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Summary

Active galactic nuclei (AGN) are one of the many mysteries in the Universe. AGN hosts
a super massive black hole (SMBH) in its center surrounded by a rotating accretion disk,
and a powerful jet is ejected along the pole directions of the accretion disk. The powerful
jet is definitely the highlight of AGN. Those extragalactic jets appears to have superlumi-
nal motions up to 60 c, and they are very luminous and variable across the electromag-
netic spectrum. The jets can be highly polarized, which indicates the existence of strong
magnetic fields; they can have a highly bended morphology due to reasons we do not
completely understand. Astronomers have been studying AGN jets for the past decades
by performing observations from the radio to the γ-ray band, applying physical jet models
to the observed properties, and trying to put the pieces into the whole picture. We now
understand many aspects of the AGN phenomena, but a significant part is still missing.

The aim of this thesis is to study the extragalactic jets by using different approaches.
We investigate: (i) a bright feature in the jet of the radio galaxy M 87 as observed us-
ing high-resolution VLBI technique; (ii) a multiband flare of the blazar PKS 2052−47
by conducting a multifrequency campaign; (iii) the broadband spectral energy distribu-
tion (SED) of a radio-selected, statistically-complete sample of the most conspicuous
AGN in the Northern sky: the Monitoring Of Jets in Active galactic nuclei with VLBA
Experiments (MOJAVE) sample.

Very long baseline interferometry (VLBI) is a powerful technique that can resolve
distant AGN to parsec-scales by combining global radio antennas to perform together as
a giant telescope with a radius of the earth. With the VLBI technique, we are able to trace
bright features being ejected from the center moving along the jet. In this thesis, we use
the VLBI technique to detect a bright knot 80 pc from the center of the radio galaxy M 87.
It was suggested that the HST-1 knot was the site where a TeV flare of M 87 was generated
from. By analyzing the VLBI data at 15 GHz from 2000 to 2009, we detected HST-1
during 2003 and 2007. We studied the apparent speed, the flux variability, and the spectral
properties of HST-1. Although we found that the light curve of the compact HST-1 region
at VLBA 15 GHz peaked in 2005, we saw that the HST-1 region was very extended and
had a steep spectrum; the projected apparent speed of HST-1 was subluminal. Therefore,
our results do not completely support the hypothesis.

Studying multiband flares is one of the best ways to distinguish different mechanisms
taken place in AGN. Current jet models suggest that time delays between multiband flares
have different features while the emission mechanism differs. In this thesis, we studied
the flat spectrum radio quasar PKS 2052−47, which experienced an optical flare followed
by a γ-ray flare in July 2009. We arranged a multiwavelength campaign from radio to
γ-ray after the blazar’s flare. In the campaign, VLBI observations by the Tracking Active
Galactic Nuclei with Austral Milliarcsecond Interferometry (TANAMI) program are in-
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Summary

cluded in order to trace any change of jet morphology, if any; the millimeter radio flux
density was measured by the Atacama Pathfinder EXperiment (APEX); the optical and
the X-ray band observations were obtained by the Swift UV/Optical telescope (UVOT)
and X-ray telescope (XRT); the γ-ray observations were obtained by the Fermi Large
Area Telescope (LAT). We do not see significant change in the X-ray photon indices and
fluxes during the 5-day Swift monitoring of the source.

The broadband spectral energy distribution reflects the emission properties of AGN,
and it shows the energy output in different wavebands. By simulating physical jet models
and reconstructing the broadband SED, one can probe the emission mechanism, the jet
composition, the magnetic field, the bulk velocity in jet, and the structure of AGN. In this
thesis, we study the broadband SED from the radio to the γ-ray band of a radio-selected
sample. The MOJAVE program has been monitoring 135 radio-bright, statistically-complete
sample of AGN using the Very Long Baseline Array (VLBA) at 15 GHz for a decade, and
the MOJAVE sample is consisted of mostly blazars, which are AGN as seen jet-on. The
typical broadband SED of a blazar has a double-hump profile. It is believed that the
lower-energy hump is caused by the synchrotron emission from the AGN jet, and the
higher-energy hump is produced by the inverse-Compton (IC) up-scattering of the seed
photons from the jet or other external sources. We constructed a broadband SED catalog
of the MOJAVE sample, and we applied polynomial fits to the observed data at the low
and the high energy humps of the SED as a first approach to understand the properties of
the sources. The peak positions of the two humps can be derived from the polynomial fit
for many of the MOJAVE sources except for some sources having deviated SED profiles.

In this thesis, we try to understand the AGN puzzles by using different approaches.
We contributed in understanding the emission nature of AGN with novel techniques and
instruments, and our efforts help to make a step forward to reveal the whole picture.

Keywords: VLBI, radio, X-ray, γ-ray, SED, broadband, multifrequency, M 87, PKS 2052−47,
MOJAVE.
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Zusammenfassung

Aktive Galaktische Kerne sind eines der Mysterien des Universums. AGN beherber-
gen eine supermassives schwarzes Loch, werden von einer rotierenden Akkretionsscheibe
umkreist und stossen energiereiche Jets entlang der Polachse der Akkretionsscheibe aus.
Die Jets sind zweifellos das Highlight der AGNs. Diese extragalaktischen Jets weisen
Überlichtgeschwindigkeiten bis zum 60-fachen der Lichtgeschwindigkeit auf, sind sehr
leuchtstark und veränderlich entlang des elektromagnetischen Spektrum. Die Jets können
stark polarisiert sein, was auf die Existenz von starken Magnetfeldern schliessen lässt.
Aus noch nicht verstandenen Gründen können sie ein stark gekrümmte Struktur (Erschei-
nungsbild) aufweisen. Seit Jahrzehnten studieren Astronomen AGNs mittels Beobachtun-
gen vom Radio- bis zum Gammastrahlenbreich, wenden physikalische Jetmodel auf die
beobachten Eigenschaften an und versuchen die einzelnen Fragmente zu einem Ganzen
zusammen zusetzen. Heute verstehen wir einige Aspekte des AGN Phänomens, aber ein
erheblicher Teil ist noch nicht bekannt.

Das Ziel dieser Arbeit ist es, extragalaktischen Jets aus unterschiedlichen Betrach-
tungsweisen zu studieren. Wir erforschen: i) einen hellen Bereich im Jet der Radiogalaxie
M 87 beobachtet mit hochauflösender VLBI-Technik; ii) einen Anstieg der Helligkeit
über mehrere Frequenzbereiche im Blazar PKS 2052−47 mittels einer dirigierten multi-
frequenz Beobachtungskampagne; iii) die spektrale Energieverteilung (SED) eines mittels
Radiobeobachtungen ausgewählten, statistisch vollständigen Stichprobe der auffälligsten
AGN in der nördlichen Hemisphäre: die MOJAVE Durchmusterung (Beobachtung der
Jets in Aktiven Galaktischen Kernen mittels VLBA Experimenten, engl. Monitoring Of
Jets in Active Galactic Nuclei with VLBA Experiments).

Interferometrie mit langen Basislinien (engl. Very Long Baseline Interferometry,
VLBI) ist eine leistungsfähige Technologie, die entfernte AGN bis auf Parsec-Skala auflösen
kann, mittels der Kombination von weltweiten Radioteleskopen zu einem riesigen Teleskop
mit dem Durchmesser der Erde. Mittels der VLBI-Technik konnten wir einen helle Kom-
ponente, die vom Zentrum ausgestossen wurde und sich entlang des Jets bewegt, verfol-
gen. In dieser Arbeit verwenden wir die VLBI-Technik um einen hellen Knoten, der sich
80 pc vom Zentrum der Radiogalaxie M 87 entfernt befindet, zu detektieren. Es wurde
vermutet, dass der HST-1 Knoten der Ursprung eines TeV Flares (Ausbruches) von M 87
war. Während der Auswertung der 15 GHz VLBI Daten zwischen 2000 und 2009 kon-
nten wir HST-1 zwischen 2003 und 2007 detektieren. Obgleich wir feststellten, dass die
15 GHz VLBI Lichtkurve der kompakten HST-1 Region ihren Maximalwert in 2005 hatte,
sahen wir dass die HST-1 Region sehr ausgedehnt war, eine steiles Spektrum besitzt und
die projezierte scheinbare Geschwindigkeit ist nicht relativistisch. Folglich befürworten
unsere Ergebnisse diese Vermutung nicht vollständig.

Das Studium von Helligkeitsausbrüchen in unterschiedlichen Frequenzbereichen ist
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Zusammenfassung

eine der besten Methoden um versichiedenen, in AGN stattfindenden Vorgänge, zu un-
terscheiden. Die gegenwärtigen Jetmodelle legen nahe, dass die Zeitverzögerungen zwis-
chen den Ausbrüchen unterschiedlicher Frequenz unterschiedliche Merkmale haben, während
sich die Strahlungsprozesse ändern. In der vorliegenden Arbeit untersuchen wir den
Radioquasar PKS 2052−47, der ein flaches Spektrum aufweist und in welchem sich an
einem Helligkeitsausbruch im optischen im Juli 2005 ein Ausbruch im Gammastrahlen-
bereich anreihte. Wir leiteten eine multi-frequenz Beobachtungskampagne vom Radio-
bis zum Gammastrahlenbereich nach dem Ausbruch des Blazars ein. Innerhalb der Kam-
pagne wurden VLBI Beobachtungen mit dem TANAMI (Tracking Active Galactic Nuclei
with Austral Milliarcsecond Interferometry) Programm verwendet um, falls vorhanden
Änderungen im Jeterscheinungsbild zu verfolgen, die Radioflussdichte im Millimeter-
bereich wurde vom APEX (Atacama Pathfinder EXperiment) gemessen, die Beobachtun-
gen Röntgenstrahlenbereich wurden vom Swift UV/Optical Teleskop (UVOT) und vom
X-ray Teleskop (XRT) und die Gammastrahlenbeobachtung vom Fermi Large Area Tele-
scope (LAT) durchgeführt. Wir sehen keine wesentlichen Änderungen im Photonenindex
und Flussdichte der Röntgenstrahlen während der 5-Tage Beobachtung mit Swift.

Die spektrale Energieverteilung spiegelt die Strahlungseigenschaften der AGN wieder
und zeigt den Energieausstoss in unterschiedlichen Wellenlängenbereichen. Durch die
Simulation von physikalischen Jetmodellen und der Rekonstruktion der SED kann man
die Strahlungsprozesse, die Jetzusammensetzung, das Magnetfeld, Flussgeschwindigkeit
im Jet und die Struktur des Jets untersuchen. In der vorliegenden Arbeit untersuchen wir
die SED vom Radio bis zum Gammastrahlenbereich eines mittels Radiobeobachtungen
ausgewählten Ensemble. Das MOJAVE Programm beobachtet seit 15 Jahren eine statis-
tisch vollständige Auswahl von 135 radiolauten AGN bei 15 GHz mittels dem Very Long
Baseline Array (VLBA). Die MOJAVE Auswahl besteht zum grössten Teil aus Blazaren,
AGN deren Jet zum Beobachter zeigt. Die typische SED eines Blazars besitzt zwei
Höcker. Man nimmt an, das der niederenergetische Höcker durch Synchrotronstrahlung
des AGN Jets und hochenergetische durch inverse Comptonstreuung der Keimphotonen
des Jets oder externer Quellen erzeugt wird. Wir erstellten einen SED Katalog des MO-
JAVE Ensembles und passten Polynome, als erste Näherung an den nieder- und hoch-
energetischen Buckel der SED an, um die Eigenschaften der Quellen zu verstehen. Die
Position des Scheitelpunkts der beiden Hügel kann für viele Quellen des MOJAVE Pro-
gramms aus den Polynomanpassungen abgeleitet werden, ausser für einige Quellen die
ein abweichendes Profil aufweisen.

In dieser Arbeit versuchen wir das AGN Puzzle zu verstehen indem wir unterschiedliche
Ansätze verwenden. Zum Verständnis der Strahlungsmechanismen in AGN mit neuarti-
gen Techniken und Instrumenten trugen wir bei und unser Anstrengungen helfen eine
Schritt in Richtung der Enthüllung des ganzen Bildes zu machen.
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1 Introduction

Active galactic nuclei (AGN) are the most energetic objects in the Universe. AGN domi-
nate the high-energy sky in the extragalactic regime, and since its first discovery (Seyfert
1943), different types of AGN are observed with various behaviors (see Section 1.1.1).
After decades of study, we believe that we are able to unify the AGN phenomenon in a
common scheme (see Section 1.1.2). A super-massive black hole (SMBH) located in the
center of an AGN is fueling the whole system with matter accreting around the central
engine. Strong magnetic fields are dragged along by the rotating accretion disk, adopting
a cone-shaped morphology with a warped structure (see Figure 1.1). An energetic plasma
jet is launched in the vicinity of the SMBH following the magnetic field lines along the
pole direction of the accretion disk. There is an enormous amount of energy released from
AGN and observed by us across the whole electromagnetic spectrum from the radio to the
TeV band.

To find out the exact mechanisms at work in AGN systems is one of the main ef-
forts for astronomers. After decades of effort, we have a better understanding in different
branches of AGN research (accretion disk, jet, broad/narrow line region, etc.) from var-
ious studies at different wavelengths. However, most of the major problems still remain
open: How is the jet launched from the central engine? What is its composition? Where
does the very-high-energy (VHE) emission come from? How does emission of different
wavebands relate to each other? Why are there emitting components from the central
engine transmitting outwards? How do they work?

Right now, it is probably the best time to have a chance to peek at the mystery of
AGN. Current astronomical facilities span from radio to TeV bands, providing the best
wavelength coverage ever. Also, much improved networking connects teams of different
wavelengths to collaborate and react to a single activity of a given AGN, enables us to dig
deeper to different states of the object.

In this chapter, I will give a brief overview of the AGN picture. In Section 1.1, I
will describe AGN classes and the unified scheme. In Section 1.2, I will introduce the
emission mechanisms involved in AGN. I especially discuss about the X-ray emission
processes in Section 1.2.4. In Section 1.4.1, I summarize current understandings of the
location of AGN emission at different wavelength. In Section 1.3, I will introduce the
very long baseline interferometry (VLBI) technique, which is an important tool to study
AGN outflows. Finally, I attach a table of current major astronomical facilities at different
wavelengths that are contributing to AGN studies in Section 1.4.4.
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1 Introduction

Figure 1.1: Artistic illustration of an AGN system. White curves represent magnetic field
lines warped in a cone shape. In the center of the galaxy, there is a super massive black
hole (image credit: NASA and Ann Field, Space Telescope Science Institute).

1.1 AGN Classification and the Unified Model

1.1.1 AGN Class
AGN are categorized into various classes based on the properties as observed in different
wavebands. Figure 1.2 illustrates the relations between different types of AGN based on
the characteristics of radio emission, nuclear luminosity, and optical line properties. Here
I briefly introduce the AGN classification, for more details about this topic, please see
Krolik (1999).

Quasar When quasars were discovered (Hazard et al. 1963), the term “quasi-stellar
object” was used to refer to these strange objects which appeared to be stellar-like but were
indeed very distant and luminous, as it was seen from their strongly redshifted optical
spectra. Quasars have strong optical and X-ray continuum emission, as well as broad
and narrow optical emission lines. The huge power output from quasars extend across the
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Figure 1.2: Relations between different types of AGN (Image credit: C. Tadhunter). For
abbreviations: BLRG - broad line radio galaxies, RLQ - radio loud quasars, OVV - opti-
cally violent variable quasar, WLRG - weak emission-line radio galaxy, narrow emission-
line radio galaxy, RQQ - radio quiet quasars, NLXG - narrow line X-ray galaxy, FIR
galaxy - far infrared radio galaxy, BL - broad line, NL - narrow line.

whole electromagnetic spectrum. Quasars with a strong nuclear and jet radio emission are
categorized as radio-loud quasars, otherwise they belong to radio-quiet quasars. Radio-
loud quasars showing strong optical variability are called optically violent variable (OVV)
quasars; quasars with flat radio spectrum and strong broad emission lines are called flat-
spectrum radio quasars (FSRQ).

BL Lac Object BL Lac objects are categorized by their rapid and large amplitude flux
variability and significant optical polarization. As for the spectral properties, they have
a featureless non-thermal continuum. Very often we use the term blazars1 to refer to
BL Lac objects and FSRQ. Blazars have high radio brightness and flat radio spectra; in
the optical band, they have high optical polarization, as well as strong optical variability.
Padovani and Giommi (1995) divide BL Lac objects into three categories by the peak
frequency of the synchrotron bump (νs) in their spectral energy distribution (SED; see
Section 1.4.2): sources with νs < 10

14.5 Hz are low energy peaked BL Lac objects (LBL),
those with 10

14.5
< νs < 10

16.5 Hz are intermediate BL Lac objects (IBL), and those with
νs < 10

16.5 Hz are classified as high energy peaked BL Lac objects (HBL).

Radio Galaxy This type of AGN shows strong radio emission in the core and extended
jet, and sometimes they display narrow and broad emission lines. Fanaroff and Riley
(1974) discovered that there is a transition of radio luminosity occurring at P178MHz ≈

1The term blazar (blazing quasi-stellar object) was firstly used by Edward Spiegel in 1978 to refer to
OVV quasars and BL Lac objects.
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10
25
WHz

−1
sr

−1, and they divided radio sources into two classes, which were later called
Fanaroff and Riley Class I (FRI) and Class II (FRII). FRIs have smooth jets emanating
from the nucleus and lobes, where the surface brightness decreases toward the edges.
FRIIs are more powerful radio galaxies having faint jets and edge-brightened lobes. There
are two approaches of models that explains the FRI/FRII transition. The morphological
difference can be explained by deceleration of jets caused by the environment, and the
dichotomy of transition can be modeled by differences in fundamental parameters such as
black hole spin, accretion mode, and jet composition (see Gopal-Krishna and Wiita 2000
for a summary).

Seyfert galaxies This class of AGN was identified by Seyfert (1943). They have lu-
minous nuclei and bright emission lines. The Seyfert galaxies are divided into Type 1
and Type 2 based on their spectroscopic properties at the optical band. Type 1 Seyfert
galaxies show both narrow and broad emission lines, and Type 2 show only narrow lines.
The spectral line emission from the Seyfert galaxies is produced from highly ionized gas,
which contains hydrogen, helium, nitrogen, and oxygen, and the emission lines display
Doppler broadening. The Seyfert galaxies are quite luminous across the broadband spec-
trum, and only ∼5% of Seyfert galaxies are found to be radio-loud. As indicated in Figure
1.3, the Seyfert galaxies are mostly radio quiet quasars, which are seen edge-on. For this
reason, they are ideal objects for us to study the dusty torus, the accretion disk, and the
broad line region.

1.1.2 The Unified Model

It is widely accepted that the discrepant properties we observed in AGN are caused by
orientation effects (Antonucci 1993, Urry and Padovani 1995). Figure 1.3 illustrates the
unified scheme of AGN. The SMBH is located in the center and is surrounded by an
accretion disk, further out there is a donut-shape, dusty torus. Close to the SMBH, there
is a broad line region, which is a very compact region o gas where broad emission lines
are formed (Popovic 2006, Osterbrock 1989). Farther away from the central engine, there
is an extended region of interstellar gas ionized and heated by the AGN (Groves 2007),
which is denoted as the narrow line region. A relativistic jet is launched from the vicinity
of the SMBH and travels in the space passing through those regions mentioned previously
and interact with each other.

Based on this model, if an AGN is seen edge-on, the broad line region is blocked by
the dusty torus along the line-of-sight, and only the narrow line region can be seen from
the observer, thus it would appear to be a narrow line radio galaxy (radio-loud) or a Type 2
Seyfert galaxy (radio-quiet). When an observer sees an AGN with an angle between edge-
on and pole-on, the broad line region starts to become visible along the line of sight, and
this is the case for broad-line radio galaxies (radio-loud) and Type 1 Seyfert galaxies
(radio-quiet). If an AGN is seen pole-on, the source would appear to be highly variable
and luminous, because the jet is emitting towards us, this is the case of blazars (radio-
loud) and radio-quiet quasars. The unified scheme is supported by many observational
evidences (Antonucci and Miller 1985, Miller and Goodrich 1990, Klöckner et al. 2003,
Greenhill et al. 2003).
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Figure 1.3: The unified model of AGN (Urry and Padovani 1995). The green arrows
illustrate the viewing angles responsible for different categories of AGN. The upper part
shows the unification for radio-loud sources, whereas the lower part describes the radio-
quiet ones.

1.2 Radiation Processes

1.2.1 Thermal Emission
Thermal emission is the black-body emission. A system emits blackbody radiation when
it reaches thermal equilibrium, and its emission can be described by the Planck law:

Bν(T ) =
2hν

3

c2

1

e
hν
kT − 1

,

where Bν(T) is the intensity function, k is the Boltzmann’s constant, h is the Planck
constant, T is the temperature of the system, ν is the frequency of emission, and c denotes
the speed of light. A very good example in astronomical schemes of thermal emission is
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Figure 1.4: Planck radiation (image credit: H. Föll). As the equilibrium temperature gets
higher, the peak of the emission intensity shifts to higher frequency.

the cosmic microwave background radiation (Penzias and Wilson 1965), which shows a
black body spectrum of 2.725 K. Also, the optical emission of stars are dominated by the
black body radiation, and non-thermal spectral lines are observed as well.

1.2.2 Synchrotron Emission
The dominant mechanism for radio emission in blazars is the synchrotron radiation. When
charged particles move in a region with a magnetic field, they encounter a Lorentz force
that leads them travel along a curved path. The observed spectrum is clearly diverges
from Planck’s spectrum, and therefore is called “non-thermal”. In AGN systems, charged
particles moving in the relativistic jets are the main source of synchrotron radiation.

When a charged particle moves in a magnetic field, it experiences a Lorentz force

FL = q (E + β × B),
where β = v/c is the velocity of the moving particle in units of the speed of light, q
denotes the charge of the particle, and E and B are the electric and magnetic fields. For
the case that the magnetic field dominates, and the magnetic field has only one direction,
it results in a helical motion of the charged particle with the frequency

ωL =
qB

γmc
,

where ωL is the Larmor frequency, γ = 1/

�
1− β2, and m is the mass of the particle. It

can be shown that the synchrotron spectrum of a single electron can be described as:

Pν =
4

3
sinθγ

2σTc

νc

B
2

8π
Fs

�
ν

νc

�
,

where θ is the angle between the direction of the charged particle and the magnetic field
line, and νc is the critical frequency:
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Figure 1.5: Relativistic beaming transforms the dipole pattern of Larmor radiation (dotted
curve) into a narrow beam in the observer’s frame. The solid curve illustrates the effect
when γ = 5 (image credit: NRAO).

νc =
3

2
γ
2
sinθ

eB

2πmec
,

and σT is the Thomson cross section (Billings 1966):

σT ≡ 8π

3

�
e
2

mec
2

�
≈ 6.65× 10

−25
cm

2
.

When a charged particle moves with a relativistic speed, the emission is beamed sharply
in the direction of motion as v approaches c. It can be shown that:

sinθ =
sinθ

�

γ(1 + βcosθ�)
,

where θ denotes the viewing angle of the observer’s frame, and θ
� denotes the local frame

of the moving electron. The Doppler factor is defined by

δ =
1

γ(1− β�cosθ)
,

where β� is the longitudinal velocity component relative to the observer. The observed
flux density Sν then has a relation with the flux density in the co-moving frame S

�
ν
:

Sν = δ
3
S
�
ν
.

This is called the relativistic Doppler effect. Figure 1.5 illustrates the relativistic beaming
effect.

In general, what we observe from astronomical sources is the synchrotron radiation
emitted by a group of charged particles. Assuming a group of electrons with power law
energy distribution

N(E)dE = KE
−a
dE,

where N(E)dE is the number of electrons per unit volume in the range of E and E+dE,
and a is a parameter describing the distribution. Approximately each electron radiates the
power of

P = −dE

dt
=

4

3
σTβ

2
γ
2
cUB,

where UB is the magnetic field density. It can be shown that
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Figure 1.6: A photon of wavelength λ incidents and collide with a particle, producing
a photon of wavelength λ

�. Compton scattering: λ > λ
�; inverse-Compton scattering:

λ < λ
� (image credit: J. Wok).

S ∝ ν
+α

,

where α =
1−a

2 denotes the spectral index.

1.2.3 Inverse Compton Scattering
Compton scattering is important in astronomical processes. Seed photons with wave-
length λ interact with electrons, and photons with wavelength λ

� are produced (see Figure
1.6). If λ�

> λ, photons are scattered to higher energy, this is so-called inverse Compton
(IC) scattering. IC scattering is believed to be a major mechanism taken place in relativis-
tic flows. High-energy emission of AGN are non-thermal, and IC is a major mechanism
to generate X-ray, γ-ray, and TeV photons.

For a single electron, the Poynting flux of a plane wave incident on the electron is

S =
c

4π
|E|2,

and the scattered radiation of the electron has a power of

P = |S|σT = σTcUrad,

where Urad = |S|/c, the energy density of the incident wave. Now if we consider scatter-
ing by a relativistic electron, the equation in the local frame of the electron is

P
�
= σTcUrad.

It can be shown that the total power in the radiation field after IC scattering is

P =
4

3
σTcUrad(γ

2 − 1

4
),

thus the net power added due to IC scattering is

PIC =
4

3
σTcUrad(γ

2 − 1

4
)− σTcUrad =

4

3
σTcβ

2
γ
2
Urad.
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The power of synchrotron field is

Psync =
4

3
σTcβ

2
γ
2
UB.

The relation of the power of IC and synchrotron is

PIC

Psync
=

Urad

UB
.

Therefore, the power of IC scattering depends only on the photon field of the synchrotron
region Urad, and the magnetic field energy density UB. It can be shown that, when β → 1,
the maximum frequency of the IC scattering radiation is

ν

ν0
≈ 4γ

2
.

According to different sources of seed photons, there are several typical processes at
work in AGN systems. Synchrotron self-Compton (SSC) emission refers to that syn-
chrotron photons are up-scattered by the group of relativistic electrons which produce
them. Usually this happens in relativistic jets, where strong synchrotron radiation is ob-
served, and relativistic electrons move along jets. In the case of SSC, the IC mechanism
cools relativistic electrons efficiently when the brightness temperature exceeds 10

12 K,
which is the upper-limit indicator of the SSC mechanism. Readhead (1994) derived a
lower-limit of brightness temperature Tb ∼ 10

11 using the equipartition method. In
the case of external radiation Compton (ERC), seed photons can come from various
sources, such as a molecular torus, an accretion disk, and emission-line clouds.

Figure 1.7: X-ray spectrum of a type-1 AGN (Müller and Camenzind 2004).
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Figure 1.8: Different schemes of coronal distribution in the nucleus region of AGN. The
red path represents the trajectory of seed photons from blackbody accretion disk, and the
blue path represents the IC photons which are observed in X-ray spectra. (Image source:
http://www.wissenschaft-online.de/astrowissen/lexdt k05.html)

1.2.4 X-ray Emission of AGN
The observed X-ray properties of AGN are different based on their viewing angles. For
radio-quiet AGN, we can see the X-ray emission coming from the accretion disk and the
dusty torus. For radio-loud AGN, the IC up-scattered X-ray emission from relativistic
jets dominates the spectrum. In the following paragraphs, I will discuss about the X-ray
emission mechanisms observed in AGN.

Radio-quiet AGN

Figure 1.7 illustrates the X-ray spectrum of a radio-quiet AGN (Müller and Camenzind
2004), in which one peers directly into the central region of the AGN nucleus. As shown,
the spectrum is dominated by a continuum emission produced by the IC process. Below
1 keV, there is a soft excess emission. Around 1 keV, there is an absorption dip originated
from warm absorbers surrounding the black hole. We see the reflection component from
the accretion disk at higher energy. The origin of the power-law profile of the spectrum
is believed to be the IC of seed photons from blackbody accretion disk by hot electrons
(in corona, temperature∼200 keV) above the surface of the accretion disk. Figure 1.8
illustrates different models of this scheme. The corona could be distributed above the
accretion disk (sandwich) or around the black hole (sphere+disk); it can be torus-like
next to the black hole (torus+disk), or spread unevenly above the black hole (patchy); its
morphology can appear as clumps above the black hole (lamp-post). Usually one sees
those features of X-ray spectra in objects like Seyfert 1 galaxies, broadline radio galaxies,
and type-1 quasars. The X-ray studies of radio-quiet AGN can probe the structure in the
vicinity of black holes.
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Radio-loud AGN

Unlike radio-quiet AGN, the X-ray emission in radio-loud AGN is dominated by syn-
chrotron/IC processes from relativistic jets, especially for blazars. If an AGN is highly
energetic, the X-ray emission can be generated from solely the synchrotron process in
relativistic outflows (e.g., HBLs). The X-ray emission can also be generated by SSC or
ERC mechanisms (see Section 1.2.3), depending on the surrounding environment of jets
(see Section 1.4.2 for further discussions).

1.3 Very Long Baseline Interferometry
Very long baseline interferometry (VLBI) is one of the best techniques for studying extra-
galactic jets. With its parsec-scale resolution at cosmological distances, VLBI enables us
to trace the ejection of bright features from the jet base. In this section, I will give a brief
summary of the VLBI technique. For detailed information about radio interferometry and
VLBI, please see Thompson (1999).

