (Section 5.4.1),
(ii) a Gaussian process (GP) regression algorithm (Section 5.4.2), and to asses
the presence of correlated variability, (iii) a discrete cross-correlation function
(DCCEF; Section 5.4.3). This is among the first times that GP regression is used
in the field of blazar variability and it has shown to perform well. It is a viable
approach to the problem of “fitting” discrete, unevenly sampled, blazar light
curves and extracting relevant parameters.

The flare in PKS 15024106 is a “clean”, isolated outburst clearly seen across
observing frequencies. Our findings include cross-band delays (see Sections.5
and Fig. 5.15), flare amplitudes (see Sections.7.3 and Fig. 5.19), and flare time
scales (see Sections.7.3 along with Fig. 5.20 and 5.21). The aforementioned light
curve parameters show a characteristic dependence on frequency that can be
approximated by a power law.

The flare amplitude follows an increasing trend—up to the frequency of
43 GHz where it peaks—after which a decreasing trend follows (Fig. 5.19). The
second attribute is the delay with which the flare peaks. This is characterized
by increasing time delay towards lower frequencies (Fig. 5.15). The flare rising
time is increasing with frequency and after the peak flux density is reached the
flare decays with a time scale that appears discrepant using our two methods
(Fig. 5.20 and 5.21).

Through the observed opacity-driven time lags the structure of PKS 1502+106
in terms of synchrotron opacity is deduced—i.e. using a “time-lag core-shift”
method (see Table 5.7). The positions of the 10 radio unit-opacity surfaces at
all frequencies with respect to the vertex of an assumed-conical jet were de-
duced, with distances in the range ~10.0 to ~3 pc. These frequency-dependent
core positions allow for the calculation of the equipartition magnetic field val-
ues along the jet, at the position of each core, Bcore, and also at a distance of
1 pc from the jet base, B1 . (see Table 5.8). The former, between the frequencies
of 2.64 and 86.24 GHz are found to be in the range between Biorez64 ~ 3mG
and Bioregs.oy4 ~ 16 mG. For the latter, our figures indicate an average value of
(Bipc) =33+4mG.

In combination with the findings of Fuhrmann et al. [2014] the location of the
Y-ray emission region is constrained. It is located at approximately 2 pc away
from the jet base, well beyond the bulk of BLR material of PKS 1502+106. This
yields a contribution of IR torus photons and/or SSC to the production of y rays
in PKS 15024106

Finally, we compare our findings (slopes of the frequency-dependent light
curve parameters) with the expectations of the shock-in-jet model through the
analytical simulations of Fromm et al. [2014]. The flare appears to comply with
the typical evolution and its overall behavior in the time domain is in accord
with the shock-in-jet scenario. We constrain the indices governing the evolution
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of physical parameters along the jet d for the Doppler factor, b for the magnetic
tield, and s for the electron energy distribution (see 5.7.1) in the ranges —0.30 <
d < —0.15 with most probable value towards the lower end of this range. In
any case, from the good constraints on d, it follows that the jet is most probably
accelerating with the Doppler factor increasing as we move along the jet. This is
in agreement with the conclusions of the VLBI kinematical analysis. Parameters
b and s, cannot be adequately constrained since they depend heavily on Doppler
factor.

Forthcoming comparison in the frequency domain and extraction of the slopes
during the flare evolutionary path in the vimax—Smax plane, will shed more light
on the physical conditions of the shock and its evolution with distance within
the jet flow.

When seen in light of the VLBI findings discussed in Chapter 4, the results
of this chapter corroborate the scenario that there exists a certain amount of
acceleration within the relativistic outflow and that the flare of PKS 1502+106
was induced by a shock, seen at high-frequency VLBI images as component C3
traveling downstream the core at 43 /86 GHz maps. This traveling disturbance is
associated with the multi-frequency flare seen from radio up to y-ray energies.



THE VIEWING ANGLE TOWARDS THE RADIO- AND
GAMMA-RAY-LOUD NARROW-LINE SEYFERT 1 GALAXY
1Ho0323+342

6.1 INTRODUCTION

Narrow-line Seyfert 1 galaxies (NLS1) are a distinct sub-class of AGN (see Chap-
ter 1 for a short introduction to AGN classification). Recently, the discovery of a
new population of few radio- and y-ray-loud NLS1 rendered them the third -
ray emitting AGN class on top of radiogalaxies and blazars [Abdo et al., 2009a].
In the wake of this discovery our understanding of jet launching, physical condi-
tions, and hosts of relativistic jets is put to the test. NLS1 galaxies through their
physical characteristics extend the parameter space for the study of extragalactic
jets to the lower mass-higher mass accretion rate regime. One of them is even
thought of being harbored in a spiral galaxy, adding to the handful of spirals
featuring such jets, with 0313—192 being the first [Ledlow et al., 1998, 2001] and
J16494-2635 the latest addition [Mao et al., 2015] to this short list of sources.

Classification of NLS1 is based upon their optical emission line spectra. Their
spectra feature hydrogen Balmer lines narrower than the rest of the Seyfert 1
class—i.e. their broad emission lines are narrower. Defining criteria for the clas-
sification as NLS1 are [Osterbrock and Pogge, 1985; Goodrich, 1989]:

1. An optical spectrum with H line width FWHM(Hf() < 2000 km s,

2. low line-intensity ratio of [OIII] A5007 /(HB) < 3—i.e. weak forbidden lines,
and

3. sometimes presence of strong Fell emission lines.

NLS1 galaxies are usually radio-quiet (we will return to this soon) with SMBH
masses in the range 10°~10% M, accretion luminosities ~0.01-0.49 Lg4q and jet
powers ~1042:6_104>-6 erg s~ [Foschini et al., 2015, see also Komossa [2008] and
Pogge [2000] for reviews].

6.1.1  Radio-loud NLS1 galaxies

Only a small fraction of AGN are radio-loud, with index R > 10 (see Section
1.5 for the definition). The exact causes for this dichotomy are not yet clear but
the fact is that only 15-20% of all AGN are radio-loud [see Urry and Padovani,
1995, and references therein].

During early efforts of studying their radio properties, NLS1s appeared to
largely belong to the prevalent species of radio-quiet AGN [Ulvestad et al., 1995;
Moran, 2000]. There were only a few exceptions to what seemed to be the rule
[Remillard et al., 1986; Grupe, 2000; Zhou et al., 2003].

New surveys have increased the number of sources with R > 10 thus giving
birth to the new breed of radio-loud NLST (RLNLST). In a systematic search for
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Figure 6.1: Radio SED of 1H 0323+342. Data points are connected with line segments to
facilitate visual inspection. For the same reason one spectrum every five is
colored. The legend shows the observation date of the quasi-simultaneous
SED in the form of fractional year.

strong radio signatures from NLSTs, Komossa et al. [2006] studied a sample of
128 sources concluding that:

¢ about 7% of NLS1 galaxies are radio loud with R > 10,
¢ only 2.5% exceed a radio-loudness index of R > 100,

* the majority of RLNLS1 show compact steep-spectrum (CSS) characteris-
tics both morphologically and spectrally, and

* their black-hole masses are generally higher than their radio-quiet coun-
terparts (RQNLS1s) while RLNLST accrete close to or above the Eddington
mass accretion limit, Mpgq (see Section 1.7.3).

The entire population of RLNLS1 can be divided into two sub-classes, those
resembling steep-spectrum radio sources and those characterized by flat or in-
verted spectra, intense variability and possibly relativistic Doppler boosting—i.e.
blazar-like attributes [Yuan et al., 2008]. In Fig. 6.1 and Fig. 6.2 the radio SED
and light curve of TH 03234342 are shown, respectively. This source is a good
example of a RLNLS1 exhibiting blazar-like behavior.

6.1.2 Radio- and y-ray-loud NLST1 galaxies

Detection of ]J09484-0022 as the first RLNLS1 at MeV /GeV energies by Fermi/LAT
was a turning point providing more insights into these intriguing objects and
clear evidence that they can produce and sustain relativistic jets [Abdo et al.,
2009a; Foschini et al., 2010]. In its first year of science operations Fermi detected
four y-ray emitting NLS1 [Abdo et al., 2009c] while as of today a total number
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Figure 6.2: Radio light curves of TH 03234342 at all frequency bands employed by the
F-GAMMA monitoring program.

of seven are known to be emitting at MeV /GeV energies (see Table 6.1 and refer-
ences therein). These sources with their observed spectral energy distributions
sufficiently extending towards y-ray energies have revealed even more dramati-
cally their resemblance to powerful beamed blazars (see Fig. 6.3).

Subsequent multi-wavelength monitoring campaigns undertaken ever since
have revealed the complex nature of these objects and lent ground to the sce-
nario that these sources feature relativistic jets viewed at moderate angles to the
observer’s line of sight [e.g. Abdo et al., 2009b; Foschini et al., 2011; Giroletti
et al., 2011; Fuhrmann et al., 2011; D’Ammando et al., 2014, 2015].