1.3.1 Fundamentals of Radio Interferometry
The resolving power of a telescope r is determined by the wavelength of incoming elec-
tromagnetic wave and the diameter of the telescope r ∝ λ/D. The idea of VLBI is based
on the principle of the Michelson interferometer, that is, to use two or multiple telescopes
to observe a source, correlate the data collected by each telescope, and reconstruct the
image of the source region by Fourier deconvolution. Figure 1.9 shows the principle of
a double-slit interference and the VLBI technique. We learn from the Young’s double
slit experiment that the wavefront passing through the two slits generates Huygens waves
that produce interference fringes. When the path difference is an integer number of the
wavelength, we see constructive interference. By analogy, VLBI works with the same
principle. As seen in Figure 1.9, the two radio telescopes work as two slits, and if we
imagine the sky as the screen in the double slit experiment, regions which would cause
constructive and destructive interference can be considered as stripes in the sky. If the
source is bigger than the smallest spacing of the stripes, the source is unresolved, other-
wise it is resolved. This can be seen as a contrast of the fringes, or “visibility”. The larger
the distance between two telescopes, the higher resolution the interferometer has.

The incoming wavefront from the source is collected by radio antennas, and the sig-
nals are transmitted through waveguides to the amplifier. The signals are then amplified
and the intensities are detected by the receiver, producing voltage signals V1(t) and V2(t)

at the backend of two antennas. The voltage signal is sent to a correlator for data corre-
lation (see Figure 1.10). Before obtaining the voltage signal, one needs to correct for the
geometrical delay τg, which is caused by the arrival time difference of the wavefront due
to the geometric distribution of the two telescopes:

τg =
b · s
c

,

where b is the baseline vector, s is the unit vector towards the source, and c is the speed
of light. Note that τg changes slightly with time as the Earth rotates. When the corrected

23



1 Introduction

Figure 1.9: Analogy of double-slit interferometer and VLBI technique. The left panel
shows the Young’s double slit experiment, and the right panel is the global VLBI illus-
tration. Image credit: left – M. J. Parry-Hill and M. W. Davidson; right – taken from
http://www.haystack.mit.edu/tech/vlbi/evlbi/index.html.

voltage signal enters the correlator, where the signals are combined, it has a form like this

V1 = v1cos2πν(t− τg)

V2 = v2cos2πν(t).

The output of the correlator is

r(τg) = �V1(t)V2(t)� = v1v2cos2πντg.

The correlator output is an oscillating signal representing the motion of the source through
the interferometer fringe pattern on the sky. Next, we want to express the output by the
integrated brightness over the sky. We use I(s) to denote the brightness in the direction
s at frequency ν. The power of the signal from a small area of the source dΩ received in
bandwidth �ν can be expressed as A(s)I(s)�νdΩ, where A(s) represents the sampling
function of the antenna in the direction of s. Combining those, one could express the
correlator output as

dr = A(s)I(s)�νcos2πντgdΩ,

which leads to

r = �ν

�

S

A(s)I(s)cos
�
2πνb · s

c

�
dΩ

for an extended source. Note that this relation is only valid when the source locates in
the far field, from where the signal becomes a plane wave when it reaches the Earth.
If a source is extended and resolved, the contributed incoming signal would be from a
composition of slightly different directions, instead of one direction s. To represent this
scenario, we choose a direction towards the source as phase center s0, and we define s =
s0 + σ. Therefore
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Figure 1.10: A simplified diagram of a two-antenna interferometer, image taken from
Thompson (1999).

r = �νcos

�
2πνb · s0

c

��

S

A(σ)I(σ)cos

�
2πνb · σ

c

�
dΩ

−�νsin

�
2πνb · s0

c

��

S

A(σ)I(σ)sin

�
2πνb · σ

c

�
dΩ.

Next, we introduce the term visibility V :

V = |V |eiφV =

�

S

An(σ)I(σ)e
− 2πνb·σ

c ,

where An is the normalized antenna reception pattern. As shown, visibility is a function
of the source structure, the baseline length and the orientation of the interferometer. Each
observation with two telescopes at a given time in an array measures one value of the
visibility. Combining all measured visibilities, we could know the source brightness and
reconstruct its structure. To express the exponential function of the visibility as a complex
term:

e
−i(

2πνb·σ
c )

= cos

�
2πνb · σ

c

�
− i sin

�
2πνb · σ

c

�
.

If we separate the real and imaginary parts of visibility, we obtain

A0|V |cosφV =

�

S

A(σ)I(σ)cos

�
2πνb · σ

c

�
dΩ

A0|V |sinφV = −
�

S

A(σ)I(σ)sin

�
2πνb · σ

c

�
dΩ.
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Substituting these equations into previous one, we get

r = A0�ν|V |cos
�
2πνb · s0

c
− φV

�
.

As shown, one can obtain the amplitude and phase of the visibility after data calibration.
Once this is known, we apply synthesis imaging method to reconstruct the sky brightness
of the source region (see Briggs et al. 1999).

1.3.2 Synthesis Imaging
To reconstruct the image of the source region, we need to measure |V | and φV with dif-
ferent baselines. We express the distribution of baseline coverage in terms of a two-
dimensional (u, v) plane, which has a east-west/north-south coordinate. The measured
visibility is a function of u and v, because different positions on the (u, v) plane measures
different part of the sources with different orientations. To obtain a good image, the sam-
pling of the (u, v) plane has to be frequent enough to be able to perform Fourier transform
between the visibility plane V (u, v) and the image plane I(l,m) taking into account the
primary beam pattern A(l,m), where l and m denotes the coordinates of the observed
projected sky. The relation of the visibility plane and the sky plane can be expressed as:

A(l,m)I(l,m) =

�� ∞

−∞
V (u, v) e

2π i(ul+vm)
du dv,

which is a two-dimensional Fourier transform. Using Fourier deconvolution methods, one
could produce maps of sky brightness.

1.4 The Study of Blazars
In this section, we will introduce the emission properties and parsec-scale jet study of
blazars, as well as the current astronomy facilities that are often used in AGN research.

1.4.1 The Emission of Blazars
So far we have introduced the unified model and emission mechanisms involved in AGN.
To relate observational properties and the actual structures of AGN, I will discuss the
emitting regions at different bands in this section. Based on current knowledge, we can
illustrate the structure of AGN and the emitting regions at different wavebands in Figure
1.11, which shows the scales of structures like SMBH, accretion disk, dusty torus, rel-
ativistic jet (confined by a helical magnetic field), as well as the broad and narrow line
regions.

Radio Radio emission mainly generates from the relativistic outflows originated nearby
the SMBH. Hot plasma flows along the jet, in which charged particle interacts with mag-
netic field and produce synchrotron radiation. Typically, the scale of radio jets in AGN
are observed at scales from pc to kpc. Usually we see one-sided radio jets due to Doppler
boosting effect, which amplifies the jet approaching towards the observer. From VLBI

26



1.4 The Study of Blazars

Figure 1.11: Illustration of the structure of AGN and the locations correspond to different
bands of emission (Image credit: A. Marscher).

observations (see Section 1.3), even superluminal knots along radio jets with apparent
speed up to 50 c are detected (Lister et al. 2009b).

Infrared In radio-loud AGN, such as blazars, infrared emission is mainly dominated
by non-thermal synchrotron process. For radio-quiet AGN, the emission from the near-
infrared through sub-millimeter bands correspond to thermal dust emission close to the
nucleus region (Sanders 1999).

Optical and Ultra Violet The jet synchrotron process extends to the optical and UV
bands. The accretion disk surrounding the nucleus is also expected to peak at the UV-
optical band, and this corresponds to thermal emission. Optical and UV thermal photons
from accretion disk might serve as seed photons and be upscattered to higher-energy
photons, such as X-rays (see Section 1.2.4)

X-rays In blazars, X-rays can be generated in shocks and superluminal knots in jets by
the IC process. As mentioned in previous paragraph, X-ray photons can be produced by
ERC process, in which the seed photons are from the accretion disk and upscattered by
obscuring torus in surrounding environment.

γ-rays through TeV Due to the resolution limitation in very-high-energy (VHE) obser-
vatories, it is not possible to locate γ-ray and TeV emission in AGN. In current theoretical
models, it is believed that VHE photons can be generated from shocks in relativistic jets
(Dermer and Schlickeiser 1993, 1994), and one of the mechanisms is through synchrotron
process (leptonic). Other possible scenarios include proton-proton process (hadronic),
and leptonic-hadronic, etc.
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Figure 1.12: The broadband SED of the broad-line FRII radio galaxy 3C 111 (see Chapter
4; Chang et al. in preparation). At the bottom of the figure, red bars mark the range of
different band of emission in Hz.

1.4.2 The Spectral Energy Distribution of Blazars
Typically, the broadband SED of blazars have a double-hump profile spanning from radio
to VHE band (e.g., Dermer and Schlickeiser 1993), as shown in Figure 1.12. The double-
peak shape of blazar broadband SED can be explained by current models of non-thermal
emission. As illustrated in Figure 1.13, the lower energy hump can be modeled by syn-
chrotron emission from blazar jets, and depending on the energy output of the jet, the
emission could cover from radio to UV/X-rays. As for the higher energy hump, there are
several possible mechanisms which can generate high energy photons: SSC (Jones et al.
1974, Ghisellini and Maraschi 1989), ERC (Sikora et al. 1994, Dermer and Schlickeiser
2002). In the SSC scheme, IC seed photons are produced locally as the same group of syn-
chrotron photons in blazar jets. In the ERC scheme, seed photons can come from several
sources such as a molecular torus (Błażejowski et al. 2000), an accretion disk (Dermer
and Schlickeiser 1993), and emission-line clouds (Sikora et al. 1994). Moreover, the seed
photons produced by local synchrotron emission may be scattered by nearby clouds sur-
rounding the jet and enter the IC region again (mirror Compton; Ghisellini and Madau
1996).

The physical processes involved in the SED study are complex, and the fact that we
cannot distinguish different emission regions from a target source makes broadband SED
modeling challenging. For example, the SED study of 48 Fermi bright blazars (Abdo et al.
2010a) shows that a homogeneous one-zone model with SSC mechanism cannot explain
most of their results, and more complex models involving external Compton radiation or
multiple SSC components are needed to model the blazar SEDs. One of the main prob-
lems of modeling broadband SED is to reproduce the radio emission. Current available
SED models are able to fit the high energy band well, however, the synchrotron emis-

28



1.4 The Study of Blazars

Figure 1.13: Artistic illustration of the emission mechanisms in AGN jet (image source:
http://www.mpifr-bonn.mpg.de/bonn04/).

sion from the radio jet in AGN is usually underestimated (e.g., Finke and Dermer 2010,
and Abdo et al. 2010d). The radio emission is believed to be generated via synchrotron
process in the extended jet region, yet in the SED models, the high energy emission is
reconstructed from a rather compact region, which cannot reproduce the radio emission
well.

1.4.3 Parsec-scale Jets: Intrinsic and Observed Properties
In AGN studies, it is important to be aware of what are the intrinsic parameters of AGN
and what are the observed ones. The main indicators of jet flow are the intrinsic Lorentz
factor (γ = (1 − β

2
)
1/2, where β is the speed of relativistic flow in the unit of c), the

intrinsic luminosity L0, and the intrinsic brightness temperature T0. However, in real life
we can only observe the apparent jet speeds βapp, luminosities Lapp, and brightness tem-
peratures Tapp which are dependent on parameters like the Doppler factor δ, the Lorentz
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factor γ, and the jet viewing angle θ w.r.t observer. βapp, Lapp, Tapp and δ can be derived
from γ, θ, and L0. Here I list the relations between the parameters:

βapp =
βsinθ

1− βcosθ
,

Lapp = L0δ
n
,

δ = γ
−1
(1− βcosθ)

−1
,

Tapp = δ T0,

γ = (1− β
2
)
−1/2

,

where n depends on the geometry and spectral index. Typically, mathematical n needed is
in the range between 2 and 3, depending on the geometry and spectral index of jet. Very
often the apparent speeds of AGN jet βapp can appear to be superluminal, which is due
to the illusion caused by viewing effect (Rees 1966). Currently, the observed apparent
projected speeds of AGN can be up to ∼ 60 c (e.g., Lister et al. 2009b).

1.4.4 The AGN Study in This Thesis
In the following Chapters, we will present our studies of AGN with different approaches.
In Chapter 2, we study a bright feature in the powerful jet of the radio galaxy M 87 with
the VBI technique. In Chapter 3, we study a multiband flare of the Southern blazar
PKS 2052−47 by performing multiwavelength observations. In Chapter 4, we study the
emission properties of a statistically-complete radio-selected blazar sample by construct-
ing a broadband SED catalog of the 135 sources. The study of AGN in this thesis covers
the whole electromagnetic spectrum, and we used ground base telescopes, radio interfer-
ometric arrays, as well as space observatories to perform our study. Table 1.1 lists current
astronomical facilities that are in operation which are often used in AGN studies, and we
marked the facilities that were used to perform the study in this thesis. We hope our efforts
will push us a step forward in understanding the physical mechanisms of AGN jets.
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1.4 The Study of Blazars

Table 1.1: Current observatories in operation that are used in AGN studies.
Facility Band Observing range Operation time Location
Arecibo 300 m Radio 300 MHz –10 GHz 1963 Puerto Rico
∗UMRAO 26 m Radio 4.8, 8, 14.5 GHz 1958 Michigan, USA
∗CHIa Radio/array 6.6 GHz Australia
EVN Radio/VLBI 1.6 – 22 GHz 1980 Europe
∗LBAa Radio/VLBI 8.4 & 22 GHz - Australia/South Africa
MERLIN Radio/array 151 MHz – 24 GHz 1980 The United Kingdom
∗VLBA Radio/VLBI 0.3 – 43 GHz 1993 USA
VLA Radio/array 1 – 50 GHz 1980 New Mexico, USA
∗Effelsberg 100 m Radio 408 MHz – 86 GHz 1972 NRW, Germany
GBT 100 m Radio 290 MHz – 90 GHz 2000 Virginia, USA
IRAM-PdBI Radio/array 100 GHz 1988 Grenoble, France
∗APEX Radio 345 GHz 2007 Atacama, Chile
∗IRAM 30 m Radio 100 – 380 GHz 1984 Pico Veleta, Spain
ALMA Radio 84 – 720 GHz 2011 Atacama, Chile
Planck Microwave 30 – 70, 100 – 857 GHz 2009 Space observatory
Herschel Far-infrared 60 – 670µm 2009 Space observatory
HST Optical/UV/IR 1990 Space observatory
∗Swift/UVOT Optical 170 – 650 nm 2004 Space observatory
∗Swift/XRT X-ray 0.2 – 10 keV 2004 Space observatory
∗Swift/BAT Hard X-ray 15 – 150 keV 2004 Space observatory
Chandra X-ray 0.1 – 10 keV 1999 Space observatory
XMM-Newton/EPIC X-ray 0.2 – 12 keV 1999 Space observatory
RXTE X-ray 1.5 – 250 keV 1995 Space observatory
Suzaku X- to γ-ray 0.3 – 600 keV 2005 Space observatory
INTEGRAL/IBIS Hard X-ray 15 keV – 1 MeV 2002 Space observatory
INTEGRAL/SPI Hard X-ray 20 keV – 8 MeV 2002 Space observatory
CGRO/EGRET γ-ray 20ṀeV – 30 GeV 1991 Space observatory
∗Fermi/LAT γ-ray 30 MeV – 300 GeV 2008 Space observatory
HESS γ-ray 100 GeV – TeV 2003 Namibia
∗ Relevant to this thesis.
a The TANAMI project; see Section 3.2.
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2 A multi-band flare of the HST-1
feature in the M 87 jet

As mentioned in the previous chapter, the VLBI technique allows us to trace motions in
AGN outflows with very high resolution. Thus, it becomes a powerful tool that can be
used for probing outburst events in parsec scale jets of AGN. In this chapter, we use the
VLBI wide-field imaging technique to investigate a bright flaring feature HST-1 in the
jet of the radio galaxy M 87. This multi-band flare in 2005 caught the attention of the
community mainly for its possible relation with a TeV flare from M 87 observed around
the same time. By applying wide-field imaging to the VLBA 2 cm Survey/MOJAVE
data from 2000 to 2009, we imaged the HST-1 region with the highest resolution ever
obtained. We examined the VLBI properties of HST-1, and compared with other bands.
This chapter describes the details of this work, which has been published in A&A 515,
328 (2010).

2.1 Introduction
One of the most studied AGN is M 87 (also known as Virgo A), a nearby elliptical galaxy
located in the Virgo cluster. It hosts a very powerful one-sided jet emerging from the
central region, and was also the first extragalactic jet to be discovered (Curtis 1918). The
synchrotron-emitting nature of the M 87 jet was suggested by Baade (1956). Observations
show that M 87 contains 2.4×10

9
M⊙ within a 0.25�� radius (Sargent et al. 1978, Young

et al. 1978), which suggests the presence of a SMBH in its nucleus (Harms et al. 1994).
Due to its proximity (16.4 Mpc, z=0.00436, 1 mas = 0.08 pc, 1 mas yr−1 = 0.26 c, Jordán
et al. 2005), M 87 is an ideal candidate for studying AGN phenomena, and has been
monitored at many different wavelengths over the last several decades. In the observed
one-sided jet of M 87 (Shklovsky 1964), superluminal motion was reported from Hubble
Space Telescope (HST) observations within the innermost 6�� of the jet with apparent
speeds of 4 c to 6 c (Biretta et al. 1999). Discrepant speeds were reported from VLBA
observations at 7 mm with values between 0.25 c to 0.4 c (Ly et al. 2007), and a value
of 2 c or even larger (Acciari et al. 2009). VLBA λ2 cm observations showed apparent
speeds < 0.05 c from 1994 to 2007 (Kovalev et al. 2007, Lister et al. 2009b). Therefore,
the kinematical properties of the jet in M 87 remain an important topic of discussion.

In 1999 HST observations revealed a bright knot in the jet located 1�� (projected dis-
tance of 0.08 kpc) away from the core. This feature, named HST-1, is active in the radio,
optical, and X-ray regimes. VLBA λ20 cm observations showed that HST-1 has sub-
structure and appears to contain superluminal components moving at speeds up to 4 c
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2 A multi-band flare of the HST-1 feature in the M 87 jet

Figure 2.1: The 2005 outburst of HST-1 observed by HST in the near-UV band. Image
credit: NASA, ESA, and J. Madrid (McMaster University).

(Cheung et al. 2007). These observations suggest that HST-1 is a collimated shock in
the AGN jet. Furthermore, recent multi-wavelength observations were used to show that
HST-1 could be related to the origin of the TeV emission observed in M 87 in 2005 by
the HESS telescope (Aharonian et al. 2006). Comparing data taken in the soft X-rays
(Chandra), near ultraviolet by Madrid (2009), and VLA λ2 cm observations (Cheung
et al. 2007, Harris et al. 2006), the light curves of HST-1 reached a maximum in 2005,
while the resolved core showed no correlation with the TeV flare (see Figure 2.1 and
2.2). Therefore, the TeV emission from M 87 was suggested to originate in HST-1 (Harris
et al. 2008). Based on those findings, Harris et al. (2008) suggest that HST-1 has a blazar
nature. However, Acciari et al. (2009) reported rapid TeV flares from M 87 in February
2008, which may have originated in the core, instead of HST-1, which remained in a low
state during the flares in 2008. Recently, the Fermi Large Area Telescope (LAT) team
reported the detection of M 87 at gamma-ray energies (Abdo et al. 2009c).

The AGN standard model considers the blazar behavior to originate at the vicinity of
the SMBH. However, HST-1 is 80 pc away from the core. If the HST-1 blazar hypothesis
is true, this would pose a challenge to current AGN models. In this chapter, we examine
this hypothesis with λ2 cm VLBI wide-field imaging of the HST-1 feature. In Section 2.2,
I will introduce the Very Long Baseline Array (VLBA) in detail, and describe our VLBI
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2.2 VLBI Observations and Data Analysis

Figure 2.2: The light curves of HST-1 and M 87 core. Left: NUV light curves of HST-1
and the M 87 nucleus, center: NUV and X-ray light curves of HST-1 (Madrid 2009), and
right: light curves of the TeV emission from M 87 (Aharonian et al. 2006) and the X-ray
and radio emission from HST-1 (Cheung et al. 2007).

observations and the corresponding data reduction. Next, I will present the results in
Section 2.3, followed by a discussion in Section 2.4. Finally, I will give a short summary
in Section 2.5. Throughout this chapter, we use the term “core” as the apparent origin of
AGN jets that commonly appears as the brightest feature in VLBI radio images of blazars
(Lobanov 1998, Marscher 2008). We use a cosmology with Ωm = 0.27,ΩΛ = 0.73, and
H0 = 71km s

−1 Mpc−1 (Komatsu et al. 2009).

2.2 VLBI Observations and Data Analysis

2.2.1 Very Long Baseline Array
The Very Long Baseline Array (VLBA) consist of 10 stations, and each is a 25 m antenna
of the same design. The construction began in February 1986, and finished in May 1993.
The first light of the array was taken in May 29, 1993. In Figure 2.3, one can see the
geometrical distribution of VLBA. The baseline lengths range from 236 km to 8611 km,

Table 2.1: List of VLBA stations and High-Sensitivity Array.
Antenna Location Latitude Longitude
MK Mauna Kea, Hawaii 19◦48�04.97�� N 155◦27�19.81�� W
BR Brewster, Washington 48◦07�52.42�� N 119◦40�59.80�� W
OV Owens Valley 37◦13�53.95�� N 118◦16�37.37�� W
KP Kitt Peak 31◦57�22.70�� N 111◦36�44.72�� W
PT Pie Town, New Mexico 34◦18�03.61�� N 108◦07�09.06�� W
VLA∗ New Mexico 34◦04�43.75�� N 107◦37�05.91�� W
LA Los Alamos, New Mexico 35◦46�30.45�� N 106◦14�44.15�� W
FD Fort Davis, Texas 30◦38�06.11�� N 103◦56�41.34�� W
NL North Liberty, Iowa 41◦46�17.13�� N 91◦34�26.88�� W
GBT∗ Green Bank, West Virginia 38◦25�59.24�� N 79◦50�23.41�� W
HN Hancock, New Hampshire 42◦56�00.99�� N 71◦59�11.69�� W
Arecibo∗ Puerto Rico 18◦20�36.60�� N 66◦45�11.10�� W
SC St. Croix, United States Virgin Islands 17◦45�23.68�� N 64◦35�01.07�� W
Effelsberg∗ NRW, Germany 50◦31�30.00�� N 6◦53�00.30�� W
∗ Antenna added to VLBA to form the High-Sensitivity Array
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2 A multi-band flare of the HST-1 feature in the M 87 jet

Figure 2.3: Sketch of the 10 VLBA antennas (Image credit: NRAO/AUI, SeaWiFSProject
NASA/GSFC and ORBIMAGE).

providing excellent resolutions.
By adding the Arecibo 300 m dish, the Green Bank Telescope (GBT), the Very Large

Array (VLA), and the Effelsberg 100 m telescope to the VLBA, the resulting interfero-
metric network is called the High-Sensitivity Array, which provide higher sensitivity. In
this study of M 87, three of the observing epochs in 2000 were obtained by VLBA plus
one VLA antenna, which is part of the High-Sensitivity Array.

2.2.2 Observations and Data Analysis
M 87 has been monitored at λ2 cm with the VLBA since 1994 by the 2 cm Survey/MOJAVE
programs1 (Kellermann et al. 2004, Lister et al. 2009a). We re-analyzed 12 epochs of data
from these monitoring program obtained after late 2001, together with three observing
sets of targeted observations on M 87 in 2000 (see Table 2.2). The 2 cm Survey/MOJAVE
epochs from 2001 to 2009 were snapshot observations with a total integration time from
20 minutes to one hour, and were broken up into about six-minute-long scans in order to
have a better (u, v) coverage; the three epochs in 2000 were full-track observations with
eight-hour integration time and included a single VLA antenna (Y1).

The VLBA data were processed by following the standard procedures as described in

1http://www.physics.purdue.edu/MOJAVE/
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2.2 VLBI Observations and Data Analysis

Table 2.2: Journal of VLBA λ2 cm observations of M 87a .
Exp. tint

b Nant Beamc SVLBA,M87
total SM87

peak,A SHST−1
total SHST−1

peak,A SHST−1
peak,B rmsdA rmsdB

Epoch Code [min] size[mas] φ[degree] [Jy] [Jy beam−1] [mJy] [mJy beam−1] [mJy beam−1] [µJy beam−1] [µJy beam−1]

2000.06 BK073Ae,f 476 11 2.07×1.35 −7 2.26 1.24 <1.36 <0.26 <0.23 79 68
2000.35 BK073Be,f 476 11 1.88×1.31 −13 2.33 1.29 <1.42 <0.20 <0.21 70 71
2000.99 BK073Ce,f 476 10j 2.12×1.52 −3 2.46 1.33 <1.84 <0.25 <0.33 100 92
2001.99 BR077Dg,h 68 10 1.74×1.09 −8 2.74 1.42 <5.24 <0.66 <0.70 212 262
2002.25 BR077Jg,h 57 10 1.77×1.13 −6 2.54 1.40 <5.84 <0.80 <0.81 300 292
2003.09 BL111Eg 54 10 1.85×1.30 −8 2.85 1.57 3.98 1.01 2.13 218 206
2004.61 BL111Ng 63 10 1.88×1.16 −11 2.32 1.27 22.03 4.14 8.76 198 210
2004.92 BL111Qg 64 10 1.95×1.23 −14 2.41 1.39 23.59 2.70 9.97 223 295
2005.30 BL123Eg 63 9k 2.06×1.37 −16 2.35 1.37 19.72 2.57 7.03 237 226
2005.85 BL123Pg 63 10 2.11×1.25 −17 2.39 1.31 19.93 3.67 9.53 188 208
2006.45 BL137Fg 22 10 1.85×1.22 −10 2.51 1.51 <6.96 <1.02 <1.44 295 348
2007.10 BL137Ng 42 10 1.95×1.23 −13 2.67 1.53 10.49 1.14 2.94 201 255
2007.42 BL149AAg 45 10 1.78×1.25 −8 2.69 1.46 <7.70 <0.81 <1.13 272 385
2008.33 BL149AOe 41 9j 1.77×1.10 −7 3.24 1.79 <3.22 <0.54 <0.75 193 161
2009.10 BL149BGi 50 9l 2.25×1.52 −12 1.99 1.13 <5.26 <0.36 < 0.49 223 263

a Observations are in dual-polarization mode, except as indicated
b Total scheduled VLBI on-source time
c Beam A: natural weighting and tapering of Gaussian full-width half maximum 0.3 at 200 Mλ
d Root-mean-square image noise using natural weighting and tapering with a Gaussian factor of 0.3 at a radius of 200 Mλ
e Recording rate: 256 Mbit s−1, 2 bits per sample
f Dedicated full-track experiment on M 87 (see Kovalev et al. 2007); the array included a single VLA antenna (Y1)
g Recording rate: 128 Mbit s−1, 1 bit per sample
h Single polarization hand (LL) observations only
i Recording rate: 512 Mbit s−1, 2 bits per sample
j Antenna NL missing
k Antenna SC missing
l Antenna HN missing

detail by Kovalev et al. (2007), Lister et al. (2009a). The data were fringe-fitted before
the imaging process. The data from the MOJAVE project epochs after 2007.61 were
processed using the pulse calibration signals to align the phases instead of fringe fitting,
because the positions of the sources and the VLBA antennas are well determined (Petrov
et al. 2008, 2009), and the station clocks are known to be stable. However, for our wide-
field imaging purposes, fringe fitting was necessary for a better determination of the phase
and rate across the observed band, and therefore to better image the extended jet of M 87.
Moreover, it ensures the homogeneity of all the datasets.

In order to accurately image HST-1 with VLBI, there are two issues that need to be
considered. First, HST-1 lies ∼800 λ2 cm beamwidths away from the brightest feature
(the VLBA core). For this reason, time or frequency data averaging would produce time
and bandwidth smearing in the HST-1 region. Second, based on earlier VLBA λ20 cm
and VLA λ2 cm observations of HST-1 (Cheung et al. 2007), we expect the total 2 cm flux
density to be at the milli-Jansky level, which is much weaker than the total flux density
of the inner jet (∼2.5 Jy). To detect HST-1, we need to image the inner jet region with its
extended structure (over tens of milliarcseconds); otherwise, the sidelobes from the core
would cover the HST-1 emission. To reach this goal, we applied natural weighting and
(u, v)-tapering on the whole dataset.

First, we averaged the data 16-sec in time and averaged all channels in each IF in
frequency, and obtained the inner jet initial model by applying phase and amplitude self-
calibration using DIFMAP. The time-smearing effect of 16 seconds begins to be relevant
at a distance of 200 mas from the field center, which is beyond the inner jet scale, and
did not affect our data analysis at this stage. When the inner jet model was reasonably
good, we applied the obtained CLEAN-components to the un-averaged data for the first
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Figure 2.4: M 87 and HST-1 observed in different bands. This figure illustrates the size
scale of M 87 and HST-1 observed in different wavelengths. The panels in yellow, red,
and green show the results of our observations.

amplitude-and-phase self-calibration using AIPS. Natural weighting and tapering with a
Gaussian factor of 0.3 at a radius of 200 Mλ in the (u, v)-plane was applied to the whole
dataset, and the resultant beam sizes are shown in Table 2.2. If we remove tapering and
apply uniform weighting, the inner jet is better resolved but less flux density is recovered.
In this case, the image noise level is too high to detect the HST-1 feature.

To better identify the extended component, and since full-resolution, uniform weight-
ing imaging did not produce detections of this feature, we chose the approach of tapering
and natural weighting. Furthermore, we downgraded the resolution to a larger beam size
of 8×3.4 mas in P.A. 0◦ This beam size was chosen specifically for comparison with the
VLBA λ20 cm observations of (Cheung et al. 2007). In the following Sections, we label
the smaller beams as beam A, noting that the beam sizes are slightly different in each
epoch. These are listed in Table 2.2. Beam B refers to the beam size of 8×3.4 mas. Fig-
ure 2.4 shows multi-band image of M 87 and HST-1, and illustrates the image scales of
beam A and beam B.

2.3 Results
We completed the wide-field imaging of 15 epochs of M 87 VLBA λ2 cm obtained be-
tween 2000 and 2009. Each epoch was imaged using beam A and beam B (see Section
2.2), and for each beam size, we applied two image cleaning fields, one for the M 87 in-
ner jet region, and another for the HST-1 region, which was phase-shifted as −788.5 mas
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2.3 Results

Figure 2.5: Images of the central 220 mas (17.6 pc in projection) of the M 87 jet (beam
A, resulting from a (u, v)-taper of Gaussian 0.3 at 200 Mλ and natural weighting), spaced
by their relative time intervals. The images are plotted with the same size scale. The
contour levels all increase by factors of

√
2, and the lowest contours are (from 2000.06 to

2008.33): 0.5, 0.7, 0.5, 1.1, 1.3, 0.9, 0.9, 0.9, 0.9, 0.9, 1.1, 1.0, 1.2, 0.9, 0.9 mJy beam−1,
respectively. The restoring beams and brightness peak values are given in Table 2.2. 39



2 A multi-band flare of the HST-1 feature in the M 87 jet

Figure 2.6: Downgraded resolution images of the central 220 mas of the M 87 jet with
beam B (8×3.4 mas in P.A. 0◦), spaced by their relative time intervals. The contour levels
all increase by factors of

√
2, and the lowest contours are (from 2000.06 to 2008.33): 0.5,

0.7, 0.5, 1.1, 1.3, 0.9, 0.9, 0.9, 0.9, 0.9, 1.1, 1.0, 1.2, 0.9, 0.9 mJy beam−1, respectively.
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2.3 Results

Figure 2.7: Total VLBA flux density of M87 at λ2 cm versus time.

in right ascension and 348.9 mas in declination. We performed deep cleaning iterations
until the image rms reached the expected thermal noise value. The rms values of the final
images are listed in Table 2.2. Three epochs in the year 2000 are full-track observations
with an on-source time of 476 minutes, and have the lowest rms.

2.3.1 Imaging of the inner jet of M 87

With tapering and natural weighting of the data, the extended inner jet was imaged over
a region 100-200 mas in size, which varied according to the different sensitivity of each
epoch. The inner jet images are shown in Figure 2.5 (beam A) and Figure 2.6 (beam B).
The inner jet structure has an average total flux density of ∼2.5 Jy, with overall flux den-
sity changes up to 1 Jy during 2000 to 2009, as shown in Figure 2.7. We estimate the
error in flux densities to be 5%, based on the typical amplitude calibration accuracy of
the VLBA (Kovalev et al. 2005 and Ulvestad and Wrobel 2009). In February 2008, mul-
tiple very high energy flares were detected by the multi-wavelength campaign of HESS,
MAGIC, VERITAS; meanwhile, VLBA λ7 mm observations detected a flare in the VLBA
core simultaneously (Acciari et al. 2009, 2010). We have also seen the 2008 flare from
the core in our VLBA λ2 cm data, and therefore confirmed this result (see Figure 2.7).

The inner jet showed structural changes during the period of our observations. How-
ever, the study of the inner jet is beyond the scope of this thesis (see e.g., Kovalev et al.
2007, Walker et al. 2008, and Lister et al. 2009b for a detailed discussion of the structure
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2 A multi-band flare of the HST-1 feature in the M 87 jet

and kinematics of the inner jet).

2.3.2 Imaging of the HST-1 region
HST-1 was detected in six of the 15 epochs we analyzed from 2003 to early 2007 (detec-
tion limit: 5σ). As discussed in Section 2.4, this feature was too faint in most epochs, and
the image noise was too high to allow us to to detect it. Figure 2.8 shows hybrid maps
of this region. The HST-1 images produced using beam A show that the brightest com-
ponent has a size of ∼10 mas down to the lowest contours, while the images produced
using beam B reveal an extended structure ∼50 mas in size, which is comparable with
VLBA λ20 cm observations (Cheung et al. 2007). We estimated the total flux density of
HST-1 by summing all the clean components of the final image in the HST-1 region. We
obtained the maximum surface brightness of HST-1 by using the task IMSTAT in AIPS.
The feature has a total flux density that varies between 4 and 24 mJy (Figure 2.9). The
peak surface brightness varies from 1 to 4 mJy beam−1 (beam A) and 2 to 10 mJy beam−1

(beam B), as shown in Figure 2.10. Epochs which have no detection are marked as upper
limits (inverted triangles) in Figs. 2.9 and 2.10.

In 2003.09, HST-1 is marginally detected with both beam sizes; the brightness peak is
∼1 mJy beam−1, and the total flux density is 3.7 mJy. During 2004.61–2005.85, 4 epochs
show significant detections of HST-1 with beam A and beam B, where the peak com-
ponent remains dominant, and the total flux density fluctuation is ∼30%. In 2007, the
structure of HST-1 becomes more extended and complex, reaching a total flux density of
10 mJy and developing two distinct peaks (peak a and peak b in Figure 2.8).

For the epochs with no detections, we derived an upper limit on the total VLBI flux
density of HST-1. These were estimated based on the rms noise values of each epoch.
The maximum amount of flux density hidden below the noise would be the rms value
times the size of the HST-1 emission region (in units of beam size). Based on our HST-1
detection, we assume that the size of the HST-1 emission region is about 20 times the
beam size, and we derived the upper limit on each epoch accordingly. We also derived
the upper limit of the brightness temperature in this region as 9×10

6 K at λ2 cm.

2.3.3 Spectral properties of HST-1
Figure 2.11 illustrates two overlaid images of HST-1 at λ20 cm (Cheung et al. 2007 and
Cheung, priv. comm.) and λ2 cm (beam A) of two adjacent epochs. The images were
co-aligned using the peak of the inner jet as a common reference point. This figure shows

Table 2.3: HST-1 λ20−λ2 cm spectral indexa

Epoch Sν [mJy] α

λ2 cm λ20 cm λ2 cm λ20 cm
2005.30 2005.35 19.7±1.0 111±6b −0.75±0.03
2005.85 2005.82 19.9±1.0 126±6b −0.80±0.02

a The spectral index and its errors are formal, see section 2.4.4
b 5% error assumed for VLBI observations
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2.3 Results

Figure 2.8: Images of the HST-1 region restored with beam A (left panel) and beam B
(right panel). The distance between epochs is proportional to their relative time intervals,
and the images are plotted with the same size scale. The contour levels increase by suc-
cessive factors of

√
2, and the lowest contours for both images are (2003.09 to 2007.10):

0.6, 0.8, 0.8, 0.8, 0.8, 0.7 mJy beam−1, respectively. The beam sizes of the beam A images
are plotted to the right of each epoch label, while the beam size of the beam B images
is shown in the upper-right corner. The HST-1 field is phase-shifted −788.5 mas in right
ascension (RA) and 348.9 mas in declination (DEC). These images were obtained after
performing self-calibration in the imaging process. In the right panel, a and b represent
the two peaks of HST-1 in epoch 2007.10. The red dashed line illustrates the linear fit
yielding HST-1’s projected apparent speed (see Figure 2.13).
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2 A multi-band flare of the HST-1 feature in the M 87 jet

Figure 2.9: Total VLBI λ2 cm flux density of the HST-1 region versus time. The values
for epochs with no confident detection (inverted triangles) are upper limits, whereas the
epochs with a detection are marked as dots. The results of using beam A are in black
closed circles/triangles, while the results of using beam B are in red open circles/triangles.

that our observations are resolving the HST-1 peak component. We use those epochs to
derive the HST-1 spectral properties by producing a rendition of the λ2 cm image using
the same restoring beam as the λ20 cm image, namely, 8×3.4 mas at a position angle of
0◦ (beam B; Figure 2.8, right panel). Table 2.3 lists the epochs of λ20 cm and λ2 cm ob-
servations and the corresponding spectral index α, where Sν ∝ ν

+α. The uncertainties of
the spectral indices are formal errors, and are estimated using standard error propagation
methods. The spectral index maps are shown in Figure 2.12. When interpreting these val-
ues, one needs to keep in mind that the resolution of λ20 cm and λ2 cm are very different.
First, the frequency is different by one order of magnitude, which results in small formal
error bars of the spectral index. Second, the incomplete (u, v) coverage on short VLBA
baselines caused the missing flux effect in the HST-1 region at λ2 cm (see Section 2.4.4
for a discussion). The average value of the derived spectral index is α ∼ −0.78.

2.3.4 HST-1 kinematics
To study the kinematics of HST-1, we fitted the peak of HST-1 and the M 87 core in the
image plane with a Gaussian component using IMFIT in AIPS. As shown in Figure 2.8,
it is difficult to identify moving components in this region, because the detections are
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2.3 Results

Figure 2.10: Brightness peak value at VLBI λ2 cm of the HST-1 region versus time.
The values for epochs with no confident detection (inverted triangles) are upper limits,
whereas the epochs with a detection are marked as dots. The results of using beam A
are in black closed circles/triangles, while the results of using beam B are in red open
circles/triangles.

weak. Therefore, it is difficult to derive an accurate apparent speed for the HST-1 sub-
components. For this reason, we use the relative position between the peak of HST-1 and
the M 87 core to estimate the apparent speed of HST-1. Moreover, among the 6 epochs
of detection, HST-1 was almost resolved out in epoch 2007.10, and appeared to have
a double-peak morphology in the beam B image (Figure 2.8). By considering that the
HST-1 detection in 2007.10 was weak, and the double-peak structure might be due to the
effect of convolution, we excluded this epoch from the kinematic analysis (see Section
2.4.2 for a discussion). As shown in Figure 2.13, we plotted the peak positions of HST-1
with respect to the M 87 core against time, and we estimated the position errors as the
FWHM of the fitted Gaussian component. By applying a linear regression to the peak
positions, we obtained a value for the projected apparent speed of the HST-1 feature of
2.36±1.19 mas yr−1, which correspond to βapp = 0.61±0.31.
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2 A multi-band flare of the HST-1 feature in the M 87 jet
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Figure 2.11: VLBA images of the HST-1 region in M 87 at λ 2 cm (this thesis: black
contour, beam size at half power level = 2×1 mas, P.A. =−16

◦, plotted bottom left)
and λ 20 cm (Cheung et al. (2007): gray contour, beam size = 8×3.4 mas, P.A. = 0◦,
plotted bottom right). Upper panel: epoch 2005.30 (λ 2 cm, peak surface brightness:
3.4 mJy beam−1) and 2005.35 (λ 20 cm, peak: 45 mJy beam−1); lower panel: epoch
2005.85 (λ 2 cm, peak: 3.3 mJy beam−1) and 2005.82 (λ 20 cm, peak: 42 mJy beam−1).
The lowest contour is 0.7 mJy beam−1, and the contour levels are separated by a factor
of

√
2. The images of two frequencies were registered using the peak of the inner jet of

HST-1 as a common reference point.
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2.4 Discussion

Figure 2.12: Spectral index maps of the HST-1 region. The map on the left-hand side
was produced by overlaying the images of λ 2 cm (epoch 2005.30, beam B) and λ 20 cm
(epoch 2005.35), while as the map on the right-hand side was from the images of λ 2 cm
(epoch 2005.85, beam B) and λ 20 cm (epoch 2005.82).

2.4 Discussion

2.4.1 Variability timescale and HST-1 flaring region at parsec-scales
We derived the variability timescale of the 2005 flare from HST-1 assuming that a single
flare would produce a logarithmic rise and fall in the light curve. By fitting the avail-
able light curves from VLBI and VLA measurements before and after the maximum flux
density during the flare, we derived corresponding variability timescales and the upper
limit of the characteristic size where the flare was produced. We define the logarithmic
variability timescale as τvar = dt/d[ln(S)], where S is the flux density, t is the time in-
terval between observations in units of years (Burbidge et al. 1974). Next, we estimate
the upper limit of the characteristic size of the emission region from light-travel time:
θchar ≈ 0.13 (1 + z)D

−1
τvar δ, where z is the redshift, D is the luminosity distance in

Gpc, and δ is the Doppler factor (Marscher et al. 1979). Table 2.4 shows the result of the
derived characteristic size of the 2005 flare in HST-1.

Harris et al. (2003) estimated the Doppler factor δ of HST-1 to have a value between 2
and 5, based on decay timescales of Chandra observations. In the same context, Wang and

Table 2.4: HST-1 variability timescale and characteristic size during the rise and fall of
the 2005 flare.

Wavelength τrise τfall θrise θfall

[yr] [yr] [mas] [mas]

VLA λ2 cm 1.5 4.9 8.7 δa 28 δ
VLBA λ2 cm (beam A) 1.0 4.2 5.6 δ 24 δ
VLBA λ2 cm (beam B) 1.0 2.7 5.7 δ 15 δ

aThe characteristic size is related to the Doppler factor δ.
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2 A multi-band flare of the HST-1 feature in the M 87 jet

Figure 2.13: The linear fit of HST-1 proper motion shown as the red dashed line. This
plot illustrates the position of HST-1 component peaks with respect to the M 87 core
component as a function of time from 2003.09 to 2005.85. The fitted projected apparent
speed of HST-1 βapp is shown at the upper-left corner of the plot.

Zhou (2009) estimated the Doppler factor of HST-1 to be 3.57±0.51 by fitting the non-
simultaneous spectral energy distribution of M87 using a synchrotron spectrum model.
Simulations incorporating MHD models for the M 87 jet have suggested that the recolli-
mation shock formed close to the HST-1 position had a relatively low Doppler factor ∼1-2
(Gracia et al. 2009). If we use δ=3.57, the derived characteristic sizes of HST-1 emission
region during its flaring time are 20mas < θrise < 31mas and 54mas < θfall < 100mas.
The size scale of structural changes of HST-1 (see Figure 2.8) is between 20−50 mas (1 pc
= 12.5 mas), which is within the derived characteristic size scale. However, if δ <3.5, θrise
derived from VLBA λ2 cm is smaller than 20 mas, which would create a causality prob-
lem, since the largest structural change of HST-1 cannot be bigger than the upper limit
of the information propagation time. Therefore, δ >3.5 is needed based on the causality
argument.

If δ is less than 3.5 in the HST-1 region, we could explain the causality problem by the
self-calibration procedure that we used while imaging HST-1. We applied self-calibration
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2.4 Discussion

to the inner jet and HST-1 for all of the epochs with detections in beam A and beam B.
Self-calibration works better with stronger objects, in our case, the marginal detection in
epoch 2003.09 might not provide a satisfactory result in recovering extended emissions,
comparing with stronger detections between 2004.61 and 2005.85, in which after self-
calibration, we were able to recover more extended emission.

2.4.2 Speeds of HST-1
We used the peak position and fitted Gaussian errors to estimate the projected appar-
ent speed of HST-1 βapp = 0.61±0.31 (see Figure 2.13), which is sub-luminal. In the
kinematic analysis, we excluded epoch 2007.10 for obtaining a robust kinematic result.
However, to make our results more solid, we estimated the upper and lower limit of HST-
1 apparent speed by including epoch 2007.10 as a test. The derived possible range of the
apparent speed is 0.23 < βapp < 1.2, which is still consistent with a mildly relativistic jet
motion.

To compare our kinematic results with previous findings, we show the positional evo-
lution on the sky of the HST-1 peak at VLBA λ2 cm with both beam A and beam B
(see Figure 2.14), and components C1 and C2 at VLBA λ20 cm (Cheung et al. 2007 and
priv. comm.). As illustrated, our derived apparent speed range and structural evolution
in time at λ2 cm are consistent with the λ20 cm results. However, our sub-luminal speed
measurements of HST-1 are inconsistent with the high apparent superluminal motions re-
ported in Cheung et al. (2007) from VLBA λ20 cm observations and with the HST (Biretta
et al. 1999). Nevertheless, in the VLBA λ20 cm observations (Cheung et al. 2007), lower
speeds were derived from some components in HST-1: c2 has βapp = 0.47± 0.39, and
HST-1d has βapp = 1.14± 0.14. Our results are consistent with these findings.

2.4.3 Detection limits
HST-1 was not detected in epoch 2006.45. This epoch had only 22 minute integration
time and the sampling rate was 128 Mbit s−1. Therefore, the rms level (0.35 mJy beam−1)
was not low enough to detect HST-1, which was also fading according to our light curve
(Figure 2.9).

The total flux density of HST-1 measured by the VLA at λ2 cm reached its maximum
value of ∼123 mJy in 2005 (Harris et al. 2006). Our VLBA λ2 cm results recovered a
HST-1 total flux density of ∼23 mJy, which is only 19% of the VLA measurement. We
conclude that the innermost region of HST-1 was resolved out with the long baselines of
the VLBA. The low measured flux density suggests that HST-1 is very extended.

2.4.4 HST-1 parsec-scale spectrum
We derived the spectral index of the HST-1 region based on VLBA λ2 cm and λ20 cm data
(Table 2.3). However, one should be cautious with these values. First, the two datasets
have a frequency difference of a factor of 10, which results in small formal error bars of
the derived spectral index. One should be aware that the spectral index here could provide
us with a trend in the spectrum of HST-1 and the physical condition of the region, but not
the absolute value. Second, we have found that the incomplete (u, v) coverage on short
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2 A multi-band flare of the HST-1 feature in the M 87 jet

Figure 2.14: HST-1 sky positions (upper panel) and radial distance as a function of time
relative to the M 87 core (lower pnel). VLBA λ20 cm (Cheung et al. 2007 priv. comm.):
time range of components C1 and C2 is from 2005.04 to 2006.53; VLBA λ2 cm (beam
B): time range of components a and b is from 2003.09 to 2007.10; components a and b
are shown in Figure 2.8.
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VLBA baselines has resulted in missing flux in the HST-1 region at λ2 cm. Therefore, the
spectral index value of the HST-1 region is a lower limit, and the results suggest that HST-
1 was optically thin during the flare in 2005. If assuming that HST-1 was a flat-spectrum
source, there would have been ∼90 mJy missing flux in this region in our 2 cm VLBA
measurements.

2.4.5 A blazar nature of HST-1
The intensity of HST-1 reached a maximum in different wavebands in 2005, and the light
curves from the VLA λ2 cm, VLBA λ20 cm, NUV, and X-ray observations all show the
same tendency (Harris et al. 2009, Madrid 2009). Our light curve of HST-1 at VLBA
λ2 cm (Figure 2.9) is consistent with the other observations. Although this trend could
be taken as evidence that HST-1 is the source of the HESS-detected TeV flare in 2005
(Aharonian et al. 2006), its VLBA radio properties that we have derived do not support
it. These include (i) a very low compactness of the dominant emission, (ii) low bright-
ness temperature, (iii) sub-luminal motion, and (iv) possibly low optical depth across the
feature at parsec-scales. Those are in contrast to the typical blazar core features, which
tend to have flat or inverted spectral indices in cm-wave VLBA images. We observed that
HST-1 has radio properties consistent with those commonly seen in jet components. TeV
observatories cannot resolve the M 87 core and HST-1 separately. To probe the origin of
TeV emission, correlating variability between different bands is a powerful tool. Recent
examples of this approach were successfully shown for a sample of blazars by Kovalev
et al. (2009), and for M 87 by Acciari et al. (2009). Another approach is to apply phys-
ical models to multiwavelength observations to probe the TeV origin. There are models
that suggest radio-TeV connections. For example, high energy flares could be generated
from parsec-scale radio jets by inverse-Compton scattering of the photons and particles
emitting from the core, and Stawarz et al. (2006) used this approach to explain the TeV
flare from M87 in 2005. However, Acciari et al. (2009) reported about the VHE flare of
M87 in 2008, and suggested that there might be correlations with the radio flare observed
by VLBA at 43 GHz from the core. From our results, although we cannot fully discount,
however, that HST-1 was the source of the TeV flare in 2005 based on our results alone,
we do not favor the blazar nature for HST-1 suggested by Harris et al. (2008).

2.5 Summary and Future Work
With our VLBA λ2 cm data from 2000.06 to 2009.10, we have detected HST-1 during
2003.09–2007.10, which covered the multi-band flaring period of HST-1. The total flux
density of HST-1 varied from 4-24 mJy in our detections; by comparing the images of
VLBA λ2 cm and λ20 cm, we saw a steep spectrum with α >−0.8 in this region. The pro-
jected apparent speed of HST-1 derived from the brightness peak position is 0.61±0.31c,
which suggests a sub-luminal nature at VLBA λ2 cm.

Our results showed that HST-1 is extremely extended at parsec-scales, and has a steep
spectrum. No compact feature with a brightness temperature higher than 9×10

6 K is
present in the λ2 cm VLBA observations of this region of the M 87 jet, which implies that
HST-1 does not have the properties of a standard blazar core. Combining our findings, we
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2 A multi-band flare of the HST-1 feature in the M 87 jet

do not find evidence of a blazar nature for HST-1 in the jet of M 87.
To investigate the ongoing physical mechanisms of HST-1, it is very important to

trace its spectral evolution, especially when during a flare. Using the existing telescopes
(see Table 4.2 in Chapter 1) under proper coordination, one can obtain several epochs of
simultaneous observations, and study the spectral property of HST-1 during a flare. Addi-
tionally, tracing multiband light curves of HST-1 is a useful tool to study the correlations
between different bands. To further resolve the HST-1 feature, one can use European
VLBI Network (EVN) observations (due to its high sensitivity) and combine with the ob-
servatories in other bands, such as HST and Chandra. Combining the broadband data, one
can construct the SED and investigate further the nature of HST-1. This is an advantage of
studying the M 87 jet, which is so close to us that we can resolve the bright knots. Those
are the possible future works to be done in order to understand the physical mechanisms
taken place in the HST-1 feature.
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3 Blazar Flare: a Multiwavelength
Study of the Flat Spectrum Radio
Quasar PKS 2052−47

One of the best way to distinguish different mechanisms taken place in blazars is to study
their behavior at different wavebands during an outburst. Sokolov et al. (2004) showed
that blazar flares dominated by SSC mechanism display frequency-dependent time de-
lays. Cross-correlation analysis of long-term variability in low- and high- energy emis-
sion suggests that both synchrotron emission and IC emission are originated at the same
location in the blazar jets (McHardy et al. 1999, Marscher et al. 2004). The time-delay
between multi-frequency flares has different features while the IC mechanism is ERC-
dominant. The time delay between radio and γ-ray flares was investigated by Pushkarev
et al. (2010a) and Pushkarev et al. (2010b). The broadband SED model by Sokolov and
Marscher (2005) shows that the spectral index of the ERC emission must be positive for
at least half of the duration of the flare to cause a time-delay, whileas of the SSC emission,
the spectral index remains negative at all times.

In July 2009, the flat-spectrum radio quasar PKS 2052−47 experienced an optical
flare, which was followed by a γ-ray flare in August. We took this chance and arranged a
multiwavelength campaign together with VLBI observations after the blazar’s flare, and
hope to dig deeper into the nature of jet emission.

3.1 Introduction
PKS 2052−47 is a flat-spectrum radio quasar with a redshift of 1.489 (Jauncey et al.
1984). Earlier Australia Telescope Compact Array1 (ATCA) and Chandra X-ray obser-
vations showed that the source has a two-sided jet at kiloparsec scales in the radio band,
with no extended emission in X-rays (see Figure 3.1; Marshall et al. 2005). PKS 2052−47
is one of the identified γ-ray blazars, it has an EGRET counterpart 3EG 2055−4716
(Thompson et al. 1995, Hartman et al. 1999), and is associated with the Fermi source
1FGL J2056.3−4714 (Abdo et al. 2010b). Nolan et al. (2003) studied the γ-ray vari-
abilities of the Southern sources using the CGRO/EGRET data, and they found that
PKS 2052−47 was highly variable. Based on the 9-year CGRO/EGRET observations,
Nandikotkur et al. (2007) derived the γ-ray photon index of PKS 2052−47 at 30 MeV–
10 GeV to be Γγ = 1.85±0.26, and the flux at the energy range of >100 MeV to be Fγ =

1http://www.narrabri.atnf.csiro.au/
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PKS 2052−47

Figure 3.1: X-ray images obtained with Chandra, overlaid by contours of radio emission
obtained at the Australia Telescope Compact Array (Marshall et al. 2005).

2.14 ± 0.58 × 10
−9 photon cm−2 s−1. The submillimeter flux density of PKS 2052−47

was measured in May 1996 by the Swedish-ESO2 Submillimetre Telescope continuum
survey at 2 and 3 mm wavelength, and they obtained S2mm = 0.63± 0.09 Jy and S3mm =

1.19 ± 0.12 Jy (Beasley et al. 1997). The central black hole mass of PKS 2052−47 was
estimated by Liang and Liu (2003) based on its γ-ray emission using the relation de-
rived by Dermer and Gehrels (1995), and they obtained a black hole mass of 109.6 M⊙.
Massardi et al. (2008) reported results from the ATCA monitoring on this source during
2002 and 2007, and they suggested that after October 2004, the source went through a
declining stage of a flaring phase, and its radio flux changed rapidly. The averaged spec-
tral indices of PKS 2052−47 between 1.4, 2.4, 4.8, and 8.6 GHz obtained by ATCA in
1994 were reported by Kedziora-Chudczer et al. (2001), and they found the values were
between −0.10 and −0.31. The polarization properties at 18.5 GHz of this source were
reported by Ricci et al. (2004) using ATCA, and they found its fractional polarization
to be 1.7 ± 0.4%, which indicates the source is weakly polarized. VLBI observations by
TANAMI3 (Tracking Active Galactic Nuclei with Austral Milliarcsecond Interferometry;
see Section 3.2) show that the parsec-scale structure of PKS 2052−47 is very compact,
with a relatively high brightness-temperature core of 2×10

12 K and a size of 0.3×0.1mas
at 8.4 GHz, together with a very faint jet to the west. At 22 GHz the source is unresolved
with a restoring beam of 1.9 × 1.3mas (see Figure 3.2). Ojha et al. (2004) presented
a VLBI image of PKS 2052−47 using the Australian Long Baseline Array (LBA) to-
gether with the telescopes in South Africa and Hawaii at 8.4 GHz, and they presented two
epochs of observations in July and November 2002. Celotti and Ghisellini (2008) studied
the broadband SED of this source by using the archival data. They applied a jet model
based on an one-zone leptonic synchrotron and IC emission taking into account of the
seed photons originated in the jet and from external source, as shown in Figure 3.3.

From July 2009, the Automatic Telescope for Optical Monitoring (ATOM) team re-
ported a steady increase of flux density from PKS 2052-47, which reached its high state
and flared in the optical band in August (Hauser et al. 2009). The ATOM team re-
ported that the source was fainter than 18 magnitude in the R band in the second half

2European Southern Observatory
3http://pulsar.sternwarte.uni-erlangen.de/tanami/
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3.1 Introduction

Figure 3.2: The TANAMI VLBI images of PKS 2052−47 at 8 GHz (left, February 7,
2008) and 22 GHz (right, February 6, 2008). The axes are relative right ascension (RA)
and declination (DEC) in milli-arcsecond (mas). On the bottom right, the scale of 10
parsec is shown. The scales are different in both images.

Figure 3.3: Previously published broadband SED of PKS 2052-47 by Celotti and Ghis-
ellini (2008). The red circles denote the archival data, and the solid line is the SED model,
which is based on an one-zone leptonic synchrotron and IC mechanism, taking into ac-
count of the seed photons originated both in the jet and from external source.

of 2008, and it gradually increased its brightness to 17.5 magnitude until May 2009. The
source had two small flares in June and July 2009, and since July 21, the flux started
to increase up to 15.6 magnitude until August 12, 2009. Right after this, the Fermi
Large Area Telescope (LAT) reported a γ-ray flare from this source (Chang 2009). On
August 9, 2009, PKS 2052−47 reached its high state in the γ-ray band with a flux of
Fγ = (8.7 ± 1.6) × 10

−7 photon cm−2 s−1 (one-day integration time), which was four-
time brighter than the average level observed in the previous week (July 29 – August
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Figure 3.4: The 30 m dish at the Ceduna Observatory (left) and the 26 m dish at the Hobart
Observatory (right). Image source: http://www-ra.phys.utas.edu.au/wiki/.

4, 2009). Following the flaring events, Bailyn and Muir (2009) reported the continuing
outbursts in the optical band observed by the SMARTS 1 m telescope4. They found that
PKS 2052−47 had mean optical magnitudes of 15.40 (R band) and 16.54 (B band), and
its variability up to 0.05 magnitudes in less than 1 hour.

In order to study the flat spectrum radio quasar PKS 2052−47 at its active phase, we
arranged a multiwavelength campaign from the radio to the γ-ray band in early Septem-
ber 2009. In the next sections, we will introduce the facilities that participated in the
campaign (Section 3.2), the procedures of data analysis (Section 3.3), and the multiwave-
length results (Section 3.4).

3.2 Data Acquisition
The multifrequency observation campaign of PKS 2052−47 covers the frequency range
from the radio to the γ-ray band. In this section, we will introduce the facilities that
contributed to the campaign.

The Ceduna-Hobart Interferometer The Ceduna-Hobart Interferometer (CHI) is an
interferometer located in Australia which consists of a 30 m dish in the Ceduna Observa-
tory and a 26 m dish in the Hobart Observatory5, and both of the observatories are oper-
ated by the University of Tasmania (see Figure 3.4). The interferometer has a observing
frequency of 6.6 GHz.