Angelakis et al. [2015] have presented the most recent systematic study of
v-ray-emitting RLNLS]1 galaxies at radio bands between 2.64-143.22 GHz under
the auspices of the F-GAMMA monitoring program (see Section 5.2). Based on
observations of a sample of four radio- and y-loud NLS1s spanning a time pe-
riod of more than five years, they conclude that their phenomenology in the
time and frequency domain is consistent with that of blazars, namely spectral
evolution and rapid variability. However, reported flux densities and variability
amplitudes of individual flaring events appear smaller than those of powerful
blazars. Spectral evolution could hint towards the presence of evolving shocks
within the flow of an underlying steady-state radio jet. As an example, the F-
GAMMA radio light curves of TH 0323+342 seen in Fig. 6.2 and spectra in Fig.
6.1 show intense variability and spectral evolution reminiscent of evolving in-
ternal shocks. Additionally, the steep and steady appearance of the spectrum
towards lower frequencies is indicative of the presence of a quiescent-state jet
which also justifies the estimates of the jet power (see Table 6.1). The mean spec-
tral index between 2.64-8.35GHz is —0.21 [Angelakis et al., 2015]; i.e. flat (on
average) as expected for blazar-type objects.
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Figure 6.3: Spectral energy distributions of AGN and of the y-loud RLNLS1 J0948-+0022
(orange data points without fit). Blazar SEDs are shown in colored points
along with their respective best-fit SED models. Starting from top (black
line) to bottom (blue), one moves from FSRQs to BL Lacs along the “blazar
sequence”. Also shown for comparison are SEDs of the radio galaxies NGC
6251, Centaurus A, and M87. Image from Foschini et al. [2010].

SOURCE z PjTet, rad Pth, kin PjJ[et, tot M%H
(ergs_l) (ergs_1) (erg ) (x10” Mg)

032443410 0.061 1.7 x 104 3.0x10% 4.7 x10%3 3.6
J0849+5108 0.584 6.6 x 104 25x10% 3.1 x10% 3.2
J0948-+0022 0.585 7.9 x10% 3.0x10% 3.7 x10% 7.5
J1102+42239 0.453 .. ... .. 1.5
J1246+0238 0.363 . .. . 5.9
J1505+0326 0409  5.0x10% 1.7x10% 5.0x10% 1.9
J2007—4434 0.240 . . . 0.43

Table 6.1: The seven y-ray-detected RLNLS1 galaxies and their physical characteristics.
Columns from left to right: (1) source name under the J2000 designation; (2)
redshift; (3) radiative, (4) kinetic, and (5) total jet powers; and finally (6) esti-
mated mass of their SMBH.

References: TAngelakis et al. [2015]; ¥Foschini et al. [2015]
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6.2 WHY ARE NLS1 GALAXIES INTERESTING AFTER ALL?

In summary, this new and distinct class of y-ray emitting AGN (besides blazars
and radiogalaxies) are interesting for a number of reasons. Among other:

* They extend the study of relativistic jet formation and propagation to-
wards the lower end of the distributions of black hole masses and jet pow-
ers (see e.g. Table 6.1).

¢ They present a population well-suited for discussing and comparing analo-
gies and differences to traditional high-powered blazars.

¢ Exhibiting small BH masses but high mass accretion rates, close to the
Eddington limit, they could corroborate the hypothesis that the FRI-FRII
division originates in differences of accretion rate with respect to the Ed-
dington limit and not its absolute values.

* Properties of relativistic jets are intimately connected to the accretion flow
fueling them. Parameters such as the magnetic field threading the SMBH,
its spin, and accretion rate tune the launching and subsequent accelera-
tion mechanisms, ultimately leading to powerful jets or not. In the extra-
galactic realm the dichotomy between FRI-FRII objects and their beamed
counterparts—BL Lacs and FSRQs, respectively—may originate here. In
the case of FRIs a sub-Eddington mass accretion rate could lead to radia-
tively inefficient accretion flows, thus giving rise to weaker jets. On the
other hand, FR1Is could be explained through accretion rates close to the
Eddington limit resulting in bright disks and powerful jets [Ghisellini and
Celotti, 2001]. As such, through the study of their jets, NLSTs can shed
some light on the properties of their accretion flows.

¢ Finally, the observationally well-documented but not yet confirmed pos-
sibility that TH 0323+342 is hosted by a one-armed spiral or ring-shaped
galaxy (see Sect. 6.3 and references therein) questions the usual notion that
ellipticals are much more likely to host relativistic jets.

Putative blazar-like characteristics of NLS1 make the determination of the
prime unification parameter, the viewing angle towards these accretion-powered
systems, an observable of uttermost importance. The present study is among the
first to address this issue for NLS1s, using VLBI and single-dish radio monitor-
ing data. In the following, VLBI images at 15 GHz from the MOJAVE monitor-
ing program [Lister et al., 2009] in combination with the findings of Angelakis
et al. [2015] from the FF-GAMMA monitoring, allow for the calculation of the
viewing angle towards a prime radio- and y-ray-loud NLS1 example, namely
TH 0323+342.

6.3 THE SOURCE: 1H 0323+342 (A.K.A. J0324+3410)

At redshift z = 0.061 [Marcha et al., 1996] TH 03234342 is the closest of the
seven y-ray emitting RLNLS1 posing a curious case due to the morphological
characteristic of its galactic host. Deep imaging using the Hubble Space Telescope
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(HST) suggests that the host is a one-arm spiral [Zhou et al., 2007], while ground-
based observations with the Nordic Optical Telescope (NOT) point towards a
ring-like host, possible remnant of a previous galaxy-galaxy merging episode
[Anton et al., 2008]. In any case, the unusual non-elliptical morphology of the
host challenges the paradigm under which relativistic jets are more prevalent
among giant elliptical galaxies [Ho, 2002; Sikora et al., 2007].

The mass of its central black hole is estimated to be 3.6 x 10 M, [Foschini
et al.,, 2015] a figure in accordance to the mass estimate from SED modeling of
107 M [Abdo et al., 2009c, see Table 6.1].

Estimates of the accretion disk luminosity are also obtained from Abdo et al.
[2009c] with Ly = 1.4 x 10% ergs™! translating into 0.9 Lgqq, a value not
unheard-of for NLSTs. What is remarkable about TH 03234342 is its extreme
radio loudness with index R = 318 [Foschini, 2011], a signature of its relativistic-
jet activity.

Angelakis et al. [2015] discuss also the polarization characteristics of the source
both at radio and in the R optical band. At 4.85 GHz they report 7% and at
8.35 GHz, 6% of fractional linear polarization, with electric vector position angles
(EVPA) of ~44° and ~36° at these frequency bands, respectively. These values are
significantly higher than average values of radio linear polarization observed in
AGN. In the R band it shows a low level of fractional linear polarization that
does not exceed ~3%.

Within the timespan of the FF-GAMMA observations the source has undergone
significant radio variability at all bands. The variability amplitudes are moderate
but the frequency of outbursts seen across observing frequencies is very high.
Through the characteristics of these flares, namely their amplitudes and time
scales, Angelakis et al. [2015] estimate variability Doppler factors for the source
(see Section 6.9.2). A visual inspection of the total-intensity F-GAMMA light
curves in Fig. 6.2 is indicative of this fast variability.

Finally, at the highest TeV energies a 2.50 marginal detection using the Whip-
ple 10 m imaging air Cerenkov y-ray telescope is reported in Falcone et al. [2004].

Due to its proximity 1H 03234-342 is an ideal—and possibly only—candidate
for detailed studies of radio- and y-ray-loud NLS1 galaxies. Exploiting VLBI
data at 15 GHz we are able to shed some light onto this intriguing source.

At a redshift z = 0.061 an angular separation of 1 mas corresponds to 1.16 pc
and a proper motion of 1masyr~' translates into an apparent velocity Bapp =
4.01, with Bapp defined as the apparent velocity in units of the speed of light,
Bapp = Vapp/c. The luminosity distance of TH0323+342 is Dy, is 269.9 Mpc.

64 VLBI OBSERVATIONS AND DATA REDUCTION

1H 0323+342 was regularly monitored by the Monitoring Of Jets in Active galac-
tic nuclei with VLBA Experiments (MOJAVE") program at 15 GHz [Lister et al.,
2009] until their sample revision, with the new sample including only sources of
the Second Catalog of Active Galactic Nuclei Detected by the Fermi/LAT [2LAC;
Ackermann et al., 2011] with a spectral index harder than 2.1. In any case a total
number of eight observing epochs are available spanning the time period be-

1 http://www.physics.purdue.edu/MOJAVE/
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OBS. DATE ARRAY Speak RMS Stotal  Pmaj  bmin PA

(beearrf1 ) (m]ybeam*1 )  (Jy) (mas) (mas) (®)
2010-10-15 VLBA1g 0.216 0.35 0.308 0.745 0432 3.7
2011-03-05 VLBA 1 0.344 0.39 0414 0.707 0584 —13.2
2011-05-26 VLBA1¢ 0.264 0.40 0342 0.714 0437 938
2011-07-15 VLBA1¢ 0.222 0.40 0.295 0.761 0450 —8.1
2011-12-29 VLBA 1 0.314 0.43 0378 0.710 0.495 2.6
2012-07-12 VLBA¢ 0.191 0.39 0.237 0.822 0429 -—-185
2012-12-23 VLBA;o 0.206 0.43 0.205 0.918 0.540 14.7
2013-07-08 VLBA1¢ 0.145 0.26 0.220 0.704 0431 —11.6

Table 6.2: Summary of the 8 observing epochs at 15GHz of 1H0323+342 obtained
within the MOJAVE monitoring program. Columns from left to right: (1) date
of observation; (2) array elements; (3) peak flux density; (4) RMS noise level;
(5) total flux density of components in the MODELFIT image; (6) major and (7)
minor axes along with the (8) position angle of the restoring beam. All param-
eters listed in the table correspond to the final, untapered, unifrom-weighted
MODELFIT image. VLBA( station designations: BR — Brewster; FD — Fort
Davis; HN — Hancock; KP — Kitt Peak; LA — Los Alamos; MK — Mauna Kea;
NL - North Liberty; OV — Owens Valley; PT — Pie Town; SC - St. Croix.

tween 2010 October 15 until 2013 June 8. A summary of the VLBI observations
is presented in Table 6.2.