The TANAMI program The Tracking Active Galactic Nuclei with Austral Milliarcsecond
Interferometry (TANAMI) program6 is a parsec-scale radio monitoring program target-

4http://www.astro.yale.edu/smarts/smarts1.0m.html
5http://www-ra.phys.utas.edu.au/wiki/
6http://pulsar.sternwarte.uni-erlangen.de/tanami/
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Table 3.1: Participating facilities of the TANAMI program (Ojha et al. 2010b).
Facility Telescopes Latitude Longitude Location
Parkes Observatory 64 m 32◦59�54��S 148◦15�49��E Parkes, Australia
ATCA 5×22 m 30◦18�46��S 149◦33�01��E Narrabri, Australia
Hobart Observatory 26 m 42◦48�18��S 147◦26�21��E Hobart, Australia
Ceduna Observatory 30 m Ceduna, Australia
Hartebeesthoek 26 m 25◦53�14��S 27◦41�05��E Hartebeesthoek, South Africa
DSS43a 70 m 35◦24�09��S 148◦58�53��E ACT, Australia
DSS45a 34 m 35◦23�54��S 148◦58�40��E ACT, Australia
O’Higginsb 9 m Antarctica
TIGOb 6 m Concepción, Chile
a Operated by the Deep Space Network of the National Aeronautics and Space Administration, USA.
b Operated by the German Bundesamt für Kartographie und Geodäsie.

Figure 3.5: Cartoon for the TANAMI program. Upper panel: the Southern γ-ray sky as
seen by Fermi/LAT (color-scale map) and the AGN structures resolved by the LBA of
the TANAMI program (contour maps). Lower panel: the locations of the LBA in the
TANAMI program at the Southern hemisphere. Image credit: NASA/DOE/Fermi/LAT
Collaboration & TANAMI Team/M. Kadler.

ing extragalactic jets south of −30◦ declination (Ojha et al. 2010a,b), and it monitors an
initial sample of 43 sources since November 2007. The TANAMI observations are made
with the Australian/South-African Long Baseline Array, and the joint facilities are listed
in Table 3.1; Figure 3.5 illustrates the locations of the stations in the Southern hemi-
sphere. The observing frequencies are 8.4 GHz and 22 GHz. PKS 2052−47 is one of the
TANAMI sources, and the observation was scheduled on September 5th–6th in 2009 with
two available frequencies.

APEX/LABOCA The Large Apex BOlometer CAmera7 (LABOCA; Siringo et al. 2009;
see Figure 3.6) is a multi-channel bolometer array designed and built at the MPIfR, and

7http://www.apex-telescope.org/bolometer/laboca/
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Figure 3.6: The LABOCA array, which is currently mounted on APEX telescope in Chile
(image source: http://www.apex-telescope.org/bolometer/laboca/).

is mounted on the APEX telescope in Chile (see Section 4.3). LABOCA operates at
345 GHz with a bandwidth of 60 GHz. As a bolometer, it is designed to operate for con-
tinuum observations. It has an angular resolution of 18.6�� with a field of view of 11.4�.

The Swift Space Telescope The UV/Optical telescope (UVOT) and the X-ray telescope
(XRT) onboard Swift were used in the multiwavelength observation of PKS 2052−47. For
a detail introduction of the Swift mission, please see Section 4.3.3.

Fermi Large Area Telescope The Fermi/LAT has been monitoring the whole sky since
its operation in August 2008, and we used the LAT data in the multiwavelength analysis.
For a detailed introduction of the Fermi mission, please see Section 4.3.4.

3.2.1 The Multiwavelength Campaign
The multiwavelength campaign of PKS 2052−47 was arranged simultaneously with the
scheduled southern VLBI observations of TANAMI in 5–6 September 2009. The ob-
servation log is reported in Table 3.2. As mentioned in the previous section, the par-
ticipating facilities include: the CHI, the LABOCA mounted on APEX, the UVOT and
XRT onboard Swift, and the Fermi/LAT. We have an one-epoch observation from the
CHI, and two-epoch VLBI observations by the LBA at two frequencies (8 and 22 GHz).
PKS 2052−47 was monitored by the Ceduna Observatory since after its flare from August
to November in 2009. With APEX, we have two epochs of flux measurement on Septem-
ber 2 and 6, 2009. We obtained the Swift observations through Target of Opportunity
(ToO) request, and the observations covered five days from September 4 to 8 (see Table
3.3). The Fermi/LAT data is available in all time for that it is under an all-sky survey
mode.
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Table 3.2: The multiwavelength campaign observation of PKS 2052−47.
Start date End date Facility Band Comments
2009-09-05 2009-09-06 CHI 6.6 GHz Single epoch
2009-08-17 2009-11-05 Ceduna Observatory - Monitoring
2009-09-05 2009-09-06 LBA 8 & 22 GHz One epoch per frequency
2009-09-02 2009-09-06 APEX 345 GHz Two epochs
2009-09-04 2009-09-08 Swift/UVOT 2000–3500 Å ∼2 ks per day
2009-09-04 2009-09-08 Swift/XRT 0.3–10 keV ∼2 ks per day
2008-06-11 present Fermi/LAT 100 MeV–300 GeV All-sky survey

3.3 Data Analysis
TANAMI

The TANAMI correlated data were analyzed following a standard procedure using the
National Radio Astronomy Observatory’s Astronomical Image Processing System (AIPS)
software (Greisen 1998). Observations of known sources with ≥90% of their correlated
flux in a compact core were used to improve overall amplitude calibration. For each
antenna, a single amplitude gain correction factor was derived based on fitting a simple
Gaussian source model to the visibility data of the respective compact source after ap-
plying the initial calibration based on the measured system temperatures and gain curves.
Based on the differences between the observed and model visibilities, gain correction
factors were calculated and the resulting set of amplitude gain correction factors was ap-
plied to the visibility data of the target source. The accuracy of the absolute amplitude
calibration is conservatively estimated to be 20%.

After data calibration using AIPS, Difmap (Shepherd 1997) was used to image the
source. The data were averaged into 30-second bins, and imaged using the CLEAN algo-
rithm using natural weighting and phase self-calibration. The model was improved using
time-dependent gain factor with decreasing time intervals (180, 60, 20, 5, 2, 1 minutes).
The TANAMI data analysis is performed by our collaborators R. Ojha and M. Kadler.

Swift XRT and UVOT

We analyzed the data of UVOT and XRT using HEASOFT version 6.88. For UVOT data,
we extracted the source flux with an aperture size of 5”. For XRT data, we extract the
spectrum of the source with a circle of 20-pixel radius. We fit the X-ray spectrum using
XSPEC version 12.5.1 with an absorbed power law model. While applying the power law
model, we set a lower-limit of the neutral hydrogen column density as 2.79×10

20 cm−2,
which is the galactic neutral hydrogen abundance from the LAB survey9 (Kalberla et al.
2005). We corrected for the Galactic and intrinsic extinction in the optical and the X-ray
band based on the derived NH value (see Table 3.3). For the detailed description of the
XRT and UVOT data reduction, please see Section 4.4.1 and 4.4.2. In Table 3.3, we list
the results of the X-ray spectral analysis for the six Swift observing epochs. Column (1)
is the observation date, column (2) is the Swift observation ID, column (3) is the exposure

8http://heasarc.nasa.gov/lheasoft
9http://www.astro.uni-bonn.de/ webaiub/english/tools labsurvey.php

59



3 Blazar Flare: a Multiwavelength Study of the Flat Spectrum Radio Quasar
PKS 2052−47

time of the Swift/XRT, column (4) is the Swift/UVOT exposure time, column (5) is the
UVOT filter used in the observation, column (6) is the derived intrinsic neutral hydrogen
column density, column (7) is the uncertainty of the derived neutral hydrogen column
density, column (8) and (9) is the X-ray photon index and flux at the energy range 2–
10 keV, column (10) is the reduced χ

2 of the fitting result, and column (11) is the degree
of freedom, which is simply the energy bins subtracted by the number of free parameters
in the fitting function. For an absorbed power law function, the number of free parameters
is three.

Fermi/LAT

In the broadband SED of PKS 2052−47, we included the γ-ray spectrum of the 11-
month Fermi/LAT results reported by Abdo et al. (2010b). Based on their findings,
PKS 2052−47 has a photon index of Γγ=2.54±0.05, which was derived at the energy
range of 100 MeV to 100 GeV.

3.4 Results
As of August 2010, the data collected include: Swift UVOT and XRT, Fermi/LAT, and the
preliminary results from APEX/LABOCA and Ceduna Observatory. We have analyzed
the Swift data, and we collected all the available data to construct the broadband SED of
PKS 2052−47.

3.4.1 The Multiband Properties of PKS 2052−47
APEX/LABOCA The preliminary APEX flux density presented here was provided by
S. Larsson on behalf of the F-GAMMA team, and the final data calibration is in process.
There were three epochs of measurement by the APEX/LABOCA at 345 GHz. The pre-
liminary flux densities obtained on September 2 is 374± 16mJy, and on September 6 are
740± 24mJy and 710± 22mJy.

TANAMI The TANAMI datasets have been correlated, and is in the data calibration
process. The final result will be delivered by M. Kadler and R. Ojha on behalf of the
TANAMI team. To illustrate the radio morphology at parsec-scales, we show two TANAMI
VLBI images of PKS 2052−47 obtained in February 2008 at 8 and 22 GHz (Ojha et al.,
submitted to A&A, and Kadler et al. in preparation) in Figure 3.2. Notice that the im-
age resolution of the 8 GHz map is higher than that at 22 GHz, due to the inclusion of a
telescope in Chile, equipped only with a receiver at 8 GHz, providing longer baselines to
better resolve the source.

Ceduna Observatory As mentioned in the previous section, PKS 2052−47 was moni-
tored by the Ceduna Observatory since its flare in August 2009. The monitoring observa-
tions started right after the multiband flare in the optical and the γ-ray band. In Figure 3.7
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Figure 3.7: The radio flux density variation of PKS 2052−47 monitored by the Ceduna
Observatory from August 17 to November 5, 2009. The source displayed a decreasing
brightness in the radio band (Image credit: J. Blanchard).

one can find the preliminary light curve of PKS 2052−47 during August 17 and Novem-
ber 10 in 2009 (J. Blanchard priv. comm.). We see a steady decay of the flux density in
the three months after the flare, from 2.8 Jy to 2.4 Jy.

The Swift UVOT and XRT We analyzed all the six epochs of Swift observations on
PKS 2052−47, and we derived the intrinsic neutral hydrogen column density, the photon
index, and the X-ray flux, as listed in Table 3.3. Figure 3.8 shows the X-ray spectra of
PKS 2052−47, as presented, we applied an absorbed power law model to fit the spectra.
We obtained a range of photon index ΓX between 1.4±0.3 and 1.9±0.3, however, by
considering the uncertainties in these values, the variation is not significant, as shown in
Figure 3.9. The intrinsic NH that we derived is very low; in three epochs, the NH value is
zero. The flux we derived has values between 1.76×10

−12 and 3.63×10
−12 ergs cm−2 s−1.

One epoch with the shortest integration time obtained in August 5 (Obs. ID 00038412001)
has very low counts; after data grouping, the X-ray spectrum has only two energy bins,
which are less than the free parameters to be fitted. In order to estimate the source flux,
we assumed a photon index of ΓX=1.7 according to the values of ΓX obtained in the other
epochs, and we fixed the NH value to be 2.79×10

20 cm−2.
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Table 3.3: The Swift observation epochs of PKS 2052−47 and the corresponding derived
parameters in the X-ray band.

————————— Swift ————————— — NH [1022 cm−2] — ΓX FX χ
2
red d.o.f.

Obs. date Obs. ID TXRT [s] TUVOT [s] Filter Intrinsic Uncertainty
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

2009-08-05a 00038412001 1192 1192 U - - 1.7b 1.76 - -
2009-09-04 00038412002 1799 1799 UM2 0.0 0.3 1.4±0.3 3.63 0.38 4
2009-09-05 00038412003 1588 1587 UW1 0.0 - 1.7±0.2 2.56 1.78 3
2009-09-06 00038412004 2452 2452 U 0.2 0.1 1.8±0.3 2.55 0.20 6
2009-09-07 00038412005 2105 2333 UW2 0.0 0.3 1.5±0.4 2.87 0.34 3
2009-09-08 00038412006 2217 2215 UM2 0.2 0.1 1.9±0.3 2.53 0.84 5
Column note: (1) Swift observation date; (2) Swift observation ID; (3)Swift/XRT exposure time; (4) Swift/UVOT
exposure time; (5) UVOT filter; (6) Derived intrinsic neutral hydrogen column density; (7) the uncertainty of
neutral hydrogen column density (Galactic+intrinsic); (8) Photon index; (9) Model flux at the energy range of
2–10 keV in an unit of 10−12 ergs cm−2 s−1 ; (10) Reduced χ

2 value; (11) Degree of freedom of the fit.
a The X-ray spectrum has only two energy bins after data grouping. We fix the NH and FX in order to estimate the flux.
b Fix parameter while fitting.

3.4.2 The Broadband SED of PKS 2052−47
After our Swift analysis and additional available data from the multi-band campaign, we
have compiled six broadband SED plots of PKS 2052−47, presented in Figure 3.10. The
non-Swift data are common for all six plots. We corrected for the Galactic and intrinsic
extinction in the optical and the X-ray band (see Section 4.4.3). As shown, the IC hump
of the SED has a much higher energy peak than the synchrotron hump. Table 3.4 lists
the peak values of the synchrotron and the IC hump that we derived. The IC energy peak
is almost two orders of magnitude higher than the synchrotron hump. We obtained a
synchrotron peak frequency of 3.5 × 10

13
Hz ≤ ν

sync
peak ≤ 8.9 × 10

13 Hz; according to the
classification by Abdo et al. (2010a), PKS 2052−47 is a low synchrotron peaked blazar.
Additionally, we see a possible decreasing trend with time in the values of νsync

peak, νFν

sync
peak,

and νFν
IC
peak (see Table 3.4).

Comparing our broadband SED results with the work by Celotti and Ghisellini (2008),
they derived a synchrotron peak frequency of νsync

peak ∼ 10
13.5 Hz (see Figure 3.3), which

is consistent with our results. The IC hump that they derived is two orders of magnitude
higher than the synchrotron hump, which is also very similar to our findings.

3.5 Discussion
From our X-ray data analysis, we derived the X-ray photon index which ranges from
1.4±0.3 to 1.9±0.3 (see Table 3.3). The results show that the X-ray spectrum of PKS 2052−47
did not have significant changes during our multiwavelength campaign performed in
September 2009, as illustrated in Figure 3.9.

We constructed the broadband SED of PKS 2052−47 during the six days of Swift ob-
servations, and the six SED plots share common data except for the Swift observations in
the optical and the X-ray band. Therefore, the variations of the SED profile are caused
by the differences of the Swift UVOT and XRT results. We derived the peak positions of
the synchrotron and the IC hump of the SED (see Table 3.4). The peak position of the
IC hump do not show a clear trend, however, we see a possible decreasing trend for the
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Figure 3.8: X-ray spectra of PKS 2052-47 measured by Swift/XRT, and the observing date
is marked on the upper-right corner of each plot. An absorbed power-law model is applied
to each of the spectrum. We do not show the X-ray spectrum measured on August 5, 2009
due to the poor quality of the spectrum (one energy bin after data grouping).

peak frequency and energy peak of the SED synchrotron hump. During the multiwave-
length campaign, the value of synchrotron peak frequency dropped from 8.9× 10

13 Hz to
3.9×10

13 Hz, and the value of synchrotron peak energy dropped from 6.6×10
11 Hz Jy to

5.1× 10
11 Hz Jy. This variation of the synchrotron hump in the SED is mainly caused by

the Swift/UVOT measurement, therefore, further examination is needed to see if this trend
is significant. By adding the upcoming results from CHI measurements during the multi-
wavelength campaign, we will be able to constrain the SED profile better. Furthermore,
the TANAMI measurements of PKS 2052−47 will be delivered, and with the upcom-
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Table 3.4: The estimated peak values of the synchrotron and the IC hump in the broadband
SED of PKS 2052−47 (see Figure 3.10).

Obs. ID ν
sync
peak νFν

sync
peak ν

IC
peak νFν

IC
peak

[1013 Hz] [1011 Hz Jy] [1022 Hz] [1013 Hz Jy]
(1) (2) (3) (4) (5)

00038412001 8.3 6.7 2.2 1.8
00038412002 8.9 6.6 2.3 1.5
00038412003 4.3 5.3 2.3 1.5
00038412004 5.6 5.9 2.5 1.2
00038412005 3.5 4.9 2.4 1.5
00038412006 3.9 5.1 2.5 1.2

ing VLBI results, we will be able to check the parsec-scale map of this source and to
search for possible morphology changes by comparing the TANAMI observation during
the campaign with previous VLBI maps.

3.6 Summary
We arranged a multiwavelength observation on PKS 2052−47 from the radio to the γ-ray
band after its flaring phase. Preliminary results were presented in Chang et al. (2009).
Currently, the optical and the X-ray data analysis have been completed; the flux density
measurements and the VLBI observations in the radio band are in the process of data
reduction, and the results will be presented in a future publication. We use the preliminary
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Figure 3.9: The variation of the photon index measured by Swift/XRT during the 5-day
multiwavelength campaign.
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3.6 Summary

Figure 3.10: The broadband SED of PKS 2052−47 from the radio to the γ-ray band. As
indicated in the lower-right corner of each plot, different symbols distinguish the data
sources. The NED archival data, the LABOCA data, and the LAT data are the same for
all of the six plots; only the Swift UVOT and XRT data are differents. On the upper-left
corner, the Swift observation ID of PKS 2052−47 is marked in each plot.
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results of APEX/LABOCA, together with the available Swift UVOT/XRT and Fermi/LAT
data to construct the broadband SED of PKS 2052−47.We obtained the SED for all the
six epochs of Swift observation, and we derived the peak values of the synchrotron and
the IC humps in the SED. We see a possible decreasing trend with time in the values of
ν
sync
peak, νFν

sync
peak, and νFν

IC
peak.

To further understand the physical mechanism of PKS 2052−47, we plan to apply
physical model to the broadband SED of this source. With the good frequency coverage
of data, we will be able to constrain the physical parameters in the jet of PKS 2052−47.
The values from modeling should help us to better understand the physics at work and
emission mechanisms of this flaring blazar.
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4 The Broadband Spectral Energy
Distribution of the MOJAVE Sample

The study of the broadband SEDs can provide a big amount of information to understand
the emission mechanisms of extragalactic jets (see Section 1.4.2). With the presence
of the Swift (launched in 2004) and Fermi (launched in 2008) missions, together with
ground-based instruments (e.g., Table 1.1), this is possible with unprecedented data qual-
ity covering from radio to very-high-energy bands. Given simultaneous observations in
different bands, SEDs can be constructed, and physical models for the jet emission can be
applied to the observational data.

In this chapter, I will present our broadband SED study on a radio-selected AGN sam-
ple. We constructed a simultaneous SED catalog for 135 sources, and to get an estimate
of the brightness peak and the peak frequency of the synchrotron and the IC humps, we
applied polynomial fits in the log ν - log νFν plane. In Section 4.1, I will introduce the
statistically-complete sample. The data collection and astronomical facilities involved
will be described in Section 4.3. In Section 4.4, the procedures of data analysis will be
described. The broadband SED of the MOJAVE sources will be presented in Section 4.5,
and a discussion of the relationship between the properties derived in X-rays and in the
broadband SED will be presented in Section 4.6.

4.1 The MOJAVE Sample
The Monitoring Of Jets in Active galactic nuclei with VLBA Experiments1 (MOJAVE)
program has been studying a statistically-complete sample of radio-loud AGN using the
VLBA at 15 GHz (Lister et al. 2009a). The MOJAVE project is a continuation of the
VLBA 2 cm Survey (Kellermann et al. 1998; Zensus et al. 2002; Kellermann et al. 2004;
Kovalev et al. 2005), which studied the parsec-scale jets of 170 AGNs monitored from
1994 to 2002 (see Table 4.1). Based on the knowledge obtained from the VLBA 2 cm
Survey, the MOJAVE program started to monitor a complete sample of AGNs in 2002,
with the selection criteria listed below:

1. J2000.0 declination ≥ −20◦.

2. Galactic latitude |b| ≥ 2.5◦.

3. Total 15 GHz VLBA flux density ≥ 1.5 Jy (2 Jy for southern sources) at any epoch
during the period 1994−2003.

1http://www.physics.purdue.edu/MOJAVE/
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Figure 4.1: Stacked images of 135 MOJAVE I sources (image credit: the MOJAVE col-
laboration).

Table 4.1: Different phases of the MOJAVE project.

Project Duration Frequency Sample Reference
VLBA 2 cm Survey 1994−2002 15 GHz 170 AGNs Zensus et al. (2002)
MOJAVE I1 2002−2005 15 GHz 135 AGNs Lister et al. (2009a)
MOJAVE II 2005−2009 15 GHz2 191 AGNs
MOJAVE III3 2009∼ present 15 GHz ∼300 AGNs Lister (2010)

1 The statistically complete sample.
2 One epoch of observations also includes 8 and 12 GHz
3 Including 1 Fermi-MOJAVE sample.

Since the 1990s, the VLBA 2 cm Survey and the MOJAVE program have provided a
long-term study of the physical parameters of parsec-scale jets at 15 GHz, such as appar-
ent speed, brightness temperature, Lorentz factor, etc. The MOJAVE I sample consists of
135 bright AGNs (see Figure 4.1), which are mostly blazars, and are very active across
the electromagnetic spectrum. With their jets being highly Doppler-boosted, blazars are
good candidates for studying outflows, because their emission is jet-dominated with less
contamination from other sources (e.g., the accretion disk). The MOJAVE program is cur-
rently observing ∼300 AGN in the northern sky. Apart from continuously monitoring the
MOJAVE I sample, the source list also includes: (1) all previously known EGRET γ-ray
AGN with DEC> −20

◦; (2) 33 low-luminosity AGN (15 GHz luminosity< 10
33 erg s−1);

(3) six GHz-peaked spectrum sources; (4) 11 AGN of the 2 cm Survey with unusual kine-
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Figure 4.2: Fermi/LAT whole-sky map after three-month in orbit, overlaid with MOJAVE
VLBI images (image credit: M. Kadler).

matics; (5) the brightest Fermi/LAT AGN with a flux density S15GHz > 200mJy. After one
year of Fermi’s operation, the radio-γ-selected sample has finalized to 99 sources based
on the Fermi/LAT first AGN catalog (1FGL; Abdo et al. 2010c), and is called 1 Fermi-
MOJAVE (1FM) sample (Lister 2010). Figure 4.2 illustrates γ-bright AGNs in the Fermi
whole-sky map as seen by VLBI.

4.1.1 Parsec-scale Jet Properties and High Energy Emission
The results from the MOJAVE team indicate that blazars usually show apparent super-
luminal motions in their inner radio-jets (e.g., Kellermann et al. 2004 and Lister et al.
2009b). This might be related to variability at higher energies, such as X-rays and gamma-
rays. All of the MOJAVE sources are X-ray emitters (Kadler 2005), and recent results
also show that the gamma-ray brightness of AGN is correlated with VLBI jet properties.
Kovalev et al. (2009) studied the MOJAVE sources which are detected by Fermi/LAT
at its first 3-month operation (Fermi LAT 3-month bright AGN source list (LBAS); see
Abdo et al. 2009b). They found that the γ-ray photon flux correlates with compact ra-
dio flux density, and the Fermi/LAT-detected MOJAVE sources have higher brightness
temperature compared with the non-LAT MOJAVE sources. Lister et al. (2009c) showed
that the MOJAVE sources in the LBAS sample have higher apparent jet speeds than the
non-LBAS sources with a median of 15 c and a value up to 34 c. Pushkarev et al. (2009)
investigated the apparent opening angles of the γ-bright MOJAVE sources, and found that
the jet opening angles are preferentially larger for the γ-bright sources. Savolainen et al.
(2010) found that the LAT-detected blazars have higher Doppler factors than non-LAT
ones, additionally, γ-bright blazars have a narrower viewing angle in the comoving frame
as well. Pushkarev et al. (2010b) investigated the time delays between the radio and the
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γ-ray band using the observations by the VLBA at 15.4 GHz and the Fermi/LAT. They
found a ∼1.2 months time delay leaded by γ-ray emission. By studying the correlation
between the γ-ray emission and the radio emission from different parts of AGN, they sug-
gest that the γ-ray photons are produced within the compact opaque parsec-scale core of
AGN.

4.2 The Project

Based on current models, high-energy emission could be generated from collimated jets
composed of relativistic charged particles. To investigate the emission mechanisms and
to pin down the emitting regions, we constructed the broadband SED catalog for the
MOJAVE I sources. The 135 MOJAVE AGN are bright enough to provide high-quality
SEDs, and the completeness of the sample allows us to study statistical properties with
confidence. In this Chapter, we present the MOJAVE SED catalog. We modeled the two
humps of the SED by two 2nd- or 4th- degree polynomial fits to the data in a log ν-log νFν

plane. In a near future, we plan to apply physical SED models to all sources, in order to
derive the physical parameters related to the emission (e.g., electron and photon distribu-
tion, accretion rate, magnetic field) of the jet and to understand the physical conditions in
AGN.

The Fermi/LAT launched in August 2008 opens a new window to study the high-
energy emission of extragalactic jets, and it has been collecting data with its whole-sky
survey capability. In the mean time, the Swift also serves as a great complement with
the Fermi observatory to study the spectra of AGN in optical, X-ray, and gamma-ray
band. To study the X-ray properties of the MOJAVE sample, a dedicated Swift fill-in
survey has been conducted since 2007 for the MOJAVE sample (P. I.: M. Kadler), and it
provides simultaneous optical and X-ray observations. Fermi/LAT has detected two thirds
of the MOJAVE sources (Abdo et al. 2010c, see Figure 4.2 for the whole-sky map), and
Fermi/LAT upper-limit values have been determined for all remaining objects (M. Böck,
priv. comm.). Furthermore, all MOJAVE sources have very good flux-density sampling
in the radio spectrum.

4.3 Data Acquisition

Based on the available observations that Swift provides, we choose one epoch after Fermi
entered operations (August 2008) for each source, and collect (quasi-)simultaneous mul-
tiwavelength data. The UMRAO monitoring program (see Section 4.3.1) has a good time
sampling to all MOJAVE sources, and for most of the sources we have UMRAO and Swift
datasets within 1 month, which is fairly good considering that the variability in the radio
band is usually not dramatic in a monthly scale. The data from the F-GAMMA mon-
itoring program (see Section 4.3.2), although are less densely sampled in time, have a
3-month scale of simultaneity with the Swift data. We include the γ-ray data from the first
Fermi/LAT catalog (1 FGL; Abdo et al. 2010b, see Section 4.3.4), as for the hard X-ray,
we include the Swift/BAT 22-month catalog result (see Section 4.3.3). We also include
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Table 4.2: Facilities from radio to gamma-rays and bands used in this project.
Facility Bands Observing band
VLBAa Radio 15 GHz
UMRAO Radio 4.8, 8, 14.5 GHz
Effelsbergb Radio 2.64, 4.85, 8.35, 10.45, 14.6, 23.05, 32 GHz
IRAM/Pico Veletab Millimeter 3, 2, 1 mm
APEXb Millimeter 0.8 mm
Swift/UVOT UV-Optical 170−650 nm
Swift/XRT X-ray 0.2−10 keV
Swift/BAT X-ray 15−150 keV
Fermi/LAT gamma-ray 20 MeV to >300 GeV

a The MOJAVE program.
b The F-GAMMA project.

the historical data from the NASA/IPAC Extragalactic Database (NED)2, which would
help us to see whether the source is variable. If the NED data points don’t deviate much
from our simultaneous dataset, we keep the NED points in the broadband SED fitting, in
order to increase the frequency coverage. If the source is highly variable, we exclude old
measurement and only include the most recent ones.

In this section, I will introduce the facilities that we used when collecting data for the
MOJAVE SED catalog. Table 4.2 lists the facilities that contributed data to this project.

4.3.1 University of Michigan Radio Astronomy Observatory

Since August 1984, the 26-meter UMRAO radio telescope3 is monitoring systematically
the flux- and position-limited Pearson-Readhead sample (Pearson and Readhead 1981,
1988) at 14.5, 8.0, and 4.8 GHz (Aller et al. 1985, 2003). And from that time, the UMRAO
dish has provided the community two decades of total flux density monitoring on bright
AGNs. All of the MOJAVE I sources have UMRAO monitoring data until now, and the
linearly polarized flux measured by the UMRAO typically has a high signal-to-noise ratio
on the order of a few percent (Aller et al. 1996).

The telescope was constructed in 1958, and at that time, the Michigan dish was one
of the largest radio telescopes in the world. Since 1977, the telescope was placed under
full control of a computer system, and this allows to obtain data automatically. The dish
surface was constructed from doubly curved panels of aluminum sheeting, and it deviates
by less than 0.125 inches from a true paraboloid. The polar and declination axes are
aligned to within an accuracy of 20 arcsec.

2http://nedwww.ipac.caltech.edu/
3http://www.astro.lsa.umich.edu/obs/radiotel/
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Figure 4.3: The radio telescopes used in the F-GAMMA project. Left: the Effelsberg
100 m telescope; upper-right: the IRAM 30 m telescope; bottom-right: the APEX 12 m
telescope.