Data are in the form of fully self-calibrated interferometric visibilities and
the necessary steps of imaging and modelfitting were performed within the
DIFMAP package [Shepherd, 1997; Shepherd et al., 1994]. There, the brightness
distribution of the source is modeled by two-dimensional Gaussian functions
utilizing a least-squares fitting method. For details on the specifics of the method
see Section 3.2.4 where also MODELFIT parameter uncertainties are discussed.
MODELFIT results are shown in Table C.1.

65 PARSEC-SCALE JET MORPHOLOGY

Fig. 6.4 shows the final MODELFIT maps of TH 0323+342 at 15 GHz. The source
is characterized by a one-sided jet that appears remarkably straight laying at a
mean position angle of ~124° (see Fig. 6.5) and extends out to almost 10 mas
from its bright, unresolved core.

It can also be seen in the VLBI maps, that the jet of TH 03234-342 is not undis-
rupted all the way until its maximum angular extent. Further downstream from
the core, at a distance variable with time, the jet exhibits a gap of emission. On
average this gap is visible between 3-6 mas away from the core at the PA of the
jet, whereafter the flow becomes visible again.

At our observing frequency the jet can be decomposed into 6 to 9 MODELFIT
components with a number of 7 being used more frequently in order to describe
its structural dynamics. Based on the parameters of the model and their tempo-
ral evolution we are able to positively cross-identify 7 components between all
eight observing epochs. Starting from the outermost one—in terms of radial sep-
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aration from the core—the letter C is used, followed by a number between 1 and
6 to designate and hereafter refer to them. Apart from traveling components, our
findings suggest the presence of a quasi-stationary component, referred to with
the letter S, positioned very close to the core at a mean distance of ~0.3 mas. Fur-
thermore, at epoch 2013.52 a new component emerges, most probably ejected
at some time between the latest two observing epochs; i.e. between 2012.98 and
2013.52 (see Sect. 6.7). We refer to this knot as NC which stands for new compo-
nent (cf. VLBI maps in Fig. 6.4).

6.6 RADIO FLUX DENSITY DECOMPOSITION

As can be seen in Fig. 6.6 the main flaring component at 15 GHz, according to
our VLBI findings, appears to be the core with all other jet components within
the jet of TH0323+342 sharing a low and largely constant flux density level.
Comparison between the F-GAMMA filled-aperture light curve at 15 GHz and
the VLBI total flux density of all components indicates that VLBI flux densities
account for most of the single-dish flux density, a hint that extended structure—
for VLBI scales—does not contribute a significant flux density level. It, in fact,
hints that the total intensity flares originate in the unresolved 15 GHz core region
of the source, since the core flux accounts for most of the observed VLBI flux
density and also due to the fact that other components show non-significant
temporal flux density variations.

6.7 SOURCE KINEMATICS

The kinematical parameters for each knot are obtained through a weighted lin-
ear regression fit of their positions relative to the core with respect to time. In Fig.
6.7 each component’s radial separation from the core at each observing epoch
is shown, along with the linear fits, from the slope of which we deduce their
velocity relative to the core. Making use of Eq. 4—1 once more, we obtain the
apparent velocities of components in units of speed of light (c).

As it is readily seen from the slopes in Fig. 6.7 the jet is characterized by three
Bapp regimes. In the region closest to the core, containing the quasi-stationary
feature, S, and component C6, the apparent velocities are very low in compar-
ison to other superluminal sources. For S it is Bapp =~ 0.1, while for C6 the
apparent velocity is 0.93 c.

Further outwards, beyond the first mas where the jet is still visible, but before
the area void of radio emission, Bapp shows an increasing trend. There, superlu-
minal knots C5 and C4 travel with apparent velocities of ~4 ¢ and ~7 ¢, respec-
tively. Superluminal knot Cj4 is the fastest moving component in the relativistic
flow of TH 0323+-342.

After the gap of emission when the jet becomes visible again, the flow is again
characterized by slower speeds. Components C3, C2 and C1 are used to describe
the elongated area of emission extending out to a radial distance between 6-
10mas away from the core. Their speeds are superluminal, only slightly slower
than in the jet area before the gap, with Bapp c3 = 1.6, Bapp,c2 =~ 3, and Papp, c1 =~
4.
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Uniform-weighted MODELFIT maps of TH0323+342 at 15GHz from the
VLBA. Contour levels correspond to —0.3%, 0.3%, 0.6%, 1.2%, 2.4%, 4.8%,
9.6%, 19.2%, and 38.4% of the highest peak flux density of 0.344 Jy/beam
(epoch 2011.17) as a common reference. All maps are convolved with an
average beam with major and minor axes of 0.768 and 0.481 mas, respectively
with the major axis at a PA of —5°. Also shown, is the coverage for the uv-
plane associated to the observation.
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6.8 JET-TO-COUNTER-JET RATIO

90

Figure 6.5: Position angle (PA) of all fitted components at all epochs. The jet axis remains
strikingly stable at a mean PA of ~124° over ~3 yr. Here, only the southern-
most region of the plane is shown with 0° to the North (not shown).

Additionally, ejection times of knots are deduced by back-extrapolation to
the time of zero separation form the core and are given in the last column of
Table 6.3. The source appears very active in this respect showing an ejection of
a new VLBI component every ~2.6 years on average. Due to the limited time
baseline of the single-dish observations, we are unable to establish a one-to-
one correspondence between component ejection times and total intensity flares.
This becomes clearer from the estimated ejection times of components reported
in Table 6.3, none of which appears to have separated from the core within
the time baseline of our filled-aperture radio monitoring. The only exception
appears to be a new jet component (refereed to as NC) only seen to be present
in the data of the last epoch (2013.52, see Fig. 6.7). Given the flaring activity
preceding its separation form the core, this knot could be tentatively associated
with the highest-peaking flare seen in the single-dish data (Fig. 6.2) at epoch
~2013.1. Its integrated flux density at this epoch is ~19 mJy (see Table C.1).

Results of the VLBI kinematic study are summarized in Table 6.3.

6.8 JET-TO-COUNTER-JET RATIO

Despite the fact that there is no sign of emission from the counter-jet side of the
source (see VLBI maps in Fig. 6.4), we have nonetheless tried to constrain its
non-observability as much as possible. First, the VLBI map with the best signal-
to-noise ratio was selected. Using the CLEAN algorithm [Hogbom, 1974] and by
utilizing CLEAN windows to constrain the area where the algorithm searches
for peaks, we have tried to place delta components at the opposite side of the
jet in an effort to “artificially create” a fake counter-jet. Mostly positive and
negative components with no significant flux (below the noise level of the map)
were fitted in this area of the image—if at all—as expected. Another test was
performed using the MODELFIT algorithm this time by attempting to fit the
phase-only self-calibrated visibilities with circular Gaussian components. The
results were negative in this case too, with no significant components laying on
the opposite side of the jet.
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Figure 6.6: Light curves of all VLBI components. Bottom panel also shows the total in-
tensity single-dish light curve at 15 GHz obtained within FGAMMA. Note
the different flux density scales. Light curve of the quasi-stationary compo-
nent, S, is plotted in both plot for visual comparison of the different flux
density scales. Note the fast variability pattern of TH 0323+342 and the low-
frequency of VLBI sampling compared to it.
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Figure 6.7: Temporal evolution of fitted component separation from the core. Line seg-
ments represent the best-fit linear model describing each knot’s kinematical
behavior. Apart from robustly identified knots (C#), open squares denote
non-robust features. The new component (NC), visible in the latest epoch
only, is shown as a red square right after the quasi-stationary feature S.

KNOT v Bapp tej
(masy~') (©) (yr)
C1 1.07+0.09 4.38+0.35 2003.93+0.71
C2 0.74+0.15 3.03+0.63 2002.03+2.06
C3 038+0.26 158+1.06 1994.58+12.13
Ca 1.69£0.07 6.92+0.29 2009.89 +0.08
Cs 1.004+0.20 4.12+0.82 2010.124+0.28
C6 023+0.06 0.93+0.24 2008.33 +£0.91
S 0.02+£0.01 0.10£0.05 1998.68 £7.64

Table 6.3: Kinematical parameters of all VLBI components of 1H 0323+342. Columns
from left to right: (1) knot designation; (2) proper motion in masy~'; (3) Ap-
parent velocity in units of c; (4) time of zero core separation—i.e. time of
component ejection.
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Doppler boosting is responsible for the apparent enhancement of emission in
extragalactic jets, while deboosting leads to the opposite effect; that is, suppres-
sion of emission from the counter-jet side of such sources. It is almost certain
that boosting is responsible for the one-sidedness of—what are believed to be—
intrinsically symmetric dipolar outflows, at least most times. Both flavors of the
effect are consequences of the theory of special relativity and are closely con-
nected to the viewing angle towards the source.

Estimation of the jet-to-counter-jet ratio, R, can yield important insights into
the conditions of the jet, especially when combining VLBI and single-dish ob-
servations as we do in this study. R represents the ratio of flux densities of the
approaching and receding jets and is given by [e.g. Urry and Padovani, 1995]

2—«
R — Syet :<1+ﬁcose> (6-1)
Scjet 1—fcos6

where, 3 and 0 are the intrinsic speed and jet angle to the observer’s line of sight.
Exponent (2 — «) refers to a continuous jet flow and can change to (3 — «) for a
blobby jet, with « the spectral index of the optically thin part of the emission
(see Section 1.7.2).