4.3.2 Fermi-GST AGN Multi-frequency Monitoring Alliance
The F-GAMMA project4 (Fuhrmann et al. 2007, Angelakis et al. 2010) is a monthly-
monitoring program which samples the radio continuum spectra of Fermi/LAT AGNs.
Initially, the project was started in January 2007 to observe ∼60 AGNs, which were pre-
dicted to be detected by Fermi/LAT using the Effelsberg 100 m telescope. Since Jan-
uary 2010, roughly 60 sources have been monitored monthly with Effelsberg 100 m tele-
scope, the IRAM 30 m telescope, and the APEX 12 m telescope. Among the F-GAMMA
sources, there are about 46 objects present in the MOJAVE sample, and the sources in
the F-GAMMA sample change slightly based on the findings with the Fermi/LAT. The
frequency range includes centermeter, millimeter, infrared and optical bands (see Table
4.2).

The Effelsberg 100 m Telescope The Effelsberg telescope, operated by the Max-Planck-
Institut für Radioastronomie, is one of the largest fully steerable telescopes on earth since
its operations started in 1972. Since construction, it has been continuously improved
on antenna surface, receivers, and electronics. The Effelsberg telescope provides high-
sensitivity, fast frequency-switching, polarization capabilities, and broad frequency cov-
erage. Since January 2007, an initial sample of ∼50 blazars were monitored by the Ef-
felsberg telescope prior to the Fermi’s launch. Currently, the sample has increased to 61
sources to follow the brightest Fermi blazars (Angelakis et al. 2010), and 46 of the sources

4http://www.mpifr-bonn.mpg.de/div/vlbi/fgamma/
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are in the MOJAVE I sample. The Effelsberg team members in the monitoring program
are L. Fuhrmann (P. I.), E. Angelakis, J. A. Zensus, T. P. Krichbaum, N. Marchili, and I.
Nestoras.

IRAM The IRAM 30 m telescope5 is located on Pico Veleta near Granada in Spain.
Constructed by the MPIfR in the 1980s, it is operated by the Institut de Radioastronomie
Millimétrique, with a 40% participation of Germany, and it is a sensitive millimeter tele-
scope equipped to observe at 3, 2, 1, and 0.8 mm wavelengths, and it has joined the
F-GAMMA project.

The APEX Telescope The Atacama Pathfinder Experiment (APEX) is a 12 m sub-
millimeter telescope located in Chile6, and it serves as a pathfinder for the Atacama Large
Millimeter Array. Constructed by the MPIfR, it was officially inaugurated in September
2005, and is operated by the MPIfR (50%) European Southern Observatory (27%), and
Onsala Space Observatory (23%); 10% of the observing time is granted to the host coun-
try, Chile. The team members involved in the FGAMMA-APEX project are L. Fuhrmann
(P.I.), S. Larsson (Onsala Observatory), E. Angelakis, J. A. Zensus, T. P. Krichbaum, N.
Marchili, and I. Nestoras.

4.3.3 The Swift Gamma-Ray Burst Mission
NASA’s Swift satellite is a mission dedicated to the study of gamma-ray burst science, and
it carries three instruments onboard to observe gamma-ray bursts and afterglows in the
gamma-ray, X-ray, UV, and optical bands (Figure 4.4). It is designed to obtain the spectra
from optical to hard X-ray band immediately after gamma-ray bursts are detected. In this
way, the ability of simultaneous multi-band measurements serves as an ideal instrument
for AGN SED studies as well. The Swift spacecraft was launched on 20 November 2004,
and its operation started on December 8. Since then, it provides the community a unique
chance to follow active sources promptly with multiband observations. In the following
paragraphs, I will introduce the three main instruments on board Swift.

Burst Alert Telescope The Swift Burst Alert Telescope (BAT; Gehrels et al. 2004) cov-
ers the energy band of 15−150 keV (see Figure 4.4). It was designed to provide critical
GRB triggers and positions for instant follow-up observations, and it has a large field-of-
view to detect burst events. In the first 22-month all-sky survey of Swift/BAT, 266 out of
461 sources were associated with Seyfert galaxies or blazars (Tueller et al. 2010), among
which, 18 are MOJAVE sources (see Figure 4.5). We take the 22-month spectra of the
BAT-detected sources and include them in the MOJAVE SED study as a first approach.
To obtain simultaneous observations for all the MOJAVE I sources, we have contacted the
Swift/BAT team, who agreed to collaborate and extract the BAT data for the 135 sources.
These results are not included in this thesis, but will be presented in Chang et al., in
preparation.

5http://iram.fr/IRAMES/
6http://www.mpifr-bonn.mpg.de/div/mm/apex.html
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Figure 4.4: The Swift satellite (upper-left) and the three instruments on board: the burst
alert telescope (upper-right), the X-ray telescope (bottom-right), and the UV-optical tele-
scope (bottom-right).

Figure 4.5: All-sky map of the Swift/BAT 22-month survey sources. There are 229 Seyfert
Galaxies, 32 beamed AGNs, and 17 extragalactic sources in the map (Tueller et al. 2010).
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Table 4.3: Swift/UVOT sensitivity limits. For an A0 star having the apparent magnitude
mB=22.3 with an integration time of 1000 s, the counts measured by each filter of UVOT
are listed below.

UVOT filter Wavelength (Å) counts
V 5468 143
B 4392 441
U 3465 217

UVW1 2600 99
UVM2 2246 53
UVW2 1928 87
White - 1306

http://heasarc.gsfc.nasa.gov/docs/swift/about swift/uvot desc.html

X-Ray Telescope The Swift/XRT (see Figure 4.4) is a focusing X-ray telescope with a
110 cm2 effective area, 23.6×23.6 arcsec field of view (FOV), 18-arcsec resolution, and
0.2−10 keV energy range . The XRT has several readout modes:

1. Photodiode mode: this is a fast timing mode to produce accurate timing information
for very bright sources, and it is suitable for fluxes below 1.44×10

−6 erg s−1 cm−2.

2. Imaging mode: this is similar to photon-counting mode. The charged-coupled de-
vice (CCD) is operated like an optical CCD; photon pileup7 (Davis 2001a) is al-
lowed, and there is no on-board processing on photon event recognition.

3. Window timing (WT) mode: WT mode a high-gain mode to achieve high resolution
timing (2.2 ms) with one-dimensional position information and spectroscopy. This
mode is restricted to a 200-column window covering the central 8 arcminutes of
the field of view (FOV). Window timing mode is useful for fluxes below 1.2×10

−6

erg s−1 cm−2 and has no pileup for fluxes below 1.44×10
−8 erg s−1 cm−2 (Mineo

et al. 2006).

4. Photon-counting (PC) mode: PC mode uses traditional frame transfer operation of
an X-ray CCD. It retains full imaging and spectroscopic resolution, but the time
resolution is only 2.5 seconds. This mode is operated only when sources are at very
low fluxes (below 2.4×10

−11 erg s−1 cm−2).

For almost all of the MOJAVE sources, PC mode is used for Swift/XRT observations,
mostly because the sources are weak X-ray emitters, radio-selected, and extragalactic.

UV-Optical Telescope The UVOT is a 30-cm modified Ritchey-Chrétien telescope (see
Figure 4.4) equipped with a grism filter, and its FOV is 17×17 arcmin with 2048×2048
CCD pixels. The seven filters on board UVOT cover the wavelength range of 170−650 nm
in UV and optical band (see Figure 4.6), therefore it is capable of spectroscopic observa-
tions.

7Pileup in CCD is produced by the detection of two or more photons within the same region at the same
gate time interval, and the detector is unable to resolve individual signals. The resultant effect is a lowering
of the source flux and a hardening of the observed spectrum.

75



4 The Broadband Spectral Energy Distribution of the MOJAVE Sample

Figure 4.6: Effective area for the seven UVOT filters. Image credit: NASA Swift team.

4.3.4 Fermi Gamma-ray Space Telescope
NASA’s Fermi Gamma-ray Space Telescope was launched on 11 June 2008, and there are
two instruments on board: Gamma-ray Burst Monitor (GBM) and Large Area Telescope
(LAT). The main instrument is LAT, and the GBM is used for gamma-ray burst detections.
For more details of the LAT and the GBM, please see Atwood et al. (2009) and Meegan
et al. (2009).

Large Area Telescope The LAT on board Fermi is an imaging high-energy telescope
covering the energy range from 20 MeV to >300 GeV. The field of view of the Fermi/LAT
covers ∼20 % of the sky, and the whole sky is scanned every three hours.

The LAT is a pair-conversion telescope. It detects gamma-ray photons by tracking
the trajectories of the produced electron-positron pairs, and reconstructs the path of the
incident photons (see Figure 4.7). Incident radiation first passes through an anticoinci-
dence shield, which is sensitive to charged particles, then through thin layers of high
atomic-number material called conversion foils, which would cause photon conversions to
happen. After a conversion, the trajectories of the resulting electron and positron are mea-
sured by particle tracking detectors, and their energies are then measured by a calorimeter.
The characteristic gamma-ray signature in the LAT is therefore (1) no signal in the an-
ticoincidence shield, (2) more than one track starting from the same location within the
volume of the tracker, and (3) an electromagnetic shower in the calorimeter.

The LAT consists of a 4×4 array of identical towers, and each 40×40 cm2 tower com-
prises a tracker, calorimeter and data acquisition module. The tracking detector consists of
18 layers of silicon strip detectors. The calorimeter in each tower consists of eight layers
of 12 CsI bars which are read out by photodiodes, and the total thickness is 10 radiation
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Figure 4.7: Fermi Gamma-ray Space Telescope (left) and the illustration of the Large
Area Telescope on board (right).

lengths. The calorimeter measures three-dimensional profiles of showers, which permits
corrections for energy leakage and enhances the capability to discriminate hadronic cos-
mic rays. The anticoincidence shield covers the array of towers, and is used to detect and
eliminate cosmic rays.

Gamma-ray Burst Monitor The GBM includes two sets of detectors: twelve sodium
iodide (NaI) scintillators, each 12.7 cm in diameter by 1.27 cm thick, and two cylindrical
bismuth germanate (BGO) scintillators, each 12.7 cm in diameter and 12.7 cm in height.
The NaI detectors are sensitive in the lower end of the energy range, from a few keV
to about 1 MeV and provide burst triggers and locations. The BGO detectors cover the
energy range 150 keV to 30 MeV, providing a good overlap with the NaI at the lower
end and with the LAT at the high end.

Gamma-ray bursts will be detected by a significant change in count rate in at least two
of the NaI scintillators; the trigger algorithm will be programmable. Time-tagged event
data (with 5 µs resolution) will be recorded continuously to provide ∼50 s of pre-trigger
information for gamma-ray bursts. After a trigger, the GBM processor will calculate
preliminary position and spectral information for telemetry to the ground and possible
autonomous repointing of Fermi. The GBM is expected to detect ∼200 gamma-ray bursts
per year.

After the first 11-month survey, Fermi/LAT has detected 709 AGNs (Abdo et al. 2010c),
in which 85 of the MOJAVE sources are included (see Figure 4.8). In this study, we use
the results of the 11-month catalog of Fermi/LAT to construct the MOJAVE SED catalog.
Table 4.4 shows a list of MOJAVE sources together with the corresponding associations
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Figure 4.8: The Fermi/LAT all-sky map after 1-year of operation (Credit: Fermi LAT
Collaboration).

of the 1FGL catalog. The redshift z, the apparent velocity βapp,max as published by the
MOJAVE team (Lister et al. 2009b), and the optical class are listed in the same table as
well.

4.4 Data Analysis
As mentioned in the beginning of this Chapter, we chose one epoch of Swift observations
for each source, and construct a simultaneous broadband SED according to the time of
the chosen epoch. Here I summarize the procedures that we used to construct a SED:

1. Check the available archival Swift data from the HEASARC website8. Examine
observation log, and if available, download the data with the longest integration
time after August 2008. If there were no observations after August 2008, submit
a request of Swift Target of Opportunity (ToO9; see Table 4.5 for a list of ToO
sources).

2. The data of UVOT and XRT were analyzed with HEASOFT version 6.810 following
8http://heasarc.gsfc.nasa.gov/docs/archive.html
9http://www.swift.psu.edu/too.html

10http://heasarc.nasa.gov/lheasoft/
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the procedures described in Section 4.4.1 and 4.4.2. The Swift X-ray spectra were
fitted with XSPEC version 12.5.1.

3. If the source inspected is in the Swift/BAT 22-month catalog, we downloaded the
data from the BAT 22-month source catalog website11.

4. We include the UMRAO data from the internal MOJAVE database. All of the MO-
JAVE sources have recent observations from the UMRAO monitoring program.

5. We include the F-GAMMA data points compiled by the F-GAMMA team (I. Nestoras,
priv. comm.).

6. We include the historical data points from the NED website. We use the error
bars provided by the database. According to differences of data qualities and the
variability of the source, we exclude very old measurements.

Table 4.4: MOJAVE source list with 1FGL association.

IAU Alias Fermi z βapp,max Optical
Name 1FGL Class

(1) (2) (3) (4) (5) (6)
0003−066 NRAO 005 0.347 2.89±0.24 B
0007+106 III Zw 2 0.0893 0.971±0.094 G
0016+731 1.781 6.74±0.39 Q
0048−097∗ J0050.6−0928 − − B
0059+581 J0102.8+5827 0.644 11.09±0.85 Qd

0106+013 4C+01.02 J0108.6+0135 2.099 26.5±3.9 Q
0109+224 J0112.0+2247 0.265 − B
0119+115 0.570 17.10±0.67 Q
0133+476∗ DA 55 J0137.0+4751 0.859 13.0±2.5 Q
0202+149 4C +15.05 J0204.5+1516 0.405 6.4±1.3 Qc

0202+319 J0205.3+3217 1.466 8.30±0.75 Q
0212+735 J0217.8+7353 2.367 7.64±0.27 Q
0215+015 OD 026 J0217.9+0144 1.715 34.2±2.1 Q
0224+671 4C +67.05 0.523 11.64±0.46 Qd

0234+285∗ CTD 20 J0237.9+2848 1.207 12.27±0.84 Q
0235+164∗ J0238.6+1637 0.940 − Ba

0238−084 NGC 1052 0.005037 0.347±0.010 G
0300+470 4C +47.08 J0303.1+4711 − B
0316+413 3C 84 J0319.7+4130 0.0176 0.311±0.059 G
0333+321 NRAO 140 1.259 12.76±0.19 Q
0336−019 CTA 26 J0339.2−0143 0.852 22.4 ±3.7 Q
0403−132 J0405.6−1309 0.571 19.70±0.87 Q
0415+379 3C 111 J0419.0+3811 0.0491 5.865±0.094 G
0420−014∗ J0423.2−0118 0.914 7.35±0.98 Q
0422+004 J0424.8+0036 − B

11http://heasarc.gsfc.nasa.gov/docs/swift/results/bs22mon/
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Table 4.4 – continued
IAU Alias Fermi z βapp,max Optical

Name 1FGL Class
(1) (2) (3) (4) (5) (6)

0430+052 3C 120 0.033 5.38±0.16 G
0446+112 J0448.6+1118 − Ub

0458−020 J0501.0−0200 2.286 16.52±0.80 Q
0528+134∗ J0531.0+1331 2.070 19.20±0.42 Q
0529+075 OG 050 J0532.9+0733 1.254 12.7±1.5 Qd

0529+483 J0533.0+4825 1.162 19.8±3.0 Q
0552+398 DA 193 2.363 0.363±0.091 Q
0605−085 OC −010 J0608.2−0837 0.872 19.79±0.61 Q
0607−157 0.324 3.9±1.1 Q
0642+449 OH 471 3.396 0.76±0.11 Q
0648−165 J0650.6−1635 − Ud

0716+714∗ J0721.9+7120 0.310 10.07±0.35 B
0727−115∗ J0730.3−1141 1.591 − Q
0730+504 0.720 14.1±4.2 Q
0735+178 OI 158 J0738.2+1741 − B
0736+017 OI 061 J0739.1+0138 0.191 14.44±0.94 Q
0738+313 OI 363 0.631 10.8±1.1 Q
0742+103 2.624 − Qd

0748+126 J0750.6+1235 0.889 18.37±0.82 Q
0754+100 J0757.2+0956 0.266 14.4±1.2 B
0804+499 1.436 1.83±0.34 Q
0805−077 J0808.2−0750 1.837 59.1±27. Q
0808+019 J0811.2+0148 1.148 13.00±0.81 B
0814+425 OJ 425 J0818.2+4222 0.245 1.71±0.29 B
0823+033 J0825.9+0309 0.506 17.80±0.81 B
0827+243 OJ 248 J0830.5+2407 0.940 22.0±1.9 Q
0829+046 OJ 049 J0831.6+0429 0.174 10.11±0.38 B
0836+710 4C 71.07 J0842.2+7054 2.218 25.38±0.97 Q
0838+133 3C 207 J0840.8+1310 0.681 12.9±1.2 Q
0851+202∗ OJ 287 J0854.8+2006 0.306 15.18±0.38 B
0906+015 4C +01.24 J0909.0+0126 1.024 20.66±0.85 Q
0917+624 J0919.6+6216 1.446 15.6±1.2 Q
0923+392 4C +39.25 0.695 4.29±0.43 Q
0945+408 4C +40.24 1.249 18.60±0.86 Q
0955+476 1.882 2.48±0.24 Q
1036+054 0.473 6.15±0.62 Qd

1038+064 4C +06.41 1.265 11.87±0.99 Q
1045−188 0.595 8.57±0.69 Q
1055+018∗ 4C +01.28 J1058.4+0134 0.890 11.0 ±1.0 Q
1124−186 J1126.8−1854 1.048 − Q
1127−145 J1130.2−1447 1.184 14.18±0.59 Q
1150+812 1.250 7.09±0.31 Q
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Table 4.4 – continued
IAU Alias Fermi z βapp,max Optical

Name 1FGL Class
(1) (2) (3) (4) (5) (6)

1156+295∗ 4C +29.45 J1159.4+2914 0.729 24.9±1.8 Q
1213−172 − Ud

1219+044 4C +04.42 J1222.5+0415 0.965 2.35±0.41 Q
1222+216 4C +21.35 J1224.7+2121 0.432 21.0±1.9 Q
1226+023∗ 3C 273 J1229.1+0203 0.158 13.44±0.43 Q
1228+126 M87 J1230.8+1223 0.00436 0.056±0.023 G
1253−055∗ 3C 279 J1256.2−0547 0.536 20.58±0.79 Q
1308+326∗ J1310.6+3222 0.997 27.2±1.2 Q
1324+224 J1326.6+2213 1.400 − Q
1334−127 PKS 1335−127 J1337.7−1255 0.539 10.26±0.95 Q
1413+135 0.247 1.80±0.17 B
1417+385 1.831 15.4±3.0 Q
1458+718 3C 309.1 0.904 7.0±2.0 Q
1502+106∗ 4C +10.39 J1504.4+1029 1.839 14.8±1.2 Q
1504−166 0.876 4.31±0.47 Q
1510−089∗ J1512.8−0906 0.360 20.2±1.2 Q
1538+149 4C +14.60 0.605 8.73±0.95 Ba

1546+027 J1549.3+0235 0.414 12.1±1.3 Q
1548+056 4C +05.64 J1550.7+0527 1.422 11.6±1.7 Q
1606+106 4C +10.45 J1609.0+1031 1.226 18.9±1.3 Q
1611+343 DA 406 J1613.5+3411 1.397 14.09±0.60 Q
1633+382 4C +38.41 J1635.0+3808 1.814 29.5±1.6 Q
1637+574 OS 562 0.751 10.6±1.3 Q
1638+398 NRAO 512 1.666 12.3±1.6 Q
1641+399 3C 345 J1642.5+3947 0.593 19.27±0.52 Q
1655+077 0.621 14.4±1.1 Q
1726+455 J1727.3+4525 0.717 2.10±0.77 Q
1730−130 NRAO 530 J1733.0−1308 0.902 35.7±2.1 Q
1739+522 4C +51.37 J1740.0+5209 1.379 − Q
1741−038 1.054 − Q
1749+096∗ 4C+09.57 J1751.5+0937 0.322 6.84±0.78 Ba

1751+288 1.118 3.07±0.74 Qd

1758+388 2.092 2.38±0.34 Q
1800+440 0.663 15.41±0.49 Q
1803+784 J1800.4+7827 0.680 9.0±2.5 Ba

1807+698 3C 371 J1807.0+6945 0.051 0.104±0.017 B
1823+568 4C +56.27 J1824.0+5651 0.664 20.86±0.49 Ba

1828+487 3C 380 J1829.8+4845 0.692 13.66±0.39 Q
1849+670∗ J1849.3+6705 0.657 30.6±1.5 Q
1928+738 4C +73.18 0.302 8.43±0.34 Q
1936−155 1.657 2.60±0.74 Q
1957+405 Cygnus A 0.0561 0.215±0.059 G

81
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Table 4.4 – continued
IAU Alias Fermi z βapp,max Optical

Name 1FGL Class
(1) (2) (3) (4) (5) (6)

1958−179 J2000.9−1749 0.650 1.90±0.19 Q
2005+403 1.736 12.2±1.7 Q
2008−159 1.180 7.99±0.95 Q
2021+317 4C +31.56 − − Ud

2021+614 OW 637 0.227 0.159±0.043 G
2037+511 3C 418 1.686 3.30±0.15 Q
2121+053 1.941 13.29±0.57 Q
2128−123 0.501 6.94±0.45 Q
2131−021 4C −02.81 J2134.0−0203 1.285 20.0±1.4 Ba

2134+004 1.932 5.94±0.41 Q
2136+141 OX 161 2.427 5.43±0.18 Q
2145+067 4C +06.69 J2148.5+0654 0.990 2.50±0.10 Q
2155−152 J2157.9−1503 0.672 18.1±1.8 Q
2200+420∗ BL Lac J2202.8+4216 0.0686 10.57±0.74 B
2201+171 J2203.5+1726 1.076 3.9±4.2 Q
2201+315 4C +31.63 0.295 7.88±0.41 Q
2209+236 J2212.1+2358 1.125 3.43±0.51 Q
2216−038 0.901 5.62±0.53 Q
2223−052 3C 446 J2225.8−0457 1.404 17.34±0.47 Q
2227−088 PHL 5225 J2229.7−0832 1.560 8.1±2.1 Q
2230+114 CTA 102 J2232.5+1144 1.037 15.41±0.65 Q
2243−123 0.632 5.49±0.33 Q
2251+158∗ 3C 454.3 J2253.9+1608 0.859 14.19±0.79 Q
2331+073 J2334.3+0735 0.401 4.47±0.46 Qd

2345−167 J2348.0−1629 0.576 − Q
2351+456 4C +45.51 1.986 27.1±1.3 Q
Column note: (1) IAU J2000 name; (2) alias name; (3) 1FGL association; (4) redshift; (5) maximum
apparent projected speed measured by the MOJAVE program (Lister et al. 2009b); (6) optical class.
∗ Broadband SED presented in Abdo et al. (2010a)
a Source classified as a quasar in the Véron-Cetty and Véron (2006) catalog
b Source classified as a possible BL Lac in the Véron-Cetty and Véron (2006) catalog
c Source classified as a galaxy in the Véron-Cetty and Véron (2006) catalog
d Source not listed in the Véron-Cetty and Véron (2006) catalog

4.4.1 Swift/XRT Data Reduction
There are several steps from raw X-ray data to obtaining spectral properties such as flux
FX and photon index Γ. In the following paragraphs, the procedures that we use to analyze
Swift/XRT data will be described.
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Table 4.5: Requests of Swift target of opportunity (approved and pending, as of August
2010).
IAU Name Swift Obs. ID Obs. dates XRT Exp. Time [sec] Status
0109+224 - - - ToO required (2010-08-24)∗
0202+319 - - - ToO required (2010-09-08)∗
0212+735 - - - ToO required (2010-09-11)∗
0215+015 - - - ToO required (2010-09-11)∗
0552+398 - - - ToO required (2010-11-09)∗
0754+100 00036195002 2010-02-27 9546 Observed
0906+015 00036200005 2010-03-10 4388 Observed

00036200002 2010-03-04 1805 Observed
00036200006 2010-03-09 1609 Observed
00036200007 2010-03-10 878 Observed
00036200003 2010-03-06 116 Observed
00036200004 2010-03-05 10 Observed

0923+392 00036377005 2010-03-20 5401 Observed
00036377004 2010-03-17 2034 Observed
00036377003 2010-03-10 725 Observed

1036+054 00036242004 2010-04-26 3543 Observed
00036242006 2010-04-28 3432 Observed
00036242005 2010-04-27 1644 Observed

1213−172 00035036002 2010-03-24 10559 Observed
1219+044 00036330003 2010-04-28 4096 Observed

00036330002 2010-04-24 3372 Observed
1324+224 00036205004 2010-03-29 7225 Observed

00036205003 2010-03-28 2149 Observed
1413+135 00036386004 2010-04-03 9941 Observed
1726+455 00036214004 2010-05-03 3784 Observed

00036214006 2010-05-11 2965 Observed
00036214003 2010-05-04 2076 Observed

1741−038 00036216003 2010-05-09 6359 Observed
00036216002 2010-05-09 2146 Observed

2216−038 00036227003 2010-01-06 3991 Observed
00036227002 2010-01-06 1988 Observed

2351+456 - - - ToO required (2010-08-03)∗
∗ Planned Swift ToO submission date, which is the time when the source starts to have 11h right ascension
difference w.r.t. the Sun.

Data and Calibration Files The XRT data are in the format of Flexible Image Trans-
port System (FITS), and there are several kinds of files involved in the data calibration
processes. The event file records the data from the XRT observation. In the event file, it
contains the time, position, and intensity of photon incidence. The response matrix file12

(RMF) contains information about the response of the XRT detector to be used during
data calibration process. The ancillary response file (ARF) contains information of the
effective area. Photon counts that are detected can be expressed as (see Davis 2001b):

12http://www.swift.ac.uk/XRT-LUX-CAL-108 RMF v7.pdf
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4 The Broadband Spectral Energy Distribution of the MOJAVE Sample

Figure 4.9: HI emission integrated over the velocity range −400 < v < +400 km s−1 in
the LAB dataset, shown in Aitoff projection. The Galactic center is in the middle. The
integrated emission (0 < NH < 2× 10

22
cm

−2, logarithmic scale) yields column densities
under the assumption of optical transparency; this assumption may be violated at latitudes
within about 10◦ of the Galactic equator (Image credit: the LAB Survey website).

C(h) =

� ∞

0

�

i

Ri(h,E)Ai(E)Si(E)dEdT +B(h),

where R(h,E) is the response matrix, A(E) is the effective area (ancillary response),
S(E) is the source SED, C(h) and B(h) are the source and background counts (event), E
is the photon energy, T is the integration time, and h is the pulse height analysis (PHA).
When a photon is detected by a solid state detector, the pulse height is proportional to the
incoming photon energy. The pulse height analysis aims to sort out the detected electronic
pulses and heights from photons, digitize the signal, and store the information to channels
for further spectral analysis. A PHA file stores the measured pulse height in channels,
which are sort by energy, and it is used for spectral analysis.

Extracting the X-ray Spectrum First, we generate an image from XRT event file us-
ing xselect in FTOOLS. Based on the image, we select and save the source and back-
ground regions which we want to use to extract the spectrum. We extract the source and
background spectrum using the command filter region in xselect. This would
generate two spectral PHA files for the source and the background. For later spectral
analysis, we need to generate the ARF file using the command xrtmkarf in FTOOLS.
xrtmkarf connects to the HEASARC’s calibration database13 (CALDB), and use the
newest calibration files in the database to generate the ARF file based on the input source
spectrum and source position.

13http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/caldb intro.html

84



4.4 Data Analysis

Binning the PHA File The PHA file records photon events in channels which are lev-
eled by energy. To perform spectral analysis, it is necessary to bin data and make sure
that each energy bin contains sufficient amount of events. To do this, we use the com-
mand grppha in FTOOLS, and we bin the data with the constrain that the minimum raw
counts per energy bin should be greater than 2014. Binning (grouping) PHA file is needed
before performing spectral analysis in order to obtain a sufficient signal-to-noise value,
because we will use χ2 statistics to evaluate the goodness of fit and error in the next steps.

X-ray Spectral Analysis We perform the spectral analysis in XSPEC12. We load the
binned data in XSPEC and fit the spectrum with an absorbed power-law model F (E) =

KM(E)E
−Γ, where E is the energy bin, F is the flux, K is the normalization con-

stant, M(E) is the photoelectric absorption, and Γ is the photon index. The photoelectric
absorption M(E) can be described as

M(E) = e
−NHσ(E)

,

where NH is the equivalent hydrogen column density, σ(E) is the cross-section as a
function of photon energy. We set a lower limit of NH using the result of the Lei-
den/Argentine/Bonn (LAB) Galactic HI Survey15 (Kalberla et al. 2005; see Figure 4.9),
in which they measured the Galactic neutral hydrogen by observing λ 21 cm emission of
the whole sky. For the abundances of the interstellar medium, we use the wilm abun-
dance in XSPEC (Wilms et al. 2000), see Balucinska-Church and McCammon (1992) for
a detailed discussion about computing the cross section of the interstellar medium.

We applied an absorbed power-law model to fit the X-ray spectra. In Table 4.6, we
present a summary of the results of our XRT analysis, such as the observing date (column
3), epochs (column 4), and integration time (column 5) for each MOJAVE source; the
galactic (column 6), the intrinsic (column 7), and the uncertainty of the NH values; the
photon index ΓX (column 9), the flux FX (column 10), the reduced χ

2 (χ2
red; column

11), and the degree of freedom of fit (column 12). The model we applied to fit the X-
ray spectrum in XSPEC is phabs(1)×phabs(2)×powerlaw, where phabs(1) is
fixed to the Galactic NH value of each source (column 6 in Table 4.6); phabs2 is let free
to be fitted, and the obtained value is the source intrinsic NH value (column 7 in Table
4.6).

14In our X-ray spectral analysis of this thesis, we only use the threshold of 20 and 25 raw counts per
energy bin to group the data, depending on data quality.

15http://www.astro.uni-bonn.de/∼webaiub/english/tools labsurvey.php
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4 The Broadband Spectral Energy Distribution of the MOJAVE Sample
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4.4 Data Analysis
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4.4 Data Analysis

Figure 4.10: The UVOT imaging product chart. Orange denotes a software tool, green a
calibration product, light-blue a Level I science product (raw data), medium-blue a Level
II product (obtained by processing f Level I product), and dark blue a Level III product
(obtained by processing Level II product). Image taken from the Swift UVOT User’s
Guide.

4.4.2 Swift/UVOT Data Reduction

We performed the Swift/UVOT data analysis by following the UVOT User’s Guide16.
Figure 4.10 illustrates the procedures of UVOT data reduction. The boxes marked in
orange denote the task name in the HEASARC FTOOLS. We use Level II products from
the HEASARC archive for flux extraction. We take the sky images, sum over multiple
images extensions in a FITS file using uvotimsum, and extract the source flux using
uvotsource with selected source and background regions. Depending on the AGN
intensity and the filter used, we extract source fluxes with a circle of 5�� to 10�� radius. The
background regions selected are between 12�� and 18��.

16http://heasarc.gsfc.nasa.gov/docs/swift/analysis/UVOT swguide v2 2.pdf
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4 The Broadband Spectral Energy Distribution of the MOJAVE Sample

Figure 4.11: Effects of absorption on a power-law spectrum (Γ=1.95). As listed in the
upper-right panel, the different curves indicate different values of NH. The black solid
line shows the condition when NH=0. The spectra are calculated taking into account both
photoelectric and Compton processes. Image credit: Ricci et al. (in prep.).

4.4.3 Extinction Correction
When the photons emitted by an extragalactic source travel to an observer on the Earth,
additional effects of Galactic and extragalactic extinction deform the measured spectrum,
since the dust and gas of the ISM absorb and scatter the radiation emitted by the source.
Therefore, to obtain the original emitted spectrum of the source, we need to correct for this
effect. The LAB Survey provides a good estimate of Galactic NH value, and by the fitted
result of X-ray spectrum between 0.2–10 keV (see Section 4.4.1 for details), we obtain
the value of extragalactic NH column density. Figure 4.11 shows the effect of absorption
on a power-law spectrum. The absorption effect becomes significant at lower energies,
especially between 0.1–10 keV. In the hard X-ray range (10–100 keV), the absorption
becomes significant when the column density NH > 10

23 cm−2. Therefore, we performed
corrections to the spectra of the optical/UV and the X-ray bands (0.2–10 keV) in our study.

X-ray Absorption Correction

We fitted an absorbed power law model to the X-ray spectrum using XSPEC (see Sec-
tion 4.4.1), and we output the fluxes of X-ray data points (denote Fdata) and the model
(denote Fmodel1) by using the command wdata of iplot in XSPEC. To correct for the
absorption, we set the fitted NH value to 0, and output the model again (denote Fmodel2)
without fitting the data. The corrected unabsorbed fluxes Funabsorb can be obtained by this
equation:

Funabsorb = Fdata ×
Fmodel2

Fmodel1
.
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4.4 Data Analysis

After applying the correction, most of the MOJAVE sources show obvious changes of
SED shape. For some sources (e.g., 0528+134, 0607−157, 2155−152, 2243−123), the
SED in the X-ray band becomes flat; some sources even show an inverted SED shape
in the X-ray band (e.g., 0716+714, 1045−188, 1124−186, 2345+167). The individual
broadband-SED plots are shown in Appendix B.

UV and Optical Extinction Correction

In the UV and optical bands, it is necessary to calculate the extinction coefficient A for
different filters, and subtract it from the observed magnitude m in order to find the unab-
sorbed magnitude M∗:

M
∗
λ
= mλ − Aλ,

where λ indicates the wavelength of the filter. The extinction at a wavelength λ is related
to the color excess of an object. The color excess EB−V can be obtained by comparing the
observed color index M

Observed
B−V and the intrinsic color index M

Intrinsic
B−V ,

EB−V = M
Observed
B−V −M

Intrinsic
B−V ,

where the color index is defined by MB−V = MB −MV, MB denotes the magnitude of the
optical B band, and MV for the V band. The extinction coefficient can be determined by

Aλ = k(λ)EB−V.

We define the extinction curve of our Galaxy as

RV =
AV

EB−V
,

and the extinction coefficient can be expressed as

Aλ =
k(λ)

RV
AV,

where a typical value of RV = 3.1 in the Galaxy is used (Cardelli et al. 1989). Note
that RV can be found to be between 2.6 and 5.5 for different lines of sight (Clayton and
Cardelli 1988). According to Predehl and Schmitt (1995), the extinction coefficient can
be obtained by

AV =
NH

1.79× 1021 cm−2
.

In the optical band, the value of Aλ is given by Schlegel et al. (1998). As for the UV
filters of Swift/UVOT, we estimated the extinction by using the reddening law by Allen
(1976). The values are listed in Table 4.7.

The next step is to convert the corrected magnitudes to fluxes. First, one needs to
convert the magnitude M into counts per second C (Poole et al. 2008):

M = Mzero − 2.5 log(C),
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4 The Broadband Spectral Energy Distribution of the MOJAVE Sample

Table 4.7: Parameters of Swift/UVOT filters for extinction correction.
UVOT filter λc

a
λeff

b
k(λ)/RV

c Mzero
d Acf

e

[Å] [Å] [mag] [10−16 erg cm−2s−1Å−1]
V 5468 5402 1 17.89±0.01 2.614
B 4392 4329 1.321 19.11±0.02 1.472
U 3465 3501 1.664 18.34±0.02 1.63

UVW1 2600 2634 2.3 17.49±0.03 4.0
UVM2 2246 2231 2.9 16.82 ±0.03 8.5
UVW2 1928 2030 2.8 17.35±0.03 6.2

a The central wavelength of the filter.
b The effective wavelengths of each filter for a Vega-like spectrum (see Poole et al. 2008 for derivation).
c The values of k(λ)/RV are for deriving the extinction coefficient Aλ.
d The zero-point magnitude.
e The count rate to flux conversion factor.

where Mzero is the zero point magnitude (see the Swift/UVOT Calibration Documents17),
which is defined as the magnitude when C = 1 counts s−1. The values of Mzero for the
UVOT filters are listed in Table 4.7. To convert counts to flux density, we use the result
of Poole et al. (2008), who calculated the count rate to flux conversion parameter Acf for
each filter (see Table 4.7). The flux density in the unit of Jansky Sν is

Sν = 3.34× 10
4
Fλ λ

2
,

where Fλ = C×Acf .

4.4.4 Fermi/LAT data
In the γ-ray band of the SED, we include the published Fermi/LAT first year catalog
(Fermi 1 FGL catalog; Abdo et al. 2010b). There are 85 of the MOJAVE sources in the
Fermi 1FGL catalog, and Table 4.4 lists the associations between the MOJAVE and the
1 FGL sources. The public Fermi/LAT γ-ray spectra18 are available in six energy bins: 30
– 100 MeV, 100 – 300 MeV, 300 MeV – 1 GeV, 1 – 3 GeV, 3 – 10 GeV, and 10 – 100 GeV.
Not all of the 1 FGL sources have fluxes available in all bins, and this depends on the
source brightness, spectral shape, and data quality. We calculate the effective frequency
of each energy bins from the γ-ray photon index, and add the γ-ray data to the SED.

For the non-1 FGL MOJAVE sources, their LAT upper limits are estimated by M.
Boeck, who follows the same procedure as described in Boeck et al. (2010). The LAT
upper limits that we used in this thesis are preliminary estimations, and the final results
will be included in a future publication of this work.

17http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/swift/docs/uvot/index.html
18http://fermi.gsfc.nasa.gov/ssc/data/access/lat/1yr catalog/
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4.5 The Broadband SED of the MOJAVE sources

4.5 The Broadband SED of the MOJAVE sources
As described in the previous sections, we completed the optical and X-ray spectral anal-
ysis of all MOJAVE sources, and we collected the broadband data from the radio to the
γ-rays. In this section, we will present our results. The X-ray spectra of the MOJAVE
sources can be found in Appendix A; the broadband SED of the 135 sources with two
polynomial fits to the data are shown in Appendix B. In Section 4.5, we will give a brief
literature review of each source, and most importantly, to check if the broadband SED of
each source has been studied earlier by others and has been presented in the literature. We
include previously published broadband SED in Appendix C, and we compare our results
with the literature ones.

Typically, the SED of the MOJAVE sources display a double-hump profile, which
is caused by non-thermal processes (see Section 1.4.2 for details). The lower-energy
hump is due to synchrotron emission from the radio jet, and the higher-energy hump is
believed to be caused by one- or multi- component IC up-scattering of internal or external
photon sources. We performed a mathematical polynomial fit to the synchrotron hump
and the IC hump for each source. By this method, we could estimate the peak positions
of synchrotron and IC components.

In this section, I will briefly summarize our findings and compare them with previ-
ously published results, especially focusing on the broadband SED study of each MO-
JAVE source. There are references which are quite relevant to our sample, and I will not
go through them for each source in the next paragraphs. Abdo et al. (2010a) studied the
broadband SED of 48 blazars in the Fermi LAT bright AGN sample (LBAS), which in-
cludes the AGNs detected by LAT after 3-month operations. Among the 48 sources stud-
ied by Abdo et al. (2010a), 20 are overlapped with the MOJAVE sample. Lee et al. (2008)
performed a global 86 GHz VLBI survey of compact radio sources, in which many of the
MOJAVE sources were included. The papers published by the MOJAVE team include:
the first-epoch of 15 GHz linear polarization images of the MOJAVE sources (Lister and
Homan 2005); the first-epoch 15 GHz circular polarization results of the MOJAVE sample
(Homan and Lister 2006); the VLA images of the MOJAVE sources at 1.4 GHz (Cooper
et al. 2007); the study of the MOJAVE sample about the parent luminosity function (Cara
and Lister 2008); the multi-epoch VLBA images of the MOJAVE sample (Lister et al.
2009a); the kinematic results of the MOJAVE sample (Lister et al. 2009b); and the jet ac-
celeration results of the MOJAVE sources (Homan et al. 2009a). The papers of the 2 cm
Survey include: the VLBA images at 15 GHz during 1994 and 1997 (Kellermann et al.
1998); additional 39 sources of single-epoch VLBA observations at 15 GHz from 1997 to
2000 (Zensus et al. 2002); the kinematics of parsec-scale jet in the 2 cm Survey (Keller-
mann et al. 2004); the fine-scale structure of 250 flat spectrum radio sources in the 2 cm
Survey (Kovalev et al. 2005). Additionally, the radio spectra of the MOJAVE sources
are available in the MOJAVE website19. In the following paragraphs, we will present the
discussion for each individual source ordered by RA.

19http://www.physics.purdue.edu/MOJAVE/
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4 The Broadband Spectral Energy Distribution of the MOJAVE Sample

0003−066 NRAO 005 is a flat spectrum BL Lac object, and it is not detected by CGRO/
EGRET and Fermi/LAT. Figure A.1 shows the X-ray spectrum of NRAO 005, and Figure
B.1 shows the broadband SED of this source. The X-ray SED displays a flat profile,
and we use the upper limit value for the Fermi/LAT flux estimated by Böck et al. (in
preparation) in the polynomial fit (see Section 4.4.4 for details). The peak of the IC hump
is lower than of the synchrotron hump, and the frequency location of the IC peak couldn’t
be found. Nieppola et al. (2006) studied the synchrotron part of the SED of NRAO 005
(Figure C.1), and they classified the source as LBL (1013 Hz < νpeak < 10

14 Hz). The
synchrotron peak we derived is νpeak = 7.05×10

12 Hz, which is below the LBL limit that
Nieppola et al. (2006) defined, and our result is consistent with their findings.

0007+106 III Zw 2 is a flat spectrum radio galaxy classified by Véron-Cetty and Véron
(2006). However, Corbin and Boroson (1996) classified the source as a low-redshift
quasar, and they studied its UV and optical spectra. Hughes et al. (2000) classified the
source as a radio-quiet quasar, and presented the off-nuclear optical spectra of III Zw 2.
This source is not detected in the γ-ray band, but it is active in the X-ray band and is in
the Swift/BAT 22-month catalog (Tueller et al. 2010). Falcke et al. (1999) studied a radio
outburst of III Zw 2, during the flaring period, it displayed an inverted radio spectrum.
Shinozaki et al. (2006) have measured the X-ray spectral properties of this source with
XMM-Newton, and they derived its photon index Γ=1.75+0.018

−0.017, the intrinsic NH = 0 cm−2,
and the flux F = 7×10

−12 ergs cm−2 s−1. Our results derived from Swift observations are
consistent with their findings (see Table 4.6), and Figure A.1 shows the X-ray spectrum of
III Zw 2. Figure B.1 shows the broadband SED of this source. The SED of this source has
a good frequency sampling in the synchrotron and the IC humps, and both humps have
comparable energy peaks.

0016+731 0016+731 is a low polarization radio quasar. Bloom et al. (1994) presented
the spectrum from the radio to the infrared band of this source, and Bloom et al. (1999)
presented a multiband study of 0016+731 using the observations between 1991 to 1992
from the radio to the γ-ray bands. Sambruna (1997) studied the soft X-ray spectrum of
this source at 0.1–2.4 keV using ROSAT observations in March 1992. They reported an
X-ray photon index of Γ=1.43+1.01

−1.19 in the soft X-ray band, and we derived the photon
index Γ=1.96±0.63 at 0.3–10 keV from Swift 2009 observations (see Figure A.1 for the
X-ray spectrum). Both results are compatible. Figure B.1 shows the broadband SED of
0016+731. The SED of the X-ray band locates at the tail of the synchrotron hump, and
we do not fit a polynomial model to the IC hump due to the lack of high energy data.
Previous studies on the SED of 0016+731 in the radio, optical, and X-ray bands show
that the peak frequency of the synchrotron hump is νsync

peak ∼ 10
14 Hz (from Brunner et al.

1994 and Sambruna et al. 1996; see Figure C.2), which is one order of magnitude lower
than our findings (νsync

peak ∼ 10
15 Hz).

0048−097 0048−097 is a flat-spectrum BL Lac object. This source was not detected
by CGRO/EGRET, but it is in the Fermi 1FGL catalog (Abdo et al. 2010b). Figure A.1
shows the X-ray spectrum of 0048−097, and Figure B.1 shows our broadband SED of
0048−097 from radio to γ-ray band. The synchrotron hump extends until the X-ray

96



4.5 The Broadband SED of the MOJAVE sources

range. We found a value of νsync
peak ∼ 10

15 Hz, and that the synchrotron and IC humps have
comparable energy peak values. The broadband SED of this source has been studied by
Giommi et al. (1995), Sambruna et al. (1996), Nieppola et al. (2006), and Abdo et al.
(2010a), where the first three presented the synchrotron hump of the SED, and the last
one presented the broadband SED from the radio to the γ-ray band including Fermi/LAT
results (Figure C.3). Our results are consistent with previous findings.

0059+581 0059+581 is a flat spectrum radio quasar. This source was not detected
by CGRO/EGRET, but it is in the Fermi 1 FGL catalog. Pyatunina et al. (2006) studied
the multi-frequency light curves from 1994 to 2005, and suggested that the source has
an activity cycle of four years. Figure A.1 illustrates the X-ray spectrum obtained by
the Swift/XRT, and Figure B.1 shows the broadband SED of 0059+581. The humps of
synchrotron and IC display comparable energy peak. Marecki et al. (1999) presented the
radio spectrum of 0059+581 (see Figure C.4). To our knowledge, our broadband SED is
the first one to be published for this source.

0106+013 4C+01.02 is a high polarization, flat spectrum radio quasar. It was not de-
tected by CGRO/EGRET, but it is in the Fermi 1 FGL catalog. Ledden and Odell (1985)
and Maraschi et al. (1986) presented the radio, optical, and X-ray data of 4C+01.02,
and they reported values for the spectral indices αro (radio to optical), αrx (radio to X-
ray), and αox (optical to X-ray). The X-ray properties of the source were also reported
by Siebert et al. (1998), who found a value of Γ=2.05+3.93

−1.77, which is consistent with our
result Γ=2.14±0.47. Figure A.1 shows the X-ray spectrum of 4C+01.02, and Figure B.1
presents our broadband SED results of this source. As presented, the synchrotron hump
of this source extends until the X-ray band. To our knowledge, our broadband SED is the
first one to be published for this source.

0109+224 0109+224 is a flat spectrum BL Lac object. This source was not detected
by CGRO/EGRET, but it is presented in the Fermi 1 FGL catalog. Figure A.2 shows
the X-ray spectrum of this source, and Figure B.1 shows its broadband SED. We find
that the X-ray band in the SED has a flat profile, which indicates a transition from the
synchrotron to the IC hump in this range, and one can see it in our polynomial fit. There
were several SED studies of this source. Antón et al. (2004) found that the broadband
SED of 0109+224 has a broken power-law profile. Ciprini et al. (2004) presented the
broadband SED as well as the SED models (see Figure C.5); they also studied its radio
and optical flux variability with a possible characteristic time scale of 3 to 4 years.

0119+115 0119+115 is a flat spectrum radio quasar. This source was not detected by
CGRO/EGRET and Fermi/LAT. Lee et al. (2008) used the 86 GHz VLBI image of this
source to derive a lower-limit of the brightness temperature of Tb > 5.9 × 10

10 K. This
source has a high apparent projected speed βapp = 17.10 ± 0.67 measured at 15 GHz
(Lister et al. 2009b). Figure A.2 shows the X-ray spectrum of 0119+115, and Figure B.1
shows its broadband SED. The SED in the X-ray band has a flat profile, and the peak of
the IC hump cannot be derived due to the lack of higher energy data. To our knowledge,
our broadband SED is the first one to be published for this source.
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0133+476 DA 55 is a flat spectrum, highly polarized radio quasar. It was not detected
by CGRO/EGRET, but it is present in the Fermi 1 FGL catalog (Abdo et al. 2010b). The
polarization properties of this source have been studied in the past. For instance, Lister
(2001) and Pollack et al. (2003) studied the VLBI polarization properties of this high
optical polarization radio quasar. Figure A.2 shows the X-ray spectrum of DA 55, and
Figure B.2 shows its broadband SED. We find that the synchrotron peak lies at νsync

peak <

10
14 Hz. The source can be classified as a low synchrotron peaked blazar, following the

classification criteria of Abdo et al. (2010a), who presented the broadband SED of this
source, as shown in Figure C.6.

0202+149 4C+15.05 is a flat spectrum, high polarization radio quasar. It is detected
by CGRO/EGRET (Mattox et al. 2001) and Fermi/LAT (Abdo et al. 2010b). Figure A.2
shows the X-ray spectrum of this source. In our analysis, the Swift/UVOT observations on
this source (Obs. ID: 00036304004) have data from two available filters in the UV band
(UM2 and UW1), however, we could not detect the source with a 9 ks integration time.
We used the background flux of the image to derive a flux upper-limit in the optical band,
and included the two points in the broadband SED polynomial fit, as shown in Figure
B.2. From our polynomial fit, we find that the IC hump has a higher energy peak than the
synchrotron hump with a difference of two orders of magnitude. An earlier SED study on
this source was performed by Celotti and Ghisellini (2008), who presented a broadband
SED of 4C+15.05 using archival data, and they applied a physical model to the SED to
estimate the power of the jet, as shown in Figure C.7; they also found a more dominant
energy output in the IC hump than in the synchrotron hump.

0202+319 0202+319 is a flat spectrum, low polarization radio quasar. It was not de-
tected by CGRO/EGRET, but it is present in the Fermi 1 FGL catalog. Figure A.2 shows
the X-ray spectrum, and Figure B.2 shows the broadband SED of this source. In our
analysis, we used the Swift observation obtained in June 2006 (Obs. ID 00035394001),
because the source has not been observed by Swift since then. From the polynomial fit,
we find comparable energy peak values of the synchrotron and the IC humps. The same
dataset has also been used for the broadband SED study by Giommi et al. (2007), as shown
in Figure C.8. In their study, they did not perform model fitting to the SED. 0202+319
becomes observable by Swift in September 2010, and a ToO observation is planned by
then (see Table 4.5).

0212+735 0212+735 is a flat spectrum, high polarization radio quasar. It was not de-
tected by CGRO/EGRET, but it is present in the Fermi 1 FGL catalog. This source has
also been detected in the Swift/BAT 9-month and 22-month observations (Tueller et al.
2008, 2010). Figure A.2 shows the X-ray spectrum, and Figure B.2 shows the broadband
SED of 0212+735. From our polynomial fit, we find that the IC hump has a slightly
higher energy peak than the synchrotron hump. Sambruna et al. (2007b) presented the
Swift observations during 2005 and 2006 of this source, and they constructed the broad-
band SED of 0212+735 (see Figure C.9). They modeled the SED using a simple one-zone
SSC model by Ghisellini et al. (2002), and they found that the ν

sync
peak ∼ 10

13 Hz, which is
consistent with our findings. However, we obtained a higher value for the peak frequency
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of the IC hump, νIC
peak ∼ 10

23 Hz.

0215+015 OD 026 is a flat spectrum, high polarization radio quasar. It was not detected
by CGRO/EGRET, but it is present in the Fermi 1 FGL catalog. This source has showed
inter-night variability in the optical and the infrared bands during its outburst phase, as
reported by Brindle (1996). In our X-ray analysis of OD 026, we used the Swift observa-
tion obtained in June 2005 (Obs. ID 00035032001; see Figure A.3 for its spectrum), and a
Swift ToO is being requested in September 2010, when the source becomes observable for
Swift (see Table 4.5). Figure B.2 shows our broadband SED results. We derived compa-
rable energy peak values of the synchrotron hump and the IC hump. Giommi et al. (2007)
has presented the radio-to-X-ray SED of OD 026 using the same observation epoch of
Swift (see Figure C.10), but they did not include SED model fitting results.

0224+671 4C+67.05 is a flat spectrum radio quasar. This source was not detected by
CGRO/EGRET and Fermi/LAT, and it is not very active in the high energy band (see
Figure A.3 for its X-ray spectrum). Swift observed the source 4C+67.05 for 4 epochs in
2006 and 2008, but none of them had UVOT data. In the NED database of this source, no
optical data are available. Figure B.2 shows the broadband SED of this source; we let the
polynomial curve of the synchrotron hump passing through the lower-end of the X-ray
data, in order to constrain the hump and to estimate the peak position. To our knowledge,
our broadband SED is the first one to be published for this source.

0234+285 CTD 20 is a flat spectrum, high polarization radio quasar. It has a possi-
ble association with the EGRET source 3EG J0239+2815 (Mattox et al. 2001, Sowards-
Emmerd et al. 2003), and it is present in the Fermi 1FGL catalog (Abdo et al. 2010b).
Marscher et al. (2002b) studied its VLBA total and polarized intensity at 22 GHz. Figure
A.3 shows the X-ray spectrum of CTD 20, and its broadband SED is shown in Figure B.2.
We find the energy peak of the IC hump is one order of magnitude higher than the syn-
chrotron hump. Our SED has a similar profile comparing to previously published SED
results by Celotti and Ghisellini (2008) and Abdo et al. (2010a), see Figure C.11 for the
latter work.

0235+164 The BL Lac object 0235+164 is famous for its rapid variability across the
spectrum from the radio (Senkbeil et al. 2008, Frey et al. 2006), the optical (Hagen-Thorn
et al. 2008, Raiteri et al. 2008), and the X-ray (Raiteri et al. 2006) bands. This source
is detected by the CGRO/EGRET (Mattox et al. 2001) and the Fermi/LAT (Abdo et al.
2010b). The spectral variability during its active phase has been studied by Chen and
Jiang (2001). Figure A.3 shows the X-ray spectrum of 0235+164, and In Figure B.2 one
can find its broadband SED, which shows high variability in the optical band. Previous
studies on the SED of this source include: Sambruna et al. (1996), Lin et al. (1999), Bach
et al. (2007), Nieppola et al. (2006) and Abdo et al. (2010a). The high energy spectrum of
this source was studied using BeppoSAX by Donato et al. (2005). Figure C.12 displays the
SED presented by Bach et al. (2007) (synchrotron hump only) and Abdo et al. (2010a).
Our results are consistent with their findings.
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0238−084 NGC 1052 is a flat spectrum radio galaxy. This source is not active in the
γ-ray band, and it is note detected by the CGRO/EGRET and the Fermi/LAT. NGC 1052
hosts a double-sided jet, and is a LINER galaxy (Kadler et al. 2004b). It has strong radio
jet emission, and is bright in multiband observations (Kadler et al. 2004a). Torniainen
et al. (2007) studied the radio continuum spectrum of NGC 1052 (see Figure C.13). A
broad Fe Kα line is detected in this galaxy, and it may be produced in dense plasma
near the base of the jet (Kadler 2005, Brenneman et al. 2009). The X-ray spectrum of
NGC 1052 is shown in Figure A.3; we used the XSPEC model phabs(1)×(mekal20

+

phabs(2)×powerlaw) to fit the spectrum. Figure B.3 shows the broadband SED of
NGC 1052; the SED in the optical band is highly variable, and our polynomial fit to the
data displays a reasonable quality.

0300+470 4C+47.08 is a flat spectrum BL Lac object, which shows a compact asym-
metric morphology in VLBI observations (Lister et al. 2009a). It displays a one-sided
halo at kilo-parsec scales. This source is variable on a monthly timescale at centime-
ter wavelengths (Aller et al. 1985) in total flux and linear polarization, and the source is
core-dominated (Nan et al. 1999). Jones et al. (1981) studied the radio spectrum of the
source. Figure A.3 shows the X-ray spectrum, and Figure B.3 shows the broadband SED
of 4C+47.08; we derived comparable values of the energy peaks for the synchrotron and
the IC humps. Nieppola et al. (2006) presented the synchrotron part of the SED (see Fig-
ure C.14), and they obtained a frequency peak of νsync

peak ∼ 10
14 Hz, which is consistent

with our results.

0316+413 3C 84 (also named NGC 1275) is a radio galaxy. It was not detected by
the CGRO/EGRET, but it is detected by Fermi/LAT (Abdo et al. 2009a). The SED of
this source were studied at low and high energy range. Its very-high-energy emission
mechanism was studied by Roustazadeh and Böttcher (2010), and the spectral evolution
in γ-ray observed by Fermi/LAT was studied by Kataoka et al. (2010). The SED from
the infrared to the UV bands of 3C 84 were studied by Edelson and Malkan (1986), and
the synchrotron hump of the SED was studied by Antón et al. (2004) (see Figure C.15).
In our Swift/XRT observation of 3C 84, we see an iron line and a possible evidence of a
warm absorber. Therefore, we use a power law absorbed model together with a gaussian
component to model the line emission, and additionally we add a warm absorber model21

(see Figure A.4). Figure B.3 shows the broadband SED of 3C 84; the SED does not have
a typical double-hump structure, and the polynomial model could barely fit the data well.

0333+321 NRAO 140 is a flat spectrum, low polarization radio quasar. and it has a
maximum apparent jet speed of βapp = 12.76±0.19 at 15 GHz (Lister et al. 2009b). Asada
et al. (2008b) studied the polarimetric properties of NRAO 140 using the VLBA at 5 and
8 GHz, and they suggested a possible detection of a helical magnetic field in the jet of this
source. The X-ray spectrum of NRAO 140 was studied using the X-ray satellite ASCA
(Reeves and Turner 2000). Figure A.4 displays the X-ray spectrum obtained by Swift/XRT
from our analysis, and Figure B.3 shows our broadband SED of NRAO 140. We obtained

20mekal is a warm absorber model for hot diffuse gas (Mewe et al. 1985).
21phabs(1)×phabs(2)×(powerlaw+gauss+mekal)
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comparable energy peaks of the synchrotron and IC humps; the source is in the Swift/BAT
22-month catalog (Tueller et al. 2010), and it has a good frequency coverage in the high
energy band. Ghosh and Soundararajaperumal (1995) presented part of the broadband
spectrum using the EXOSAT observation in 1985 together with simultaneously measured
radio data points; they also included historical far-infrared and optical data, and they fitted
the spectrum with two parabolic components (see Figure C.16).

0336−019 CTA 26 is a flat spectrum, high polarization radio quasar, which has a high
apparent jet speed βapp=22.4±3.7 at 15 GHz (Lister et al. 2009b). The source was asso-
ciated with the 3EG catalog source J0340−020 (Nolan et al. 2003), and it is detected by
the Fermi/LAT (Abdo et al. 2010b). Figure A.4 shows the X-ray spectrum, and Figure
B.3 shows our broadband SED plot of CTA 26, from which we obtained comparable en-
ergy peaks of the synchrotron and the IC hump. Celotti and Ghisellini (2008) studied the
broadband SED of CTA 26, and they applied a physical jet model to the SED (see Figure
C.17). They obtained a higher energy peak of IC hump than of the synchrotron hump,
which is different from our results. Further investigation on the high energy emission of
this source is need in order to understand the origin of the SED profile change.