In the case of NLST galaxy 1H 03234342 the total flux density of all compo-
nents in the VLBA images is associated with the jet, while counter-jet emission
is not detected—i.e. at the opposite direction of the core and to the North (see
Fig 6.4). Under the assumption that Doppler de-boosting is responsible for the
suppression of the counter-jet one can obtain a lower limit for the jet-to-counter-
jet ratio R. For that, we use the VLBI map with the best signal-to-noise ratio;
that is the highest peak flux density over the lowest rms error, on 2011 March
5. The 30 root mean square noise level in the MODELFIT map (rms = 0.38
m]Jybeam ') was taken as the upper limit for the counter-jet flux density level,
since any counter-jet emission ought to be below this level. Then, through the
expression

R = Set — E (6—2)

Sc]et 53 o

we estimate that R > 363.54.

6.8.1 A first lower limit for the Doppler factor

From the jet-to-counter-jet ratio, R, and the measured apparent jet speed, Bapp,
one can already get a lower limit of the Doppler factor & from expression [e.g.
Kadler et al., 2012]

1+PcosO\2 ™ 2—o 1
k= (m) = (B +8?)” s =R BE, @)

with o being the spectral index defined as S o v*. Here we adopt « = —0.04
[Angelakis et al., 2015]. With the use of the aforementioned value for R and
the measured fastest apparent velocity Bapp = 6.9, we obtain an unphysical 6
(6 € I, imaginary). This is due to the square root in the last part of Eq. 6—3 and
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implies that in order to accommodate for this high measured apparent speed of
component C4 a jet/counter-jet ratio Rreq > 2646.0 is required. Ryeq is the lower
limit for R in order for the Doppler factor, o, to be real-valued. This high value
of R is in line with the lesser constrained R > 363.54 obtained directly from the
map and implies that significant Doppler beaming is at play.

6.0 THE VIEWING ANGLE TOWARDS 1H 03234342
6.9.1 Viewing angle using only VLBI data

A first estimate for the viewing angle towards the source can be obtained through
the combination of the measured, R, and required, Rreq, jet-to-counter-jet ratios
under the assumption that the intrinsic speed of the component is close to the
speed of light, i.e. letting 3 — 1, through the following expression [e.g. Kadler
et al., 2012]

1

RZ—x —1

0 <arccos | ——— p. (6—4)
RZ-« 41

For R = 363.54 one arrives to a viewing angle 6 < 26° but the solution is
rejected due to the unphysical Doppler factor it implies (see Section 6.8.1). For
Rreq = 2646.0 the more stringent constraint limits the viewing angle to 6 < 16°.

In Fig. 6.8 the parameter space for the intrinsic jet velocity, 3, and viewing
angle, 0, as constrained through the jet/counter-jet ratio and the observed Bapp.
The most rigorous constraints are put by the highest observed Bapp = 6.9 (red
shaded area) and the required jet-to-counter-jet ratio Rreq = 2646.0. The limiting
value of 0 < 16° is visible. They also constrain the area of possible intrinsic flow
speed to B 2 0.96, a number that indicates fast relativistic motion of the flow.
Gray shaded areas, based on lower values of the two parameters, constrain the
intrinsic parameters of the flow to a lesser extend—as expected. For example,
the light gray shaded area corresponds to possible combinations of 3 and 0
based on the lowest observed Bapp = 0.93.

Another way of constraining the viewing angle towards the source is the
following. Having a measured value for Bapp one can calculate the minimum
Lorentz factor in order to have this apparent speed. This is

Ymin = \/ ngp + 1. (6—5)

Then using Eq. 6—5 under the assumption that this is the Lorentz factor charac-
terizing the source, a lower limit for the viewing angle can be estimated through
[e.g. Urry and Padovani, 1995]

1
Ocrit = arcsin ( ) . (6-6)
min

In this way and for Bapp = 6.9, the minimum Lorentz factor is ymin = 6.97 and
Ocrit = 8.2°. For a discussion on the limitations of the critical viewing angle see
Section 4.5.3.
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Intrinsic speed of components, (3, and viewing angle, 6, constrained by the
observed apparent speed, Bapp, and the jet-to-counter-jet ratio, R. Shown are
the regions of valid 3 and 0 combinations according to highest and lowest
observed Bapp, 6.9 and 0.93, respectively. A further constraint is set by R,
measured from the map and required Rreq, in order for the Doppler factor to
be real-valued. The most stringent constraints are set by the highest apparent
speed and jet-to-counter-jet ratio, limiting the region of possible 3 and 0
combinations to the red shaded area.
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6.9.2 A powerful combination of VLBI and single-dish data

Combination of variability characteristics and VLBI kinematical parameters can
yield insights into the physical parameters of jets [see e.g. Section 4.4.1, 4.4.2,
and Hovatta et al., 2009]. Ideally, one needs to use the kinematical parameters
of the traveling VLBI knot causing the total intensity outburst (if any), however
this cannot be done in the case of TH 03234342 and the available data. With the
underlying assumption that regions exhibiting variability cannot be but causally
connected—i.e. the size of the emitting region cannot exceed the light travel time
across it (¥ < cAt, with At the variability time scale), we derive a Lorentz factor
estimate from

Baop + Oar +1
25Var

(6-7)

Yvar =

along with a viewing angle towards the source, Oy,r, given by

2Bapp
Ovar = arctan (6-8)
o <B§pp + 6\Zzar —1

where dy,r is the Doppler factor deduced from observed single-dish variability.

Using a novel flare detection and light curve decomposition method into in-
dividual flares, based on the F-GAMMA single-dish light curves, Angelakis
et al. [2015] provide estimates of the variability Doppler boosting factor for
1TH0323+342. The latter have been obtained by assuming that the observed
flare brightness temperature cannot exceed the brightness temperature limit of
5 x 10" K set by equipartition arguments [Readhead, 1994] and attributing any
excess to Doppler boosting. Using single-dish monitoring data spanning almost
five years they report the highest variability Doppler factor observed for the
source at 2.64 GHz, 8yar26, = 4.3. They also deduce a variability Doppler factor
at 14.60 GHz, being somewhat lower, namely 6yar 14.60 = 3.6.

Combining the observed highest apparent velocity seen in the 15GHz VLBI
monitoring data Bapp = 6.9 and dyar = 4.3 from single-dish data, using Eq. 6-7
and 6-8 we obtain for the variability Lorentz factor yyar ~ 7.8 and viewing angle
Ovar =~ 12°. We employ the highest observed Bapp because this sets the tightest
constraint to the viewing angle, for constant 3 (see Eq. 4—1). Use of the lower
value for the variability Doppler factor at 14.60 GHz leads to a higher Lorentz
factor yyar >~ 8.5 and a comparable value for the viewing angle Oy, =~ 13°.

Results of all calculations are summarized in Table 6.6.

6.10 DISCUSSION

A striking morphological feature of TH 03234342 is the gap of emission seen at
a radial separation between 3 and 6 mas from the core. Its exact nature is largely
unknown but nevertheless some hypotheses can be discussed. First, it could
be explained through geometrical considerations, meaning that the jet could be
starting at a small angle to the line of sight but later, as it propagates, interaction
with the ambient medium may cause it to deflect away from our line of sight.
Further downstream, as its axis comes again close to our line of sight, the jet
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SOURCE v Tvar dvar
(GHz) X)

J03244+3410 2.64 25x10'1 43
J0324+3410 14.60 18x10'" 36

Table 6.4: Findings of the single-dish analysis of Angelakis et al. [2015]. Columns from
left to right: (1) source name under the J2000 designation; (2) observing fre-
quency; (3) variability brightness temperature and (4) variability Doppler fac-
tor.

becomes visible and continues its largely straight path. Though not impossible,
this scenario would require a very small transversal component of the projected
PA, given the very straight morphology of the jet evident both before and after
the gap.

Reappearance of the jet after the zone void of radio emission could also be
explained as a shock (standing or traveling) indicating the onset of a deceleration
zone at ~6mas away from the core. A viable hypothesis is as follows. The jet
of TH0323+342 starts its expansion in a very straight geometry at a moderate
viewing angle. As it accelerates the radiation beaming cone becomes smaller-
and-smaller (see Section 1.7.1) and whilst the angle of the jet axis to our line of
sight remains relatively constant, the jet becomes invisible because the beaming
cone is too narrow. We are able to see the jet again when it decelerates and the
cone becomes wider again. This scenario can be checked by modeling the flux
density of VLBI components while approaching and emerging from the gap (see
Fig. 6.6).

What can readily be seen in Fig 6.7 from the eight epochs we discuss here
is that components appear to travel in ballistic trajectories (i.e. no clear sign
of acceleration) that are characterized by different speeds. This seems to disfa-
vor the scenario discussed in the previous paragraph. Observed speeds appear
to increase with component age in the area before the gap—i.e. older compo-
nents appear to travel faster. This trend of higher apparent speed with compo-
nent age continues also after the gap. In essence, in the full length of the jet
of TH 03234342 there exists a bimodal pattern with apparent speeds increasing,
both before and after the radio emission void. To allow for drawing more ro-
bust conclusions more data is needed along with a longer time baseline of VLBI
monitoring.

Finally, free-free absorption from the disk and/or a molecular torus obscur-
ing the central engine and part of the jet is also possible. This scenario would
imply that absorption renders the jet invisible at a de-projected distance rang-
ing between ~16-32pc from the 15GHz core. These figures although slightly
larger than usually quoted AGN tori inner radii, they are well within the range
of measured values for such structures [e.g. Struve and Conway, 2010]. In any
case, this possibility calls for spectral information in order to be corroborated.