0403−132 0403−132 is a flat spectrum, high polarization radio quasar, which has max-
imum apparent jet speed of βapp=19.7±0.9 from 15 GHz VLBI observations (Lister et al.
2009b). It was not detected by CGRO/EGRET, but it is present in the Fermi 1 FGL catalog
(Abdo et al. 2010b). The soft X-ray properties of this source were studied by Sambruna
(1997) using the ROSAT observations in March 1991. Figure A.4 displays the X-ray spec-
trum obtained by the Swift/XRT from our analysis, and Figure B.3 shows our broadband
SED of 0403−132. The simultaneous optical SED has a special inverted profile, which
cannot be fit well by our polynomial model. To our knowledge, our broadband SED is the
first one to be published for this source.

0415+379 3C 111 is a well-studied broad-line radio galaxy which shows a classical
Fanaroff and Riley Class II morphology on kiloparsec scales (Linfield and Perley 1984).
It hosts a highly collimated one-sided jet emitting from the central core to the northeastern
lobe (see e.g., Kadler et al. 2008). 3C 111 is associated with the EGRET source 3EG
J0416+3650, and the broadband SED study of the historical data suggests that its profile
is similar to the ones of EGRET flat spectrum radio quasars (Hartman et al. 2008). The
hard X-ray spectrum of 3C 111 was studied by Molina et al. (2008) (see Figure C.18).
The X-ray spectrum obtained by Swift/XRT is presented in Figure A.4, and the broadband
SED of 3C 111 is shown in Figure B.3, in which the SED has good frequency coverage,
including the Swift/BAT 22-month data. To our knowledge, our broadband SED is the
first one to be published for this source.

0420−014 0420−014 is a flat spectrum, high polarization radio quasar, which has been
detected by the CGRO/EGRET (Mattox et al. 2001) and the Fermi/LAT (Mattox et al.
2001). This source is an OVV quasar, and it is also a variable γ-ray source. Wagner et al.
(1995) found that the optical and γ-ray flares happened simultaneously. Stevens et al.
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(1995) used multiband monitoring data between 375 and 22 GHz to investigate the spec-
tral evolution of the radio outbursts in 0420−014. Figure A.4 shows the X-ray spectrum
from our XRT analysis results, and Figure B.3 shows the broadband SED of 0420−014.
Our SED profile is very similar to the recently published SED of this source by Abdo et al.
(2010a) (shown in the right panel of Figure C.19). Radecke et al. (1995) also studied the
SED of 0420−014 including the EGRET data (left panel in Figure C.19), however, the
X-ray band seemed to locate in the tail of the synchrotron hump, which was different from
our results; they did not perform SED model fit in their study.

0422+004 0422+004 is a flat spectrum BL Lac object. This source was not detected by
CGRO/EGRET, but it is in the Fermi 1 FGL catalog (Abdo et al. 2010b). This source is
variable in optical polarization (Angel et al. 1978), and it has been intensively studied in
the optical band. For example, Massaro et al. (1996) performed optical monitoring on this
source in 1994 and 1995. Figure A.5 shows the X-ray spectrum from our analysis, and
Figure B.4 shows the broadband SED of 0422+004, which shows that the synchrotron
hump is extended to the X-ray band. Nieppola et al. (2006) presented the synchrotron
part of the SED of this source from the radio to the optical band, and they classified
0422+004 as an IBL (1015 Hz < ν

sync
peak < 10

16 Hz; see Figure C.20). Our results, which
include the X-ray band, deviate from their finding, and we obtained a peak frequency of
ν
sync
peak ∼ 10

14 Hz, which suggested that this source is a LBL.

0430+052 3C 120 is a close-by Seyfert 1 radio galaxy (z=0.033), and it has been inten-
sively studied at different wavelengths. This source is not detected by the CGRO/EGRET
and the Fermi/LAT. The proximity of 3C 120 allows us to resolve its jet by the VLBI
technique, and to study its dynamic structure in total and polarized flux (e.g., Walker
et al. 2001, Marscher et al. 2002a, 2007, Gómez et al. 2008). The X-ray properties of this
galaxy have also been studied, e.g., the jet emission (Harris et al. 2004), the disk-jet con-
nection (Kataoka et al. 2007), and combining with multiwavelength approach (Ogle et al.
2005). Figure A.5 shows the X-ray spectrum from our analysis, and Figure B.4 shows
our broadband SED of 3C 120. In the Fermi/LAT result, there is a γ-ray source very close
to 3C 120, however, it is still not clear if they are associated. Therefore, in our SED plot,
we only include a lower-limit estimated by M. Böck instead a γ-ray spectrum. The X-ray
band is well-sampled in frequency, since Swift XRT and BAT data are available. Previous
SED studies of this source are shown in Figure C.21 by Ogle et al. (2005) and Kataoka
et al. (2007).

0446+112 0446+112 is an unidentified AGN, according to the optical classification
by Véron-Cetty and Véron (2006), and they noted it as an ‘uncertain BL-Lac-like AGN’.
This source has an uncertain redshift. In our analysis, we use the Swift/UVOT observation
in August 2008 (Obs. ID 00036313006), and there was no detection on this source after
7.8 ks of exposure time with the UVW2 filter. We used the observation and estimated a
lower limit of 21.53 magnitude in the optical band. Figure A.5 shows the X-ray spectrum
from our analysis, and Figure B.4 shows our broadband SED plot of 0446+112. In the
literature, Celotti and Ghisellini (2008) presented the broadband SED of this source (see
Figure C.22). Comparing our results with the SED model by Celotti and Ghisellini (2008),

102



4.5 The Broadband SED of the MOJAVE sources

the SED energy peaks of the two humps we derived has less than one order of magnitude
in difference, whereas Celotti and Ghisellini (2008) obtained a more than two order of
magnitude difference in the two energy peaks.

0458−020 0458−020 is a flat spectrum, high polarization radio quasar, and it is a dis-
tant AGN located at the redshift z=2.286. This source was detected by CGRO/EGRET
(Mattox et al. 2001) and Fermi/LAT (Abdo et al. 2010b), and it is one of the γ-bright
sources. Vercellone et al. (2004) studied the EGRET properties of this source. Fan (2005)
studied the γ-ray variability timescale of this source, which is about 144 days, and derived
the basic parameters of this AGN, such as the black hole mass. Figure A.5 shows the X-
ray spectrum from our analysis, and Figure B.4 shows the broadband SED of 0458−020.
Based on our results, the intersection of the synchrotron and the IC humps locates in the
X-ray band, and we derived comparable energy peaks for the two humps. To our knowl-
edge, our broadband SED is the first one to be published for this source.

0528+134 0528+134 is a flat spectrum, high polarization radio quasar. This source has
been intensively studied at the radio (Pohl et al. 1995, Britzen et al. 1999, Cai et al. 2006),
X-ray (Sambruna et al. 1997, Ghisellini et al. 1999), and γ-ray (Mukherjee et al. 1996,
Bottcher and Collmar 1998) bands. 0528+134 is detected by the CGRO/EGRET (Mattox
et al. 2001) and the Fermi/LAT (Abdo et al. 2010b). Figure A.5 shows the X-ray spectrum
from our analysis, and Figure B.4 shows the broadband SED of 0528+134. The energy
peak of the IC hump is 1.5 orders of magnitude higher than that of the synchrotron hump.
Previous studies on the broadband SED of this source include: Sambruna et al. (1997),
Bottcher and Collmar (1998), Ghisellini et al. (1999), Mukherjee et al. (1999), and Abdo
et al. (2010a). Figure C.23 displays two published SED plots by Ghisellini et al. (1999)
and Abdo et al. (2010a). As shown, our results are quite similar to previously published
results, in which the IC hump has a larger energy output than the synchrotron hump.

0529+075 OG 050 is a flat spectrum radio quasar. This source is not detected by the
CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al. 2010b). Most
of the studies on this source were performed in the radio band. Edelson (1987) studied
the millimeter spectrum and variability of 0529+075 at 2.7 mm and 1.5 cm wavelengths.
Robson et al. (2001) reported the observations at a wavelength of 850 νm on this source
obtained by the James-Clerk-Maxwell telescope during 1997 and 2000. In our X-ray
analysis, we used the Swift data obtained in August 2008 (Obs. ID 00036236004), which
has an integration time of 4 ks. After data binning, there are only 3 energy bins available
(see Figure A.5), and the derived intrinsic NH value has a large uncertainty, therefore,
we only used the Galactic NH value for absorption correction. Figure B.4 shows the
broadband SED of 0529+075; the IC hump has a higher energy peak than the synchrotron
hump. To our knowledge, our broadband SED is the first one to be published for this
source.

0529+483 0529+483 is a flat spectrum radio quasar; it has a possible association with
the EGRET source 3EG 0533+4751 (Mattox et al. 2001), and it is detected by Fermi/LAT
(Abdo et al. 2010b). In the work of Sowards-Emmerd et al. (2003), one can find the
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observational parameters, optical classification, as well as the optical spectrum of this
source. 0529+483 is very weak in the X-ray band; in our Swift/XRT observation of 7 ks
integration time, we have a weak detection on this source. There are only two energy bins
after data grouping, therefore, we assumed a photon index of 1.8 and estimated the source
flux (see Figure A.6). Figure B.4 shows the broadband SED of 0529+483. Although the
SED in the X-ray band is dimmer than in the optical band, we derived a higher energy
peak of the IC hump due to the higher value of SED in the γ-ray band. To our knowledge,
our broadband SED is the first one to be published for this source.

0552+398 DA 193 is a flat spectrum radio quasar with a compact structure, and it has
a high redshift of z = 2.363. This source is not detected by the CGRO/EGRET and
Fermi/LAT. It has been studied in the radio band using the VLBI technique (MacDonell
and Bridle 1971, Schilizzi and Shaver 1981, Spangler et al. 1983, Fey et al. 1985, Wang
et al. 2001). DA 193 was classified as a GHz-peaked spectrum (GPS) source by O’Dea
et al. (1991), and has a synchrotron self-absorbed spectrum with a turnover at 5 GHz (see
Figure C.24 by Fey et al. 1985). Figure A.6 shows the X-ray spectrum from our analysis,
and Figure B.4 shows the broadband SED of DA 193. The SED in the optical band has
higher value than in the X-ray band, and we obtained a half-order higher energy peak of
the IC hump than the synchrotron hump by including the LAT upper limit estimated by
M. Böck. To our knowledge, our broadband SED is the first one to be published for this
source.

0605−085 OC−010 is a flat spectrum radio quasar, and it has high jet apparent speeds
up to βapp=19.79±0.61 at 15 GHz (Lister et al. 2009b). This source was not detected
by the CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al. 2010b).
Gambill et al. (2003) investigated the X-ray core emission of this source, and Sambruna
et al. (2004) studied the X-ray properties of its radio jet by Chandra (see Figure C.25).
Figure A.6 shows the X-ray spectrum from our analysis, and Figure B.5 displays the
broadband SED of OC−010. The energy peak of the IC hump is slightly higher than the
synchrotron hump. To our knowledge, our broadband SED is the first one to be published
for this source.

0607−157 0607−157 is a flat spectrum radio quasar. This source is not detected by
the CGRO/EGRET and the Fermi/LAT. Bondi et al. (1996) reported results from VLBI
18 cm observations on this source. The circular polarization of this source was studied
by Homan et al. (2001), and Li et al. (2008) applied a simple jet model to derive the
parameters like black hole mass and jet power. Figure A.6 shows the X-ray spectrum
from our analysis, and Figure B.5 shows the broadband SED of 0607−157. The SED in
the X-ray band displays a flat profile, and together with the estimated LAT upper-limit
(Böck et al., in preparation), we derived a much lower energy peak of the IC hump than
of the synchrotron hump with a difference of one order of magnitude. To our knowledge,
our broadband SED is the first one to be published for this source.

0642+449 OH 471 is a flat spectrum radio quasar, and it has a redshift of z = 3.396,
which is the highest in the MOJAVE I sample. It is not detected by the CGRO/EGRET
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and the Fermi/LAT. Gurvits et al. (1992) and Marscher and Shaffer (1980) studied the
compact structure of this source using the VLBI technique. Volvach and Kovalev (2006)
have present its radio spectra since 1970. Figure A.6 shows the X-ray spectrum from
our analysis, and Figure B.5 shows our broadband SED of OH 471. The energy peak of
the synchrotron hump is higher than the IC hump for one order of magnitude. To our
knowledge, our broadband SED is the first one to be published for this source.

0648−165 0648−165 is an unidentified AGN in the Véron-Cetty and Véron (2006) cat-
alog, and it has a flat radio spectrum. This source was not detected by CGRO/EGRET, but
it is present in the Fermi 1FGL catalog (Abdo et al. 2010b). The Swift/XRT observations
we used had a 6.3 ks exposure time, however, the X-ray emission of this source was weak,
and there were only three bins after data grouping (see Figure A.6). In the same epoch
of the Swift observations, six UVOT filters were used, yet all of them had no detections
on the source. Therefore, we only estimated the upper limits and included them in the
broadband SED plot, which is shown in Figure B.5. To our knowledge, our broadband
SED is the first one to be published for this source.

0716+714 0716+714 is a flat spectrum BL Lac object, and it is very active in the high
energy band. This source has been detected by the CGRO/EGRET (Mattox et al. 2001)
and the Fermi/LAT (Abdo et al. 2010b), and it is a TeV source (Teshima and The MAGIC
Collaboration 2008). 0716+714 has been intensively studied in the radio (e.g., Bach
et al. 2006a), optical (Montagni et al. 2006, Stalin et al. 2006, Wu et al. 2007, Pollock
et al. 2007), X-ray bands (Giommi et al. 1999, Pian et al. 2005), as well as in multiband
efforts (Raiteri et al. 2003, Foschini et al. 2006b, Villata et al. 2008). Figure A.7 shows
the X-ray spectrum from our analysis, and Figure B.5 shows our broadband SED result
of 0716+714, where the X-ray and the γ-ray data are similar to the results of Abdo et al.
(2010a) (see Figure C.26). The X-ray measurements are located at the tail of the syn-
chrotron hump. However, we do not have good data coverage in the optical band for the
simultaneous SED, and the polynomial fit of the synchrotron hump is not satisfactory. The
broadband SED of 0716+714 was previously studied by Giommi et al. (1995), Sambruna
et al. (1996), Nieppola et al. (2006), and Abdo et al. (2010a). As shown in Figure C.26,
Foschini et al. (2006b) presented their results of the simultaneous SED of 0716+714,
and they applied an SED model of synchrotron radiation and Compton scattering from an
emitting region of a cylinder-shaped jet (Ghisellini et al. 2002).

0727−115 0727−115 is a flat spectrum radio quasar. This source was not detected
by the CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al. 2010b).
Most of the studies on this source were mainly performed in the radio band. Aller et al.
(1981) discovered that the quasar had rotations in its polarization position angles by the
observations at 4.8, 8.0, and 14.5 GHz of the UMRAO 26-m telescope. Figure A.7 shows
the X-ray spectrum from our analysis, and Figure B.5 shows the broadband SED of this
source. We find a flat profile of the SED in the X-ray band, which implies that the tran-
sition between the synchrotron hump and the IC hump might happen in the X-ray band.
Recently, Abdo et al. (2010a) presented the study of the broadband SED of 0727−115
(see Figure C.27). Comparing with the results of Abdo et al. (2010a), we obtained a
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higher peak frequency of the synchrotron hump (νsync
peak ∼ 10

13 Hz), but the frequency
peaks of both IC humps are consistent.

0730+504 0730+504 is a flat spectrum radio quasar. This source was not detected by
the CGRO/EGRET and the Fermi/LAT, and the past studies of the source were mainly fo-
cusing on the radio band. Apart from this, the soft X-ray property of this source observed
by ROSAT was reported by Britzen et al. (2007), and the object is also included in the
CGRaBS catalog, which was an all-sky survey of bright blazars searching for the likely
γ-ray AGN (Healey et al. 2008). Figure A.7 shows the X-ray spectrum from our analysis,
and Figure B.5 shows the broadband SED of 0730+504. As presented, the value of the
high energy hump is quite low compared with the other MOJAVE sources, implying that
the source is relatively quiet in the high energy band, which is consistent with the previ-
ous studies on this source. To our knowledge, our broadband SED is the first one to be
published for this source.

0735+178 OI 158 is a flat spectrum BL Lac object which has been studied in the radio,
optical, and X-ray bands. This source is detected by the CGRO/EGRET (Mattox et al.
2001) and the Fermi/LAT (Abdo et al. 2010b). Ciprini et al. (2007) studied the optical
variability in a ten-year monitoring on this source. Agudo et al. (2006) presented the
milliarcsecond jet morphology of OI 158 using the VLBI technique at 5 to 43 GHz. A
change of the parsec-scale jet trajectory was suggested by Gómez et al. (1999, 2001), and
the radio polarization of the jet was studied by Gabuzda et al. (1994). Figure A.7 shows
the X-ray spectrum from our analysis, and in Figure B.5 we present the broadband SED
of the object, which appears to be highly variable, especially in the synchrotron hump
where there were more observations in the past. The broadband SED in the synchrotron
part were also presented by Nieppola et al. (2006) (see Figure C.28).

0736+017 OI 061 is a flat spectrum, high polarization radio quasar. It was not detected
by the CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al. 2010b).
This source has been intensively studied in the optical band (e.g., Baldwin 1975, Wright
et al. 1998, Clements et al. 2003, Ramı́rez et al. 2004). This source was detected by the
global 86 GHz VLBI survey (Lee et al. 2008), and it was also included in the multifre-
quency monitoring program of γ-ray loud blazars (Bach et al. 2007). Figure A.7 shows
the X-ray spectrum from our analysis. We present the broadband SED of 0736+017 in
Figure B.6, in which one can find that the SED in the X-ray band appears to be flat, which
might indicate that the transition between the synchrotron and the IC hump locates close
to the X-ray band. To our knowledge, our broadband SED is the first one to be published
for this source.

0738+313 OI 363 is a flat spectrum radio quasar, and this source is not detected by
the CGRO/EGRET and the Fermi/LAT. There were many studies in the X-ray band on
this source. The extended jet structure in the X-ray band of OI 363 was discovered by
Siemiginowska et al. (2003) using Chandra’s observations, and new X-ray studies were
followed by Kataoka and Stawarz (2005), Kim et al. (2007), and Siemiginowska et al.
(2008). Figure A.7 shows the X-ray spectrum from our analysis, and Figure B.6 shows
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our broadband SED of OI 363. We obtained a higher energy peak of the synchrotron hump
than the value of the IC hump. Haro-Corzo et al. (2007) studied the SED from the far-UV
to the X-ray band on this source, and they reported that the source presented evidence of
jet emission. To our knowledge, our broadband SED is the first one to be published for
this source.

0742+103 0742+103 is a GPS radio quasar (see e.g., Stanghellini et al. 1998). This
source is not detected by the CGRO/EGRET and the Fermi/LAT. Multifrequency radio
observations of 0742+103 were performed by Ojha et al. (2006) using VLBA, and they
presented the VLBI images at 1.6, 2.3, 8.4, and 15 GHz. Labiano et al. (2007) performed
optical observations on GPS sources including 0742+103, and they found the optical
counterpart of this source. Torniainen et al. (2005) constructed the radio continuum spec-
trum on this source (see Figure C.29). Figure A.8 shows the X-ray spectrum from our
analysis, and Figure B.6 shows the broadband SED of this object, from which one can
see that the fitted IC hump is higher than the synchrotron hump, implying that the energy
output could be larger in the IC hump. However, in the γ-ray band we only have the
estimated LAT upper limit (Böck et al., in prep.), and the polynomial fit is determined by
the slope in the X-ray band. Further investigation is needed to confirm our findings.

0748+126 0748+126 is a flat spectrum, low polarization radio quasar (Wills et al.
1992). It was not detected by the CGRO/EGRET, but it is present in the Fermi 1FGL
catalog (Abdo et al. 2010b). Torniainen et al. (2005) studied its radio spectrum, and sug-
gested that the source was a flat-spectrum source, and he found that during outbursts the
source showed an inverted spectrum (see Figure C.30). Marshall et al. (2005) performed a
Chandra survey of quasar jets on 20 sources including 0748+126, yet this source was not
detected. Figure A.8 shows the X-ray spectrum from our analysis, and Figure B.6 shows
the broadband SED of this object. The energy peaks of the synchrotron and the IC hump
are comparable. To our knowledge, our broadband SED is the first one to be published
for this source.

0754+100 0754+100 is a flat spectrum BL Lac object, and it is cataloged as a low-
frequency peaked BL Lac (LBL) by Fiorucci et al. (2004). It was not detected by the
CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al. 2010b). VLA
observations showed that there is a diffuse halo around the core at 1.5 and 5 GHz up
to scales of >120 kpc (Antonucci and Ulvestad 1985, Kollgaard et al. 1992). Recently,
B0754+100 was reported to be flaring in the near-infrared band (Carrasco et al. 2010).
Figure A.8 shows the X-ray spectrum from our analysis, and Figure B.6 shows the broad-
band SED of 0754+100. Based on our polynomial fit, the energy peak of the synchrotron
hump is slightly higher than the one of the IC hump. According to the blazar classifi-
cation defined by Abdo et al. (2010a), 0754+100 would be a low synchrotron peaked
blazar (νsync

peak ≤ 10
14 Hz) based on our polynomial fit. Previously, Giommi et al. (1995)

presented the broadband SED from radio to X-rays using archival data (see Figure C.31).

0804+499 0804+499 is a flat spectrum, high polarization radio quasar. This source has
a possible association with the EGRET source 3EG J0808+4844 (Mattox et al. 2001),
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but it is not present in the Fermi 1FGL catalog. The parsec-scale circular polarization at
15–43 GHz has been studied by Vitrishchak et al. (2008). Bloom et al. (1999) studied the
multifrequency observations in the radio band, and Celotti and Ghisellini (2008) presented
the broadband SED on this source (see Figure C.32). In our study, we use the Swift/XRT
observation (Obs. ID: 00036196004) obtained in February 2009, however, the UVOT
observation was not available in this epoch. Therefore, we use the Swift/UVOT data
obtained in October 2009 (Obs. ID: 00036196006). Figure A.8 shows the X-ray spectrum
from our analysis, and Figure B.6 shows the broadband SED of 0804+499, in which one
can see that the X-ray data has a flat profile, and in the γ-ray band, the Fermi/LAT upper
limit is shown (Böck et al. in preparation). We derived a lower energy peak of the IC
hump than the synchrotron hump. Our result is different from the previously published
results by Celotti and Ghisellini (2008). They derived a higher value of IC energy peak
from their model (Figure C.32).

0805−077 0805−077 is a flat spectrum radio quasar, and following the projected ap-
parent speeds in its jet of up to βapp = 59.1± 27.0, which is the highest in the MOJAVE
I sample (Lister et al. 2009b). It should have a high Lorentz factor. This source has a
possible association with the EGRET source 3EG J0812−0646 (Tornikoski et al. 2002),
and it is present in the Fermi 1FGL catalog (Abdo et al. 2010b). In our analysis, we used
Swift data collected in May 2009. Figure A.8 shows the X-ray spectrum from our analy-
sis, and Figure B.6 shows the broadband SED of 0805−077, from which we find that the
X-ray band is located at the end of the synchrotron hump in the SED. Previously, Giommi
et al. (2007) studied the broadband SED of this source using Swift data taken in 2005 (see
Figure C.33). They found that the optical/UV data showed significant variability, and the
X-ray band was at the beginning of the IC hump in the SED. Similar result was shown in
Celotti and Ghisellini (2008) (see Figure C.33). Further investigation is needed to confirm
the dramatic change in the broadband SED profile of 0805−077 from 2005 to 2009.

0808+019 0808+019 is a flat spectrum BL Lac object. It was not detected by the
CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al. 2010b). For a
short review on this source, see the work by Veron-Cetty and Veron (1993). Figure A.8
shows the X-ray spectrum from our analysis, and Figure B.6 shows our broadband SED
of this source. The intersection between the synchrotron and IC hump is taken place in
the X-ray band that transforms in the observed SED break. Our polynomial fit describes
the data quite well. Previously, Nieppola et al. (2006) published the synchrotron part of
the SED on this source, and they found that the peak frequency was around 1013 Hz (see
Figure C.34). We find a higher peak frequency of νsync

peak ∼ 10
14 Hz.

0814+425 OJ 425 is a flat spectrum BL Lac object. This source was not detected by the
CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al. 2010b). OJ 425
has been studied in the radio (e.g., Rector and Stocke 2003, Lee et al. 2008), optical
(e.g., Lawrence et al. 1996, Pursimo et al. 2002), and X-ray bands (e.g., Britzen et al.
2007). Figure A.9 shows the X-ray spectrum from our analysis, and Figure B.7 shows the
broadband SED of OJ 425. The energy peak of the IC hump is 1.5-order higher than the
synchrotron hump. There were previous studies on the SED of this source by Sambruna
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et al. (1996) and Nieppola et al. (2006), including only the synchrotron hump. As shown
in Figure C.35, they derived the peak frequency ν

sync
peak ∼ 10

13−14 Hz, which is consistent
with our results.

0823+033 0823+033 is a flat spectrum BL Lac object. This source was not detected
by the CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al. 2010b).
Its VLBI properties have been studied in various aspects. For example, Vitrishchak et al.
(2008) studied its parsec-scale circular polarization properties at 15–43 GHz, and Lee
et al. (2008) presented 86 GHz global VLBI results on this source. Figure A.9 shows
the X-ray spectrum from our analysis, and Figure B.7 shows the broadband SED of
0823+033. We derived comparable energy peaks of the synchrotron and the IC hump.
The synchrotron part of the SED was previously studied by Giommi et al. (1995) and
Nieppola et al. (2006) (see Figure C.36). Nieppola et al. (2006) obtained a peak frequency
of νsync

peak ∼ 10
13 Hz, which is consistent with our results.

0827+243 OJ 248 is a flat spectrum, low-polarization radio quasar. This γ-ray bright
quasar has been detected by the CGRO/EGRET (Mattox et al. 2001) and the Fermi/LAT
(Abdo et al. 2010b). There were a lot of studies on this source in the radio band (Marscher
and Broderick 1983). Jorstad and Marscher (2004) presented imaging results of this
source in the radio (VLA 5 and 15 GHz), optical (HST) and X-ray (Chandra 0.2–8 keV)
bands (see Figure C.37 for an overlaid image of radio and X-ray). For our analysis of the
Swift observations on this source, we use the XRT data obtained in April 2009 (Obs.ID
00036375014), which has the longest exposure time of XRT. However, the UVOT obser-
vations were not available in the same epoch. We use the UVOT observation obtained in
March 2008 (Obs. ID 00036375002) in our analysis. Figure A.9 shows the X-ray spec-
trum from our analysis, and Figure B.7 shows the broadband SED of OJ 248, in which
we derived a higher energy peak of the IC hump than in the synchrotron hump. Celotti
and Ghisellini (2008) previously studied the broadband SED of OJ 248, and they applied
a model of SSC jet to fit the SED (see Figure C.37); their results are consistent with ours.

0829+046 OJ 049 is a flat spectrum BL Lac object. It is a γ-ray loud source detected
by the CGRO/EGRET (Mattox et al. 2001) and the Fermi/LAT (Abdo et al. 2010b), and
Dondi and Ghisellini (1995) classified it as a LBL. OJ 049 shows rapid and large optical
variability (Liller and Liller 1975), and its has rich polarization features in the parsec-
scale jet (Kharb et al. 2008, Vitrishchak et al. 2008). Andruchow et al. (2005) studied
the variability of optical polarization on this source, and Giroletti et al. (2004) reported
a two-sided structure with a south-eastern extended emission in the VLA observation
at 1.4 GHz. Figure A.9 shows the X-ray spectrum from our analysis, and Figure B.7
shows the broadband SED of OJ 049, and we derived comparable energy peaks of the
synchrotron and IC hump. The synchrotron hump of the SED was previously presented
by Nieppola et al. (2006), as shown in Figure C.38; they derived a peak frequency of
ν
sync
peak ∼ 10

13−14 Hz, which is consistent with our results.

0836+710 4C+71.07 is a flat spectrum, low polarization radio quasar which hosts
a radio jet extending up to kiloparsec scales. This source has been detected by the
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CGRO/EGRET (Mattox et al. 2001) and the Fermi/LAT (Abdo et al. 2010b). Broadband
variability was observed in this source (Otterbein et al. 1998), and space VLBI obser-
vations have revealed detailed jet structures (Lobanov et al. 1998, Perucho and Lobanov
2007). Bloom et al. (1999) studied the multiband observations in the radio, infrared, X-
ray, and γ-ray bands. Here we included the Swift data of 4C+71.07 observed in February
2009 with an integration time of 9 ks (obsid 00036376005). Figure A.9 shows the X-ray
spectrum from our analysis, and Figure B.7 shows the broadband SED of 4C+71.07. The
frequency coverage is quite good because the FGAMMA and Swift/BAT 22-month data
are available. We derived a higher energy peak of the IC hump than of the synchrotron
hump with a difference of one order of magnitude. The peak frequencies of the two humps
that we obtained are ν

sync
peak ∼ 10

14 Hz and ν
IC
peak ∼ 10

22 Hz. Sambruna et al. (2007b) pre-
viously published the broadband SED of 4C+71.07 (see Figure C.39); from their SED
model, the synchrotron peak was not clearly shown. The frequency peak of the IC hump
they derived is νIC

peak ∼ 10
20 Hz, which is lower than ours.