A first indication that the viewing angle towards 1H 0323+342 should be in a
moderate range is the remarkably straight jet. Since the jet appears so aligned,
it follows that it should be directed to a not-so-small viewing angle, otherwise
PA variations would be greatly enhanced and more pronounced, as in the case
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of small viewing angles, due to relativistic aberration effects. While the viewing
angle can be loosely constrained through interferometric data only, the powerful
combination of VLBI and single-dish methods allows us to accurately estimate
it. We thus obtain a good estimate for it, being in the range 12°-13°. This figure
is slightly larger than the one obtained through the calculation of the critical
viewing angle being 0. = 8.2°. The values we obtain combining VLBI kinemat-
ics and single-dish variability are in accord with the looser constraints using the
jet-to-counter-jet ratio.

In Table 6.5 the calculated mean brightness temperature for each component
within the relativistic flow of 1H 03234342 is shown. Our VLBI results are in
good agreement with the values reported in Angelakis et al. [2015], obtained
through an independent method of single-dish light curve decomposition into
individual flares. Should the 15 GHz VLBI data were covering a longer time pe-
riod, we would be able to identify knot ejections with these individual flares. The
rapid variability pattern of the source (see lower panel of Fig. 6.6) is also a de-
terrent and VLBI monitoring campaigns with better time sampling are required.
In any case, the new component (NC) only seen to emerge in our latest epoch
in 2013 June 8, may be connected to the high-amplitude, multi-wavelength flare
observed in the single-dish, total-intensity data peaking at epoch ~2013.1 (see
Fig. 6.2).

Finally, the brightness temperatures deduced from single-dish variability and
those inferred from VLBI sizes and flux densities of individual components, are
in reasonable agreement with each other. Brightness temperature of the core and
also the first quasi-stationary feature are high and especially for the core, assum-
ing that it is naturally limited by equipartition, implies a moderate amount of
Doppler beaming.

In summary, a VLBI study of the y- and radio-loud NLST1 galaxy 1H 0323+-342
was presented. Using different methods and ultimately combining VLBI and
single-dish data we deduced the viewing angle towards the source in the range
12°-13°. The numbers are in accordance with other studies suggesting that
radio-loud NLS1s harbor mildly relativistic jets which are roughly estimated to
be viewed at a moderate angle to the line of sight (10°-15°) [see e.g. Richards
and Lister, 2015] in contrast to classical blazars and their ultra-relativistic out-
flows directed typically at 1°-5° [Hovatta et al., 2009]. This work embodies what
is among the first measurements of this important observable—within schemes
of unification by orientation—for this new class of intriguing objects.
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KNOT (Ty)

(K)
Ci  3.6x107
C2  64x107
C3  58x107
C3 3.8 x 107
Cs  9.2x107
Cc6  9.7x108
S  20x10'0

Core 1.3 x 10!

Table 6.5: Average brightness temperature of components deduced from VLBI. The
mean size of components across the 8 observing epochs is used.
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MEASURED QUANTITIES

INFERRED PARAMETERS

VLBI data only

R =363.54 del
p—1 0 < 26°
Rreq = 2646.0 deR
p—1 0 <16°
Critical values

Bapp =69 Ymin = 6.97

Ocrit = 8.2°

VLBI and single dish

Bapp =6.9 Yvar = 7.8
Oyar = 4.3 Oyar = 12°
Bapp = 6'9 ‘yVar - 8.5
6var - 3.6 evar - ]30

Table 6.6: Table of inferred physical parameters. The left column contains measured

quantities used in each calculation, leading to the values in the right column.

The table is divided in three parts that, from top to bottom, contain the results
obtained with the use of VLBI data only, the critical values for the Lorentz
factor (minimum value) and the viewing angle, and finally, results obtained
through the combination of VLBI and filled-aperture monitoring data.

149






CONCLUDING REMARKS AND OUTLOOK

The focal point of the thesis at hand was the multi-wavelength, VLBI and single-
dish study of the intense 2008/2010 outburst seen in the blazar PKS 1502+106.
This pronounced broadband flare, seen from radio up to y-ray energies, trig-
gered the first Fermi-GST multi-frequency campaign covering the electromag-
netic spectrum in its entirety, both with filled-aperture instruments and with
VLBI arrays.

Towards a better understanding of the inner workings of the source during
the pronounced flare, multi-epoch, single-dish and VLBI data were reduced and
analyzed. F-GAMMA single-dish data, obtained with the Effelsberg 100-m (EB)
and IRAM 30-m (PV) telescopes, in combination with high-frequency GMVA
observations at 86 and 43 GHz, supplemented by MOJAVE VLBA observations
at 15GHz, evince that PKS 1502+106 is a unique case towards a detailed under-
standing of flux density outbursts and subsequent structural variability.

The observational evidence discussed in this work enabled the global view
of the jet of PKS 1502+106 and its physical characteristics. First, the mm-VLBI
monitoring employed, allowed for the connection between superluminal com-
ponent C3, traveling within the ultra-relativistic flow of PKS 15024106, with the
flare. Second, the powerful combination of VLBI and single-dish techniques al-
lows for decisively constraining the y-ray emission region to ~2 pc away from
the jet base, well beyond the bulk of BLR material of PKS 1502+106, placed at
RpLRr ~ 0.1 pc. Good candidates for IC up-scattering are the photon fields of the
outer BLR and/or the IR torus in addition to the SSC process.

More specifically, from the VLBI study at cm and mm wavelengths the physi-
cal characteristics and geometry of the bent, parsec-scale jet are revealed at their
highest detail. Extreme superluminal speeds, in the range 10-22 ¢, are observed
for all components within the jet. The fastest $app ~ 22¢ constrains the criti-
cal aspect angle towards it, to 6. = 2.6°. PKS 15024106 features an intrinsic jet
opening angle ¢y = 1.6°-2.2°.

Doppler and Lorentz factor estimates for individual components were ob-
tained using variability and VLBI kinematical arguments. Doppler factor esti-
mates are strikingly different for knot C3 at r < 0.5mas and C1 at a distance
r > Tmas. Knot C1 is characterized by a minimum Doppler boosting factor of
8Bapp, C1 = PBapp,c1 ~ 22.1 at 15GHz. Its significant variability at 15GHz en-
ables the estimation of 8,y using causality arguments yielding (dyar < 51.4) and
Lorentz factor of (Yvar < 30.5). An additional Doppler factor estimate through
the relative strength of equipartition and SSA magnetic fields is in good agree-
ment with the aforementioned figure. Knot C3 exhibits consistent behavior at
both high frequencies with dyar < 12-15 and yyar < 7.1-9.2.

The viewing angle towards the source is constrained to 0 > 2.9°-3.4° for the
inner and 0 > 0.8° for the outer portions of the jet, after about 1 mas.

These differences in apparent speed and viewing angle imply a jet bending
after the first mas. The bending results in differential Doppler boosting with
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increasing & from ~12-15 to ~50 as traced by components C3 and C1 at <0.5mas
and >1mas from the core, respectively. Additionally, this Doppler factor gradi-
ent cannot be ascribed to jet bending only. Acceleration within the first mas also
takes place in this region, with the Lorentz factor increasing from ~10 to ~22.

The decomposition of single-dish radio flux density into distinct VLBI com-
ponents shows that, during the outburst, the bulk of radio emission originates
from the core at all frequencies. At 43 and 86 GHz another component is visible
separating from the core and sharing a significant flux density level. Knot C3
appears to be in a decaying flux density phase while separating radially from
the core. From the flux density decomposition and its estimated core separa-
tion date, coinciding with the flare onset, the conclusion is drawn that C3 is
responsible for the radio flare of 2008-2010. Given also the established correla-
tion between radio and y-ray activity for the source, C3 initiated the high-energy
activity as well. From the VLBI data alone, the y-ray emission region can be con-
strained to reside at a de-projected distance of < 10-15pc from the jet base.

In Chapter 5, the FFGAMMA single-dish data set was presented along with
the reduction procedure and additional data used from other instruments. The
dense, long-term F-GAMMA radio light curves between 2.64 and 142.33 GHz,
obtained with EB and PV, enabled the detailed study of PKS 15024106 at scales
inaccessible even to mm-VLBI. Three independent methods were employed,
namely (i) light curve decomposition into exponential flares, (ii) non-parametric
Gaussian process (GP) regression, and (iii) a discrete cross-correlation function
analysis. Based on those, the relevant light curve parameters such as the flare
amplitude, rise and decay time scales, and cross-band time lags were extracted
and their dependence on observing frequency was established. In fact, their
frequency-dependencies are well described by power laws. It is among the first
(if not the first) times that GP regression is used in the study of AGN light
curves. The method performs well, fast, and appears as a good alternative to
conventional, parametric fitting methods.

The observed opacity-driven time lags draw a detailed picture of the source
in terms of synchrotron opacity. The positions of the 10 radio unit-opacity sur-
faces at all frequencies with respect to the jet base were deduced, with distances
ranging from ~10.0 pc for the 2.64 GHz core, down to ~4 pc for the unit-opacity
surface at 86.24 GHz. These frequency-dependent core positions allow for the
calculation of the equipartition magnetic field values along the jet at the posi-
tion of each core and at a distance of 1pc from the jet base. Those are found
to be (Bipc) = 33 +4mG and the magnetic field at each respective core in the
range 3mG < Beore < 16 mG for the frequencies between 2.64 and 86.24 GHz.

The frequency-dependent light curve parameters are subsequently compared
with the results of analytical simulations based on the shock-in-jet model. Over-
all, the 2008-2010 flare of PKS 15024106 is in good agreement with the typical
shock evolutionary path. The related shock physical parameters and their vari-
ation with distance are also constrained. The Doppler factor increases with dis-
tance. In light of the findings from the cm-/mm-VLBI monitoring, these results
suggest a shock origin for the flare of PKS 1502+106. The initiating disturbance
is seen at high-frequency VLBI images as component C3 traveling downstream
the core at 43/86 GHz maps. This traveling disturbance is associated with the
multi-frequency flare seen from radio up to y-ray energies. The Doppler factor
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gradient inferred from the comparison with the analytical model simulations
corroborates the scenario of an accelerating relativistic outflow for the jet of
PKS 1502+106.

Through the powerful combination of VLBI and single-dish techniques and
with the addition of previous findings, the y-ray emission region can be deci-
sively constrained to reside at a distance of ~2 pc away from the the jet base and
well downstream of the bulk of the BLR material for the source. Consequently,
for PKS 1502+106 the y-ray emission originates in regions much further than a
few Schwarzschild radii away from the central engine, thus a number of models
can be readily discarded. Additionally, the target photon field for inverse Comp-
ton up-scattering has to be sought much further than the accretion disk and the
bulk of the BLR material for the source.

The final chapter was devoted to the VLBI study of the radio- and y-ray-loud
narrow-line Seyfert 1 galaxy 1H 0323+342, with additional single-dish add-ons
in the form of FFGAMMA monitoring products. This object belongs to a newly
emerged class of y-ray emitting AGN, besides blazars and radio galaxies. Their
importance is discussed in detail in Chapter 6, along with their resemblances
and differences to powerful blazars. The seven y-ray-loud RLNLS1 known to
date are believed to host mildly relativistic jets.

By re-analyzing archival MOJAVE VLBA data at 15 GHz parsec-scale jet mor-
phology of the source is discussed and a kinematical model is deduced. The
jet of TH 03234-342 shows moderate superluminal motion of jet features in the
range 0.9 ¢ to ~7 ¢ and a quasi-stationary feature. A striking morphological char-
acteristic of the source is a gap of radio emission between 3—6 mas from the core
laying at the position angle of the jet. By employing the jet-to-counter-jet ratio a
first limit of 6 < 16° to the viewing angle is set. The critical viewing angle, using
the apparent speed of the fastest component, is 0. = 8.2°. Once more, for the
NLS1 galaxy TH 03234342, the powerful combination of VLBI and single-dish
monitoring provides a compelling estimate for its viewing angle. With the use
of previous estimates of single-dish, variability Doppler factors and VLBI kine-
matics presented here, the viewing angle towards the source is constrained to
12°-13° to the line of sight. Compared to typical blazars (6 ~ 1°-5°), the jet of
1H 0323+4-342 is viewed at a moderate angle to our line of sight.

This work has shown the scientific potential of deep, ultra-high resolution
VLBI observations and their intimate connection with single-dish monitoring at
multiple frequencies. Combination of the two approaches offers the best possi-
bility for unveiling the intricate processes that give rise to blazar variability and
their structural dynamics. VLBI at even higher frequencies and longer baselines
has the potential of directly imaging the active regions of blazars where most of
the observed variability takes place.

Single source studies, as those presented here, can offer an extremely detailed
picture exploiting both VLBI and filled-aperture monitoring. Difficult to achieve
core-shift measurements can be obtained through the accurate timing analysis
of flares, thus probing regions inaccessible to even the highest-resolution VLBI
available today. The still open question of where the y rays are produced can
be touched on a case-by-case basis, thus constraining emission models and the
nature of target photon-fields for the production of high energy emission.
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The work started here will be continued, exploiting both approaches and dif-
ferent methods within each one. The densely-sampled, multi-frequency light
curves of the F-GAMMA program constitute an invaluable collection of data to-
wards these goals. We intend to extensively and systematically exploit it draw-
ing conclusion from its large sample of monitored sources and individual flaring
events. Detailed variability studies within the framework of the shock-in-jet and
other competing models will constrain the parameter space and discard old,
amend existing, and ultimately give rise to new ones.

Specifically for PKS 1502+106, forthcoming comparison in the frequency do-
main and extraction of the slopes during the flare evolutionary path in the vipax—
Smax plane will shed more light on the physical parameters of the jet and their
evolution with distance.

Finally, further investigation of the new class of y-ray active AGN—the vy-
RLNLSTs—will provide insights into the properties of active galaxies hosting
lower-mass black holes and their massive counterparts. Relativistic jets emanat-
ing from their cores can question even basic bits of our understanding of AGN
and deserve the community’s efforts.
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PKS 1502+106: INDIVIDUAL VLBI COMPONENT LIGHT

CURVES AT 15, 43, AND 86 GHZ
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Figure A.1: Light curves of individual components (left panels) and the core (right pan-
els) at 15, 43, and 86 GHz, from top to bottom, respectively. Component C1
at 15 GHz shows significant variability between 2008 and 2010. Component
C3 at 43 and 86 GHz is at its decaying flux density phase.
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PKS 1502+106 MODELFIT RESULTS

Table B.1: MODELFIT results 15 GHz. Columns from left to right: (1) observing epoch in

fractional year; (2) MJD of the observing epoch; (3) epoch identifier between
1-19; (4) integrated component flux density; (5) radial separation from the
core; (6) position angle; (7) component size given as the FWHM of the major
axis; (8) component identification label.

Epoch MJD  Epoch S r PA FWHM ID
ID (Jy) (mas) ©) (mas)

2009.23  54915.5 13 0.0382+£0.0038 4.61+£0.13 103.4+11.2 4.57+0.46

2002.61 52498.5 1 0.1095+£0.0110 1.98+0.28 1229+79 138+£0.14 Ca
2003.24 52727.5 2 0.1028 £0.0103 2.30+£0.32 1233+£79 160+0.16 Ca
2004.80 53296.5 3 0.1139£0.0114 2.03+0.36 1257+10.0 1.79+0.18 Ca
2005.36 53503.5 4 0.0790+0.0079 2.65+0.37 1228+79 183+0.18 Ca
2005.73 53636.5 5 0.1016 £0.0102 247+0.38 121.8+£88 191+0.19 Ca
2005.83 53672.5 6 0.0813 £0.0081 2.60+0.31 122.1+68 155+£0.16 Ca
2005.88 53691.5 7 0.0956 £0.0096 2.27+0.25 1215+6.2 123+0.12 Ca
2006.52  53923.5 8 0.0934 £0.0093 2.38+0.27 122.7+65 136+0.14 Ca
2007.62 54328.5 9 0.1183+0.0118 259+£0.33 1227+73 166+£0.17 Ca
2008.48 54642.5 10 0.1342£0.0134 246+042 1232+96 2.09+021 Ca
2008.60 54684.5 11 0.0996 £0.0100 2.84+0.36 123.0+72 1.78+£0.18 Ca
2008.88  54789.5 12 0.1118 £0.0112 2.79+042 1226+86 211+£021 Ca
2009.23  54915.5 13 0.0637 £0.0064 2.93+0.30 1248+58 148+0.15 Ca
2009.94 55175.5 14 0.0877 £0.0088 2.97+046 121.9+88 230+0.23 Ca
2010.47 55366.5 15 0.0935+£0.0094 3.04+£0.53 1209+10.0 267+0.27 Ca
2010.65 55435.5 16 0.0959 £0.0096 3.00+£0.54 120.7+10.2 270+0.27 Ca
2010.87 55513.5 17 0.0981 £0.0098 3.02+0.58 120.94+10.92 291+0.29 Ca
2011.16 55619.5 18 0.0904 £0.0090 3.08+£0.58 119.8+10.6 2.89+0.29 Ca
2011.62 55788.5 19 0.0975+0.0098 3.22+0.67 1186+11.7 335+033 Ca
2002.61 52498.5 1 0.1648 £0.0165 0.68+0.07 119.6+£55 032+0.03 Cb
2003.24 52727.5 2 0.1547 £0.0155 0.97+£0.11  120.8+64 054+0.05 Cb
2004.80 53296.5 3 0.1407 £0.0141  0.84+0.13 1171+89 0.65+0.07 Cb
2005.36  53503.5 4 0.1266 £0.0127 1.16£0.21 121.64+10.1 1.03+£0.10 Cb
2005.73 53636.5 5 0.0957 £0.0096 1.21+0.19 123.9+9.0 096+0.10 Cb
2005.83 53672.5 6 0.1079 £0.0108 1.19+0.19 1214+93 097+£0.10 Cb
2005.88 53691.5 7 0.0449 £0.0045 1.26+£0.10 135.6+£44 049+£0.05 Cb
2000.52  53923.5 8 0.0334 £0.0033 1.19+0.14 1405+6.7 0.10+£0.01 Cb
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Table B.1: continued.

Epoch MJD  Epoch S T PA FWHM ID
ID (2] (mas) ©) (mas)
2003.24 52727.5 2 0.1012+£0.0101 0.37+0.13 122.8+19.1 0.10+£0.01 Cc
2004.80 53296.5 3 0.1289 £0.0129 042+0.13 97.6£174 0.10£0.01 Cc
2005.36  53503.5 4 0.1568 £0.0157 0.58+0.10 100.6+9.8 050+0.05 Cc
2005.73 53636.5 5 0.1188£0.0119 0.64+0.10 100.2+£9.2 052+£0.05 Cc
2005.83 53672.5 6 0.0868 £0.0087 0.66+0.10 98.6+82 048+0.05 Cc
2005.88 53691.5 7 0.1095+£0.0110 0.71+£0.12 965+92 057+0.06 Cc
2006.52  53923.5 8 0.0613£0.0061 0.82+0.15 90.0+104 0.75+£0.07 Cc
2008.48 54642.5 10 0.0368 £0.0037 1.30+0.13 98.6+58 0.10+£0.01 Cc
2008.60 54684.5 11 0.1014£0.0101 1.14+0.14 102.7+£7.2 0.72+0.07 Cc
2008.88  54789.5 12 0.0356 £0.0036 1.474+0.08 102.8+3.1 039+0.04 Cc
2009.23  54915.5 13 0.0562£0.0056 1.35+0.20 1053+83 0.98+0.10 Cc
2007.62  54328.5 9 0.2776 £0.0278 0.61+0.08 96.8+7.1 038+0.04 C1
2008.48 54642.5 10 0.1182+£0.0118 0.77+£0.05 93.6+34 023+0.02 Cz
2008.60 54684.5 11 0.0724 £0.0072 0.76 £0.14 913£10.6 0.10+£0.01 Cz
2008.88  54789.5 12 0.1465+£0.0147 0.80+0.06 949+46 032+0.03 Cz
2009.23 54915.5 13 0.0544£0.0054 0.92+0.15 91.74+£92  0.10£0.01 C1
2009.94 55175.5 14 0.0372+£0.0037 1.26+0.18 975+80 0.82+0.09 Cz
2010.47 55366.5 15 0.0371£0.0037 1.30+0.15 97.2+68 0.77+£0.08 C1
2010.65 55435.5 16 0.0270 £0.0027 1.38+0.13 92.8+53 0.64+0.06 C1
2010.87 55513.5 17 0.0262+0.0026 1.47£0.13 96.0 £5.1 0.66£0.07 C1
2011.16  55619.5 18 0.0199 £0.0020 1.57+0.09 97.8+32 043+0.04 Cz
2011.62 55788.5 19 0.0266 £0.0027 1.58+0.12 1045+42 059+0.06 C1
2008.48 54642.5 10 0.10560 £0.0105 0.32+0.13 82.8+226 0.10+£0.01 C2
2008.60 54684.5 11 0.1171£0.0117 035+0.14 97.6+219 0.10+£0.01 C2
2008.88  54789.5 12 0.1004 £0.0100 043+0.14 101.0+18.6 0.10+£0.01 C2
2009.23  54915.5 13 0.1373£0.0137 0.58+0.06 99.0+63 032+0.03 C2
2009.94 55175.5 14 0.1411 £0.0141  0.74+0.09 995+68 044+0.04 C2
2010.47 55366.5 15 0.1230£0.0123 0.71+0.11  103.3+£87 054+£0.05 C2
2010.65 55435.5 16 0.1196 £0.0120 0.74+0.11 103.2+£8.7 057+0.06 C2
2010.87 55513.5 17 0.1123+£0.0112 0.77+0.11  104.7+83 056+0.06 C2
2011.16 55619.5 18 0.1178£0.0118 0.81+£0.11 107.9+£79 056+0.06 C2
2011.62 55788.5 19 0.0982+£0.0098 0.82+0.14 113.1+£96 0.69+£0.07 C2
2002.61  52498.5 1 1.3409 £0.1341  0.00 £0.02 0.0+0.0 0.23+£0.02 Core
2003.24 52727.5 2 1.4571 £0.1457  0.00 £0.02 0.0+0.0 0.224+0.02 Core
2004.80 53296.5 3 0.6113£0.0611  0.00 +0.02 0.0£0.0 0.20£0.02 Core
2005.36  53503.5 4 0.5050 £0.0505 0.00+0.12 0.0£0.0 0.11£0.01 Core
2005.73 53636.5 5 0.8028 £0.0803 0.00 +0.01 0.0+0.0 0.12+0.01 Core
2005.83 53672.5 6 0.8678 £0.0868 0.00+0.12 0.0+0.0 0.11+0.01 Core
2005.88 53691.5 7 0.9259 +£0.0926  0.00 £0.15 0.0+£0.0 0.11£0.01 Core




Table B.1: continued.

PKS 1502+106 MODELFIT RESULTS

Epoch MJD  Epoch S r PA FWHM ID
ID (Jy) (mas) ©) (mas)

2006.52 53923.5 8 1.3386 +£0.1339  0.00 £ 0.02 0.0£0.0 0.23£0.02 Core
2007.62  54328.5 9 1.1127 £0.1113  0.00£0.12 0.0+0.0 0.09+0.01 Core
2008.48 54642.5 10 1.3477 £0.1348  0.00£0.12 0.0+0.0 0.09+0.01 Core
2008.60 54684.5 11 1.3203£0.1320 0.00+£0.12 0.0+0.0 0.08+0.01 Core
2008.88 54789.5 12 1.5894 £0.1589 0.00£0.12 0.0+0.0 0.08+0.01 Core
2009.23  54915.5 13 2.8151£0.2815 0.00£0.13 0.0+0.0 0.06 £0.01 Core
2009.94 55175.5 14 1.2132£0.1213  0.00£0.12 0.0+0.0 0.09+0.01 Core
2010.47 55366.5 15 0.7228 £0.0723  0.00+0.13 0.0+0.0 0.10+0.01 Core
2010.65 55435.5 16 0.7485£0.0749 0.00£0.12 0.0+0.0 0.09+0.01 Core
2010.87 55513.5 17 0.8795+0.0880 0.00+0.12 0.0+0.0 0.09£0.01 Core
2011.16 55619.5 18 1.0025+0.1003  0.00 £0.12 0.0£0.0 0.09£0.01 Core
2011.62 55788.5 19 1.1272£0.1127  0.00£0.13 0.0+0.0 0.09+0.01 Core
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Table B.2: MODELFIT results at 43 GHz. Columns from left to right: (1) observing epoch
in fractional year; (2) MJD of the observing epoch; (3) epoch identifier between
1-6; (4) integrated component flux density; (5) radial separation from the core;
(6) position angle; (7) component size given as the FWHM of the major axis;
(8) component identification label.

Epoch MJD Epoch S r PA FWHM ID
ID Jy) (mas) ) (mas)

2009.35 54959.36 1 0.0546+0.0055 0.93+£0.08 93.7+£50 0404+0.040 C1
2009.78 55117.82 2 0.1087 £0.0109 0.87+0.08 993+53 0404+£0.040 C1
2010.34 55323.28 3 0.0444 £0.0044 1.08+0.19 974£10.2 0.965+£0.096 C1
2011.35 55688.76 4 0.0561 £0.0056 1.20+0.24 106.6+114 1.211+£0.121 Cz1
2011.77 55843.86 5 0.0429 £0.0043 1.204£0.20 1026+96 1.017£0.102 C1
2012.38 56065.17 6 0.0411 £0.0041 1354029 965+122 1467+0.147 C1
2009.35 54959.36 1 0.0585+£0.0059 0.57+0.04 100.3+4.0 0.202+£0.020 C2
2009.78 55117.82 2 0.0435+£0.0044 0.49+0.07 989483 0.040£0.004 C2
2010.34 55323.28 3 0.0311£0.0031 0.74+0.03 1004+25 0.160£0.016 C2
2011.35 55688.76 4 0.0249 £0.0025 0.78+0.04 108.2+2.8 0.191+0.019 C2
2011.77 55843.86 5 0.0143 £0.0014 0.71+0.03 107.8£2.1 0.130+£0.013 C2
2012.38  56065.17 6 0.0105+0.0011 0.654+0.03 120.1+£28 0.159+0.016 C2
2009.35 54959.36 1 0.5541 £0.0554 0.08+0.06 13044373 0.030+0.003 C3
2009.78 55117.82 2 0.1080 £0.0108 0.14+0.07 125.7+26.1 0.040+£0.004 C3
2010.34 55323.28 3 0.0417£0.0042 0.22+0.04 1146+10.0 0.194+£0.019 C3
2011.35 55688.76 4 0.0316 £0.0032 0.18+0.08 60.8+22.9 0.040+£0.004 C3
2011.77 55843.86 5 0.0797 £0.0080 0.14+0.02 704+7.1 0.089 £ 0.009
2012.38 56065.17 6 0.0677 £0.0068 0.13+0.07 70.2+£27.8 0.050 £ 0.005
2009.35 54959.36 1 3.0298 £0.3030  0.00 £0.06 0.0£0.0 0.029 £0.003 Core
2009.78 55117.82 2 2.3014 £0.2301  0.00 +0.07 0.0£0.0 0.056 £0.006 Core
2010.34 55323.28 3 0.5295+£0.0530 0.00 +0.07 0.0£0.0 0.054 £0.005 Core
2011.35 55688.76 4 1.0665 +£0.1067  0.00 +£0.03 0.0+0.0 0.131+£0.013 Core
2011.77 55843.86 5 0.9928 £0.0993 0.00 +0.01 0.0+0.0 0.073£0.007 Core
2012.38 56065.17 6 0.7993 £0.0799  0.00+0.07 0.0£0.0 0.040 £0.004 Core
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Table B.3: MODELFIT results at 86 GHz. Columns from left to right: (1) observing epoch
in fractional year; (2) MJD of the observing epoch; (3) epoch identifier between
1-6; (4) integrated component flux density; (5) radial separation from the core;
(6) position angle; (7) component size given as the FWHM of the major axis;
(8) component identification label.

Epoch MJD Epoch S r PA FWHM ID
ID (Jy) (mas) ©) (mas)

2009.35 54959.36 1 0.0713£0.0071 1.18+0.16  99.1+... 0.780 + 0.078
2010.34 55323.28 3 0.0105£0.0011T 1.39+£0.03 99.5+... 0.135+0.014
2012.38 56065.54 6 0.0037 £0.0004 1.78+0.02 99.7+... 0.100 +0.010
2009.78 55117.82 2 0.0307 £0.0031 0.86+0.01 103.2+0.9 0.065+£0.006 C1
2010.34 55323.28 3 0.0078 £0.0008 0.97+£0.03 926419 0.018£0.002 C1
2012.38 56065.54 6 0.0097 £0.0010 1.50+0.01 107.3+04 0.052+£0.005 C1
2009.35 54959.36 1 0.0097 £0.0010 0.49+0.03 101.9+£29 0.016£0.002 C2
2009.78 55117.82 2 0.0328+0.0033 0.46+0.01 106.0+15 0.061+0.006 C2
2010.34 55323.28 3 0.0176 £0.0018 0.62+0.05 1173+£5.0 0.269+£0.027 C2
2011.35 55688.76 4 0.0127 £0.0013 0.63+0.07 844+6.0 0.331+£0.033 C2
2011.77 55843.86 5 0.0235+£0.0024 0.79+£0.04 110.2+£3.0 0.211+£0.021 Cz2
2012.38 56065.54 6 0.0111£0.0011  0.754+0.04 124.0+3.0 0.197+£0.020 C2
2009.35 54959.36 1 0.4463 £0.0446 0.07£0.03 136.5+20.3 0.016£0.002 C3
2009.78 55117.82 2 0.0555£0.0056 0.154+0.02 110.0£7.7 0.016+£0.002 C3
2010.34 55323.28 3 0.0136 £0.0014 0.20£0.03 132.1£94 0.024£0.002 C3
2011.35 55688.76 4 0.0229 £0.0023 0.274+0.03 101.3+£6.0 0.016+£0.002 C3
2012.38  56065.54 6 0.0088 £0.0009 0.364+0.03 142.0£4.0 0.015+£0.002 C3
2009.35 54959.36 1 0.0323£0.0032 0.25+0.03 133.6£59 0.016 £0.002
2009.78 55117.82 2 0.0156 £0.0016 0.274+0.02  98.8+4.3  0.016+£0.002
2011.35 55688.76 4 0.0316 £0.0032  0.06 £ 0.01 30.1£53  0.0294+0.003
2011.77 55843.86 5 0.0240 £0.0024 0.17+£0.02 1025£79 0.022£0.002
2009.35 54959.36 1 2.2934£0.2293  0.00 £0.01 0.0+0.0 0.031+0.003 Core
2009.78 55117.82 2 0.9664 £0.0966 0.00 +0.01 0.0+0.0 0.029 +£0.003 Core
2010.34 55323.28 3 0.5644 £0.0564 0.00 +0.01 0.0+0.0 0.038+0.004 Core
2011.35 55688.76 4 0.8082 £0.0808 0.00+0.03 0.0+0.0 0.026 +£0.003 Core
2011.77 55843.86 5 0.6115+£0.0612  0.00 £ 0.01 0.0£0.0 0.036 £0.004 Core
2012.38  56065.54 6 0.5826 £0.0583 0.00 +0.01 0.0+0.0 0.027+£0.003 Core
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Table C.1: TH 0323+342 MODELFIT results at 15GHz. Columns from left to right: (1)
observing epoch in fractional year; (2) integrated component flux density; (3)
radial separation from the core; (4) position angle; (5) component size given
as the FWHM of the major axis; (6) component identification label. C denotes
the core, S the quasi-stationary component and C# the rest of the moving

features.
EPOCH S r PA FWHM ID
dy) (mas) (®) (mas)
2010.79 0.1928 £0.0193 0.08 £0.01 C
2010.79  0.0635+0.0064 0.29+0.03 131.6+6.2 0.16+0.02 S
2010.79 0.0190+£0.0019 0.96£0.08 127.0+4.8 0.41+£0.04 Cs
2010.79 0.0106 £0.0011 1.69+£0.11 123.9+3.6 0.53+0.05 C4
2010.79  0.0021 £0.0002 3.11£0.19 123.44+3.5 0.94+0.09 un
2010.79 0.0042 +0.0004 5.824+0.13 123.5+1.3 0.67+0.07 C2
2010.79  0.0105+0.0010 7.214+0.17 125.24+1.4 0.87+0.09 C1
2010.79 0.0049 £0.0005 8.81+0.24 125.94+1.6 1.21+0.12 Co
2011.17  0.3215+£0.0322 0.10 £ 0.01 C
2011.17  0.0479 £0.0048 0.28£0.02 131.6 4.0 0.10+£0.01 S
2011.17  0.0122+0.0012 0.93+£0.06 124.2+3.8 0.31£0.03 Cs
2011.17  0.01354+0.0013 1.94£0.13 124.4+3.8 0.65+£0.07 C4
2011.17  0.0028 £0.0003 5.39+0.16 122.9+1.7 0.82+£0.08 C3
2011.17  0.0088 £0.0009 6.85+0.13 1245+1.1 0.66£0.07 C2
2011.17  0.0077 £0.0008 7.954+0.18 125.3+1.3 0.89+0.09 C1
2011.40 0.2514 +£0.0251 0.10£0.01 C
2011.40 0.0478 £0.0048 0.344+0.02 135.1+3.2 0.10+£0.01 S
2011.40 0.0096 £0.0010 0.68+0.02 127.5x1.6 0.10£0.01 Cé6
2011.40 0.0064 £0.0006 1.38+0.08 126.7+3.4 0.41£0.04 Cs
2011.40 0.0079+£0.0008 2.45+£0.17 124.5+4.0 0.85+£0.08 C4
2011.40 0.0061+£0.0006 6.15+0.18 124.6+1.7 0.90£0.09 C3
2011.40 0.0079 £0.0008 7.06+0.11 125.0+0.92 0.56+£0.06 C2
2011.40 0.0053 +£0.0005 8.09+0.16 125.24+1.1 0.78+0.08 C1
2011.53 0.1943£0.0194 0.10 £0.01 C
2011.53 0.0526 £0.0053 0.26+£0.02 133.44+4.2 0.10£0.01 S
2011.53 0.0127£0.0013 0.70£0.02 1294+1.6 0.10+0.01 Cé6
2011.53 0.0059 £0.0006 1.45+0.08 124.8+£3.1 0.39+0.04 Cs
2011.53 0.0067 £0.0007 2.69+£0.17 125.8+3.6 0.86+£0.09 Cy
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Table C.1: continued.

EPOCH S r PA FWHM 1D
(Jy) (mas) (°) (mas)
2011.53 0.0054 £0.0005 6.27£0.19 1234+1.7 0.96+0.10 C3
2011.53 0.0103£0.0010 7.19£0.11 124.9+£0.9 0.55£0.05 C2
2011.53 0.0071 £0.0007 8.99+0.37 125.0+2.3 1.83+£0.18 Cz
2011.99 0.3140+0.0314 0.10£0.01 C
2011.99  0.0212£0.0021 0.34+0.02 129.6+3.2 0.10£0.01 S
2011.99  0.0059 £0.0006 0.89£0.02 129.7+£1.2 0.10£0.01 Cé6
2011.99 0.0084 £0.0008 1.44+0.10 130.9+3.9 0.49+0.05 Cs
2011.99 0.0078 £0.0008 3.53£0.34 121.3£5.5 1.71+£0.17 C4
2011.99 0.0086 £0.0009 6.66+0.21 1245+1.8 1.03+0.10 C3
2011.99 0.0063 £0.0006 7.524+0.07 125.0+£0.6 0.37+0.04 C2
2011.99 0.0057 £0.0006 8.29+0.15 124.2+£1.0 0.75£0.07 Cz1
2012.53 0.1813 £0.0181 0.10+£0.01 C
2012.53 0.0285+£0.0028 0.30+0.02 132.8+3.7 0.10£0.01 S
2012.53 0.0040£0.0004 1.02£0.05 128.9+£2.5 0.23+£0.02 Cé6
2012.53 0.0046 £0.0005 2.34+0.16 125.1+3.8 0.78+0.08 Cs
2012.53 0.0058 £0.0006 4.67+0.29 124.0+£3.6 1.46=x0.15 C4
2012.53 0.0035+£0.0004 7.04£0.03 125.2£0.2 0.15£0.02 C3
2012.53 0.0053 £0.0005 7.69+0.10 124.6+£0.7 0.50£0.05 C2
2012.53 0.0041£0.0004 8.89+£0.19 125.2+£1.2 0.96£0.10 C1
2012.98 0.1940+0.0194 0.10£0.01 C
2012.98 0.0395+£0.0039 0.33£0.02 125.5£3.3 0.10£0.01 S
2012.98 0.0061 £0.0006 0.88+0.04 133.0+£2.9 0.22+0.02 C6
2012.98 0.0037£0.0004 2.45+£0.31 1243=£7.1 1.53£0.15 Cjs
2012.98 0.0085+£0.0008 5.034+0.38 123.5+4.4 1.92+£0.19 C4
2012.98 0.0025+£0.0002 6.56+£0.08 133.4£0.7 0.41£0.04 C3
2012.98 0.0111£0.0011 7.884+0.37 124.9+2.7 185+0.19 C2
2013.52 0.1393 £0.0139 0.10+0.01 C
2013.52 0.0309 £ 0.0031 0.36 £0.02 128.5+ 3.1 0.10£0.01 S
2013.52 0.0194 £0.0019 0.67 +£0.02 126.3£1.6 0.10£0.01 NC
2013.52 0.0031 £ 0.0003 1.26 £0.08 1324 +3.7 041+£0.04 Co6
2013.52 0.0022 £ 0.0002 2.15+£0.02 1245+£0.5 0.10+0.01 un
2013.52 0.0033 £ 0.0003 4.53+£0.21 1293+2.6 1.03+£0.10 Cs
2013.52 0.0079 £ 0.0008 6.19 £0.16 1243+1.5 0.79£0.08 C4
2013.52 0.0076 £ 0.0008 7.07 £0.08 1247 £0.6 039+0.04 Cs
2013.52 0.0041 £ 0.0004 8.10£0.17 1245+1.2 0.84+£0.08 C2
2013.52 0.0017 £ 0.0002 10.28 £0.08 1274+04 038+0.04 C1
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