0838+133 3C 207 is a flat spectrum radio quasar. This source was not detected by the
CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al. 2010b). The
Chandra observations revealed that the source has diffuse X-ray emission from its radio
lobes (Brunetti et al. 2002), and further studies on the magnetic field and particle content
in the lobes were performed by Croston et al. (2005). Tavecchio et al. (2005) presented
the result of the survey with Chandra and HST about the X-ray and optical emission
from radio hot spots and lobes of 3C 207, as well as the SED of one hot spot of the
source. Figure A.9 shows the X-ray spectrum from our analysis, and Figure B.7 shows
the broadband SED of 3C 207. The synchrotron hump has a flatter profile comparing
with the other MOJAVE sources, and the energy peak of the IC hump is one-order of
magnitude higher than the synchrotron hump. To our knowledge, our broadband SED is
the first one to be published for this source.

0851+202 OJ 287 is a flat spectrum BL Lac object. This source has been detected by
the CGRO/EGRET (Mattox et al. 2001) and the Fermi/LAT (Abdo et al. 2010b). This
source has been studied in the optical band for more than 100 years, and its light curve
showed that the source has a quasi-periodicity of ∼12 years, suggested by Sillanpaa et al.
(1988), who also proposed a binary black hole model to explain the periodicity of this
source. Massaro et al. (2003) studied the optical and X-ray variability of OJ 287, and they
also presented the SED in this range (see Figure C.40). Figure A.10 shows the X-ray
spectrum from our analysis, and Figure B.7 displays the broadband SED of OJ 287. From
the polynomial fit, we obtained a higher energy peak of the synchrotron hump than the IC
hump. The broadband SED from the radio to the γ-ray band of this source was recently
presented by Abdo et al. (2010a) (see Figure C.40), and they obtained a quite similar SED
profile to ours.

0906+015 4C+01.24 is a flat spectrum, high polarization radio quasar, and it has pro-
jected apparent speeds up to βapp = 20.66 ± 0.85 at 15 GHz (Lister et al. 2009b). This
source was not detected by the CGRO/EGRET (Mattox et al. 2001), but it is present in
the Fermi 1FGL catalog (Abdo et al. 2010b). Siebert et al. (1998) studied the X-ray prop-
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erties of this source, and Liu et al. (2006) investigated the relation of the jet power and
the black hole mass of this source. 4C+01.24 was successfully detected and imaged us-
ing global VLBI at 86 GHz (Lee et al. 2008). Figure B.7 shows the broadband SED of
this source; the SED in the X-ray band appears to have a turn-over, therefore, we set the
transition of the synchrotron and IC hump in the X-ray band while applying polynomial
fit. The energy peak of the IC hump is more than one order of magnitude higher than the
synchrotron hump. To our knowledge, our broadband SED is the first one to be published
for this source.

0917+624 0917+624 is a flat spectrum radio quasar. This source was not detected
by the CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al. 2010b).
0917+624 is famous for its intra-day variability (IDV) since its discovery by Heeschen
et al. (1987). There are studies on whether the variability is intrinsically from the source
(e.g., Wagner and Witzel 1995), or is caused by interstellar scintillation (e.g., Rickett
et al. 1995, 2001). Gabuzda et al. (2000b) studied the IDV in the polarization properties
of 0917+624, and Standke et al. (1996) presented the study using VLBI and X-ray obser-
vations. Figure A.10 shows the X-ray spectrum from our analysis, and Figure B.8 shows
the broadband SED of 0917+624. The SED in the X-ray band displays a flat profile, and
we derived a slightly higher energy peak of the IC hump than the synchrotron hump. To
our knowledge, our broadband SED is the first one to be published for this source.

0923+392 4C+39.25 is a flat spectrum, low polarization radio quasar. This source was
not detected by the CGRO/EGRET and the Fermi/LAT. There are many studies related to
its VLBI properties (e.g., Alberdi et al. 1997, Fey et al. 1997, Alberdi et al. 2000). Figure
A.10 shows the X-ray spectrum from our analysis, and Figure B.8 shows the broadband
SED of 4C+39.25. As presented, the SED in the optical band displays an inverted profile,
suggesting a third hump in the SED. However, further observations are needed to confirm
the SED profile of this source, and here we still use a double-hump polynomial model to
fit the data. Figure C.41 shows the radio spectrum of 4C 39.25 by Marscher et al. (1991).
To our knowledge, our broadband SED is the first one to be published for this source.

0945+408 4C+40.24 is a flat spectrum, low polarization radio quasar, which was not
detected by the CGRO/EGRET and Fermi/LAT. The radio variability of this source in dif-
ferent frequencies was studied by Ciaramella et al. (2004), and the multiband properties
in the submillimeter, infrared, and X-ray were investigated by Bloom et al. (1999). Sam-
bruna (1997) studied the soft X-ray properties of this source, and they found the photon
index of 4C+40.24 is 1.96± 0.23 from 0.1 keV to 2.4 keV. Figure A.10 shows the X-ray
spectrum from our analysis, and Figure B.8 shows the broadband SED of 4C+40.24, and
we found that the SED in the optical band has a slightly inverted profile, in which the
energy intensity increases with frequency. To our knowledge, our broadband SED is the
first one to be published for this source.

0955+476 0955+476 is a flat spectrum radio quasar, which was neither detected by the
CGRO/EGRET nor the Fermi/LAT. Bloom et al. (1999) studied the multiband properties
from radio to infrared, and X-ray to γ-ray band by using the VLBI observations at 8.4
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and 22 GHz, together with ROSAT observations. Britzen et al. (2007) presented the soft
X-ray properties of this source using ROSAT’s observations. In our analysis, we used
the Swift/XRT observation in January 2008 (Obs. ID 00036241002) with an exposure
time of 7.5 ks, however, there were only three energy bins after data grouping. Figure
A.10 shows the X-ray spectrum from our analysis, and Figure B.8 shows the broadband
SED of 0955+476. From the polynomial fit, we derived a higher energy peak of the
synchrotron hump than the IC hump with a difference of one-order of magnitude. To our
knowledge, our broadband SED is the first one to be published for this source.

1036+054 1036+054 is a flat spectrum radio quasar, which was not detected by the
CGRO/EGRET and the Fermi/LAT. This source has been mainly studied in the radio
band, and with less published works in the X-ray band, due to its low brightness in this
band. Although there are Swift observations available after the Fermi’s launch, the ex-
posure time was too short to obtain a sensible spectrum (1–3 ks). Therefore, we use the
Swift observations in 2007 with an exposure time of 10 ks (Obs. ID 00036242001) in the
analysis. Figure A.11 shows the X-ray spectrum from our analysis, and Figure B.8 shows
the broadband SED of 1036+054. From the polynomial fit, we obtained comparable en-
ergy peaks of the synchrotron and IC humps. To our knowledge, our broadband SED is
the first one to be published for this source.

1038+064 4C+06.41 is a flat spectrum radio quasar. This source was not detected by
the CGRO/EGRET and Fermi/LAT. Siebert et al. (1998) presented its X-ray properties
using the ROSAT survey data, and Evans and Koratkar (2004) studied the spectrum in the
UV and optical bands using HST. Figure A.11 shows the X-ray spectrum from our analy-
sis, and Figure B.8 shows the broadband SED of 4C+06.41. There are no data available
in the γ-ray band, therefore we cannot obtain a satisfactory polynomial fit and estimate
ν
IC
peak value. To our knowledge, our broadband SED is the first one to be published for this

source.

1045−188 1045−188 is a flat spectrum radio quasar. This source was neither detected
by the CGRO/EGRET nor by the Fermi/LAT. There are studies in the radio band on this
quasar (e.g., at 20 GHz by Massardi et al. 2008, and at 22 GHz by Moellenbrock et al.
1996). The black hole mass of this source is estimated to be 6.83 M⊙ (Woo and Urry 2002)
based on properties of the host galaxy bulges. Figure A.11 shows the X-ray spectrum from
our analysis, and Figure B.8 shows the broadband SED of 1045−188. The SED in the
X-ray band has a negative slope, which appears to belong to the end of the synchrotron
hump. We fit the polynomial model and obtained a peak frequency of νsync

peak ∼ 10
14−15 Hz.

However, the fit in the optical band is not satisfactory. We are not able to constrain the IC
hump profile because of the lack of data. To our knowledge, our broadband SED is the
first one to be published for this source.

1055+018 4C+01.28 is a flat spectrum, high polarization radio quasar. This source was
not detected by the CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al.
2010b). Attridge et al. (1999) reported the discovery of the polarization structure in the
jet of 4C+01.28, which consists of an inner spine with a transverse magnetic field and
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a distinct boundary layer with a longitudinal magnetic field, and Pushkarev et al. (2005)
studied the polarization structure using the VLBI Space Observatory Program (VSOP) at
1.6 and 5 GHz. Sambruna et al. (2004) studied the extended jet structure of this quasar
using Chandra and HST observations. Figure A.11 shows the X-ray spectrum from our
analysis, and Figure B.8 shows the broadband SED of 4C+01.28. We derived a higher
energy peak value of IC hump than those of the synchrotron with a difference of less than
an order of magnitude. The broadband SED that we obtained for (see ) is quite similar
with the previously published broadband SED by Abdo et al. (2010a) (see Figure C.42).

1124−186 1124−186 is a flat spectrum, high polarization radio quasar. This source was
not detected by the CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al.
2010b). Siebert et al. (1998) presented the power law photon index of this source in the
0.1–2.4 keV energy band. Moellenbrock et al. (1996) studied 1124−186 using VLBI at
22 GHz, and they derived its brightness temperature to be > 3.71 × 10

11 K. Figure A.11
shows the X-ray spectrum from our analysis, and Figure B.9 shows the broadband SED
of 1124−186. From our result, we see that the X-ray emission of 1124−186 locates at
the tail of the synchrotron hump in the broadband SED. We derived comparable energy
peak values of the two humps from the polynomial fit. To our knowledge, our broadband
SED is the first one to be published for this source.

1127−145 1127−145 is a flat spectrum radio quasar. This source is possibly associated
with the EGRET source 3EG J1134−1530 (Mattox et al. 2001, Tornikoski et al. 2002),
and it is detected by the Fermi/LAT. The observations by Chandra revealed that the X-ray
jet of 1127−145 has a projected scale of 300 kpc (Siemiginowska et al. 2002). Further
observations by Chandra and VLA at 1.4, 5, and 8.5 GHz on the strong X-ray jet of this
source suggest that the one-zone emission model fail to explain the X-ray part of the SED,
and that at least a two-component model is needed to explain the broadband emission of
the jet (Siemiginowska et al. 2007). Figure A.11 shows the X-ray spectrum from our
analysis, and in Figure B.9, one can find the broadband SED of 1127−145. From the
polynomial fit, we derived a higher energy peak of the IC hump than the synchrotron
hump with a one order of magnitude difference. Błażejowski et al. (2004) modeled the
broadband SED of the parsec-scale jet of 1127−145 (see Figure C.43), and they pro-
posed that the thermal infrared photons from the relativistic jet are up-scattered through
IC mechanism, producing high energy emission.

1150+812 1150+812 is a flat spectrum radio quasar. This source is not detected by
the CGRO/EGRET and Fermi/LAT. The VLBI properties and morphology of 1150+812
were described by Ros et al. (2001), and this source was included by the Effelsberg 100 m
telescope flux density monitoring (Peng et al. 2000). Figure A.12 shows the X-ray spec-
trum from our analysis, and Figure B.9 shows the broadband SED of 1150+812. We
derived a comparable energy peak of the synchrotron and the IC hump. Previously pub-
lished broadband SED include the work by Sambruna et al. (1996) (see Figure C.44), who
obtained a peak frequency of νsync

peak ∼ 10
13−14 Hz, which is consistent with our result.
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1156+295 4C+29.45 is a flat spectrum, high polarization radio quasar. This source
is possibly associated with the EGRET source 3EG J1200+2847 (Hartman et al. 1999,
Mattox et al. 2001), and it is detected by the Fermi/LAT (Abdo et al. 2010b). The source
has a bent jet (McHardy et al. 1990), and it shows rapid changes in the optical linear
polarization. Piner and Kingham (1997a) studied the jet speed of 4C+29.45 using VLBI
observations at 2 and 8 GHz during 1988 and 1996. Hong et al. (2004) suggest a jet model
of a helical trajectory along a cone surface, in order to explain the phenomena observed by
the long-term multifrequency VLBI observations. Figure A.12 shows the X-ray spectrum
from our analysis, and Figure B.9 shows the broadband SED of 4C+29.45, in which
one can find that the SED in the X-ray band is flat, indicating that the intersection of the
synchrotron and the IC hump locates in the X-ray band. From the polynomial fit, we
obtained comparable energy peak values of the two humps. Previous broadband SED
studies in literature include: Glassgold et al. (1983), Celotti and Ghisellini (2008), and
Abdo et al. (2010a). Figure C.45) shows the SED of the latter two. We obtained a value
of νsync

peak ∼ 10
15 Hz, higher than the previous results of νsync

peak ∼ 10
13 Hz.

1213−172 1213−172 is a flat spectrum radio galaxy which has no known optical coun-
terpart, and is not listed in the Véron-Cetty and Véron (2006) catalog. This source was
not detected by the CGRO/EGRET and the Fermi/LAT, and the redshift of this source is
unknown. The projected apparent speed of 1213−172 is 118±12µas yr−1 (Lister et al.
2009b). The Swift/UVOT data of this source are not available because there is a 2.8 mag
star in the field of view. Figure A.12 shows the X-ray spectrum from our analysis, and
Figure B.9 shows the broadband SED of 1213−172. As presented, the available data
are limited, and in order to constrain the SED humps, we locate the intersection of the
synchrotron and IC hump at the X-ray band, and estimate the peak positions. Previously,
Giommi et al. (2007) published the broadband SED of this source using Swift data ob-
tained on 17 December 2005 (see Figure C.46), however, no attempt was made to model
fit the observed SED data. From the results by Giommi et al. (2007), the SED in the X-ray
band has a positive slope, indicating that the X-ray band is located at the beginning of the
IC hump. Their results deviate from ours, and further observations are needed to confirm
the broadband SED behavior of 1213−172.

1219+044 1219+044 is a flat spectrum, high polarization radio quasar. It was not de-
tected by the CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al.
2010b). This source was also detected by INTEGRAL above 20 keV in the soft γ-ray
band (Bassani et al. 2006, Bodaghee et al. 2007, Bird et al. 2007). Piner et al. (2007)
presented the projected apparent speed of the jet in 1219+044 using the data from VLBI
observations at 2 and 8 GHz to be βapp = 3.3 ± 2.0, which is consistent with the results
obtained by Lister et al. (2009b). Tschöke et al. (2000) studied the ROSAT observations
of 1219+044 in the soft X-ray band (0.1–2.4 keV). Figure A.12 shows the X-ray spectrum
from our analysis, and Figure B.9 shows the broadband SED of this source. We derived
a higher energy peak of the IC hump than the synchrotron hump with a difference of 1.5
orders of magnitude. Previously, de Rosa et al. (2008) presented the spectrum in the en-
ergy range of 0.2–200 keV observed by XMM-Newton and INTEGRAL, and they studied
the non-simultaneous broadband SED of 1219+044 (see Figure C.47).
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1222+216 4C+21.35 is a flat spectrum radio quasar. Hooimeyer et al. (1992) firstly
reported its possible VLBI property of superluminal motion. This quasar is active in the
γ-ray band. It is one of the EGRET blazars (Nolan et al. 2003), and the Fermi/LAT has
detected two GeV flares from 4C+21.35 (Ciprini 2009, Donato 2010). The VLBI prop-
erties of this γ-ray bright blazar were studied using the VLBA observations (e.g., Homan
and Wardle 1999, Jorstad et al. 2001, Marscher et al. 2002b). Figure A.12 shows the X-
ray spectrum from our analysis, and Figure B.9 shows the broadband SED of 4C+21.35.
We see that the SED in the optical band is rising and has a high energy value. Previous
works on broadband SED of 4C+21.35 were published by Ghisellini et al. (1998) and
Celotti and Ghisellini (2008) (see Figure C.48).

1226+023 3C 273 is a well-studied flat spectrum, low polarization radio quasar, and
it was detected by CGRO/EGRET. This source is bright in the radio, optical, X-ray and
γ-ray bands, and the low redshift this source has makes it a ideal target to be studied
in different bands. The Fermi/LAT has detected multiple luminous γ-ray outbursts from
3C 273 (Abdo et al. 2010e), and the γ-ray spectral properties were studied during its active
phase. Paltani et al. (2008) reported the hard X-ray results observed by INTEGRAL/IBIS
in the 20–60 keV band. Asada et al. (2008a) presented the rotation measure gradient in the
jet of 3C 273. Figure A.12 shows the X-ray spectrum from our analysis, and Figure B.9
shows the broadband SED of 3C 273. As presented, one can see that the source is very
variable in all bands. We derived comparable energy peaks of the synchrotron and IC
humps. There were many multiwavelength studies on this source. Pacciani et al. (2009)
reported the results of the 3-week AGILE multiwavelength campaign, and they studied the
simultaneous broadband SED of 3C 273 (see Figure C.49). Soldi et al. (2008) presented
the variability multiband studies, and they showed the average broadband SED with the
timescale spanning from 4 to 44 years of observations (see Figure C.50). Abdo et al.
(2010a) also presented the broadband SED of 3C 273 (Figure C.51).

1228+126 M 87 is a well-studied steep spectrum radio galaxy (see Chapter 2 for a de-
tailed introduction). There are plenty of multiwavelength studies on this source. Baes
et al. (2010) presented the Herschel observations in the far-infrared band, and they found
that the emission can be explained by synchrotron mechanism. M 87 was not detected by
the CGRO/EGRET. In 2008 and 2009, M 87 was monitored by the VERITAS at the VHE
band, and the results were reported in Acciari et al. (2010). In our analysis, we use the
XSPEC model phabs(1)×(mekal+phabs(2)×powerlaw) to fit the X-ray spec-
trum of M 87 (see Figure A.13). In Figure B.10 one can find the broadband SED of M 87,
and we do not include the polynomial fit in the plot, because the source is highly variable.
Abdo et al. (2009c) reported the detection of M 87 by the Fermi/LAT, and they studied its
γ-ray spectrum, as well as the broadband SED (see Figure C.52).

1253−055 3C 279 is a well-studied high polarization radio quasar, and it is active from
the radio to the VHE bands. It is a TeV source, and high energy emission is observed
frequently (e.g., Ciprini and Chaty 2008, Iafrate et al. 2009, and Giuliani et al. 2009).
The parsec-scale polarization properties of 3C 279 in the core region were studied by
Homan et al. (2009b) using multifrequency VLBA observations. Possible correlations
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of multiband variabilities of 3C 279 were reported by Chatterjee et al. (2008). As of the
broadband SED study on 3C 279, Böttcher et al. (2009) discussed about the models to
interpret the broadband SED of 3C 279, and they concluded that an one-zone homoge-
neous leptonic jet model cannot explain the broadband emission. They suggest that either
a multi-zone model or a hadronic model is capable of reproducing the observed SED of
3C 279. The AGILE collaboration reported the detection of 3C 279, and they also pre-
sented its broadband SED (Giuliani et al. 2009). Figure A.13 shows the X-ray spectrum
from our analysis, and Figure B.10 shows our broadband SED of 3C 279. This source is
in the Swift/BAT 22-month catalog, and the X-ray band has a good frequency coverage.
Other broadband SED studies of 3C 279 include the works by Abdo et al. (2010c) and
Fermi-Lat Collaboration et al. (2010) (see Figure C.53).

1308+326 The source 1308+326 shows properties of both BL Lac objects and quasars.
Stickel et al. (1991) classified 1308+326 as a BL Lac object because it lacks optical line
emissions, and it has high polarization and strong variability in the optical band. However,
this source also shows quasar-like polarization properties in VLBI observations (Gabuzda
et al. 1993). 1308+326 is variable in different bands (Moore et al. 1980, Mufson et al.
1985). This source was not detected by the CGRO/EGRET, but it is detected by the
Fermi/LAT (Abdo et al. 2010b). Figure A.13 shows the X-ray spectrum from our analysis,
and our broadband SED is shown in Figure B.10. The optical part in the broadband SED
of 1308+326 shows strong variability. Previous studies of the SED of 1308+326 include
the works by Giommi et al. (1995), Sambruna et al. (1996), Watson et al. (2000), and
Abdo et al. (2010a) (see Figure C.54). Comparing the peak frequency that we obtained
(νsync

peak ∼ 10
14−15) with previous findings, we derived a slightly higher peak frequency for

the synchrotron hump in the SED.

1324+224 1324+224 is a flat spectrum radio quasar, and it has a high redshift of z =

1.4. This source is possibly associated to an EGRET unidentified source 3EG J1323+2200
(Mattox et al. 2001, Fegan et al. 2005), and it is in the 1FGL catalog of Fermi (Abdo et al.
2010b). Figure A.13 shows the X-ray spectrum from our analysis, and Figure B.10 shows
the broadband SED of 1324+224. As presented, we derived a higher energy peak of the
IC hump than the synchrotron hump. To our knowledge, our broadband SED is the first
one to be published for this source.

1334−127 PKS 1335−127 is a flat spectrum, high polarization radio quasar. This source
is detected by the CGRO/EGRET (Mattox et al. 2001) and the Fermi/LAT (Abdo et al.
2010b). The VLBI circular polarization propertied of PKS 1335−127 was studied by
Vitrishchak et al. (2008). Figure A.13 shows the X-ray spectrum from our analysis, and
Figure B.10 shows our broadband SED of PKS 1335−127. As presented, we obtained
a slightly higher energy peak of the IC hump than the synchrotron hump. Previously,
Maraschi et al. (1995) presented the results of ROSAT observations in the X-ray band,
and from their non-simultaneous broadband SED study, they suggested that IC mecha-
nism is the origin for the X-ray band emission. Figure C.55 shows the broadband SED
studied by Maraschi et al. (1995) and Celotti and Ghisellini (2008); they found that the
peak frequency ν

sync
peak ∼ 10

13 Hz, which is consistent with our results.
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1413+135 1413+135 is a flat spectrum BL Lac object. It was not detected by the
CGRO/EGRET and Fermi/LAT. This source is one of the few radio-loud AGNs with an
apparent spiral host galaxy, and it is not clear that if the AGN is located in the background
or in the spiral galaxy (Stocke et al. 1992, McHardy et al. 1994, Lamer et al. 1999, Perl-
man et al. 2002). Perlman et al. (1996) presented the multifrequency VLBI observations
of PKS 1413+135, which showed a two-sided parsec-scale jet, and they suggested that
the source is young radio source. Figure A.13 shows the X-ray spectrum from our anal-
ysis, and Figure B.10 shows the broadband SED of 1413+135. Note that the SED in the
X-ray band have a negative slope. By applying polynomial fits to the data, we obtained a
significantly higher energy peak of the IC hump than the synchrotron hump. Previously,
Giommi et al. (1995) and Nieppola et al. (2006) studied the synchrotron hump of the SED
of PKS 1413+135 (see Figure C.56); Nieppola et al. (2006) obtained the peak frequency
ν
sync
peak ∼ 10

13 Hz, which is consistent with our findings.

1417+385 1417+385 is a flat spectrum radio quasar. It is possibly associated to the
EGRET source 3EG J1424+3734 (Mattox et al. 2001), however, it is not present in the
Fermi 1FGL catalog. The soft X-ray properties obtained by ROSAT of 1417+385 were
presented by Britzen et al. (2007). Figure A.14 shows the X-ray spectrum from our anal-
ysis, and in Figure B.10, one can find the broadband SED of 1417+385. The SED in
the X-ray band displays a negative slope, therefore, we extend the polynomial fit of the
synchrotron hump until the X-ray band. We do not perform a polynomial fit to the IC
hump due to the lack of data. To our knowledge, our broadband SED is the first one to be
published for this source.

1458+718 3C 309.1 is a compact steep-spectrum, low polarization radio quasar. It is
not detected by the CGRO/EGRET and the Fermi/LAT. The source shows a distorted one-
sided jet observed by the VLBA and VSOP at multifrequencies (e.g., Ros and Lobanov
2001, Rossetti et al. 2005, Gawroński and Kus 2006). Siemiginowska et al. (2008) pre-
sented the X-ray properties of 3C 309.1 derived from Chandra observation of 17 ks; other
X-ray studies on this source include Hardcastle and Worrall (1999), Belsole et al. (2007)
and Salvati et al. (2008). The Spitzer observations reveal the mid-infrared properties of
3C 309.1, which is luminous in this band (Cleary et al. 2007). Figure A.14 shows the X-
ray spectrum from our analysis. As shown in Figure B.10, the broadband SED of 3C 309.1
is quite variable in the synchrotron hump range, and we derived a slightly higher energy
peak of the synchrotron hump than of the IC hump. To our knowledge, our broadband
SED is the first one to be published for this source.

1502+106 4C+10.39 is a flat spectrum, high polarization radio quasar with a high
redshift of z = 1.839. It was not detected by the CGRO/EGRET, but it is present in the
Fermi 1FGL catalog (Abdo et al. 2010b). The multifrequency study using the EVN and
the VLBA revealed its curved jet and superluminal motion (An et al. 2004). George et al.
(1994) reported the X-ray properties and spectrum of 4C+10.39 using the data obtained
by ROSAT and ASKA during 1990 and 1994. Figure A.14 shows the X-ray spectrum from
our analysis, and Figure B.11 shows the broadband SED of 4C+10.39. As presented, we
derived a 2-order of magnitude higher peak of the IC hump than the synchrotron hump.
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Previously, George et al. (1994) and Abdo et al. (2010a) also presented the broadband
SED of this source (see Figure C.57); the former derived a lower IC hump, whileas the
latter derived a higher IC hump. Our results are consistent with the recent findings by
Abdo et al. (2010a).

1504−166 1504−166 is a flat spectrum, high polarization radio quasar, which has a pos-
sible association with the EGRET source 3EG J1504−1537 (Mattox et al. 2001, Tornikoski
et al. 2002), and it is not in the Fermi 1FGL catalog. The X-ray properties were obtained
by the Einstein observatory (Henriksen et al. 1984, Wilkes et al. 1994). Tornikoski et al.
(2000) presented the multifrequency radio properties of this source at 90 and 230 GHz.
In our analysis, the X-ray spectrum of this source (Swift Obs. ID 00036207004) has poor
quality (Figure A.14), and we are not able to derive the intrinsic neutral hydrogen column
density NH and photon index Γ. To estimate the flux, we assume a absorbed power law
model to this source; we fix the value of NH to the galactic column density measured by
the LAB survey (Kalberla et al. 2005), and we assume a photon index of Γ = 1.8. Fig-
ure B.11 shows our broadband SED of 1504−166. We derived a low energy peak of the
synchrotron hump, and we do not perform a polynomial fit to the IC hump due to the lack
of data. To our knowledge, our broadband SED is the first one to be published for this
source.

1510−089 1510−089 is a flat spectrum, high polarization radio quasar, and it is very
active in the high energy band. The source has been detected by the CGRO/EGRET
(Thompson et al. 1993) and Fermi/LAT (Fermi-LAT Collaboration 2010), moreover, it
is a newly-discovered TeV source22. Homan et al. (2002) studied the relativistic jet of
this source, as well as the radio polarization properties. Figure A.14 shows the X-ray
spectrum from our analysis, and Figure B.11 shows the broadband SED of 1510−089, in
which one can see that the high-energy hump has more energy output compare with the
synchrotron hump. In recent years, there were many studies related to the broadband SED
of 1510−089, such as works by Singh et al. (1990, 1997), Kataoka et al. (2008), Abdo
et al. (2010a), and Fermi-LAT Collaboration (2010) (see Figure C.58). Previous studies
also found that the IC hump has a higher energy peak than the synchrotron hump, and are
consistent with our findings.

1538+149 4C+14.60 is a flat spectrum BL Lac object, and it is not detected by the
CGRO/EGRET and the Fermi/LAT. Gear et al. (1994) presented the submillimeter spec-
trum of this source, and its X-ray properties were studied by Ciliegi et al. (1993, 1995).
Falomo et al. (1993) studied the simultaneous UV, optical, and near-infrared data of
4C+14.60, and they found that the spectrum can be well-described by a single power
law model. Gabuzda et al. (2006) investigated the polarization emission in the optical
and radio band in this source. Vitrishchak et al. (2008) presented the circular polarization
properties in the parsec-scale jet of 4C+14.60. Figure A.14 shows the X-ray spectrum
from our analysis, and Figure B.11 shows the broadband SED of 4C+14.60. As pre-
sented, the SED in the X-ray band appears to be located in the tail of the synchrotron

22http://tevcat.uchicago.edu/

118



4.5 The Broadband SED of the MOJAVE sources

hump. We applied the polynomial fit to the synchrotron hump and skipped the high-
energy region one due to the lack of data. Previous published SED results include the
studies of the synchrotron hump by Sambruna et al. (1996) and Nieppola et al. (2006)
(see Figure C.59), and they found a peak frequency of ν

sync
peak ∼ 10

14−15 Hz, which is
consistent with our findings.

1546+027 1546+027 is a flat spectrum, high polarization radio quasar. This source was
not detected by the CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo
et al. 2010b). The optical properties of this source were studied by Smith et al. (1994),
including its spectrum and polarization. Mosoni et al. (2002) presented results on 5 GHz
space VLBI observations of 1546+027. Worrall and Wilkes (1990) studied the soft X-
ray spectrum of this source at the energy range of 0.1–3.5 keV obtained by the Einstein
observatory, and Siebert et al. (1998) presented the results obtained by ROSAT in the
0.1–2.4 keV energy band. Torniainen et al. (2005) studied the long term radio variability
and the radio spectrum of 1546+027 (see Figure C.60). Figure A.15 shows the X-ray
spectrum from our analysis, and Figure B.11 shows the broadband SED of 1546+027.
As presented, the energy peak of the IC hump is slightly higher than the synchrotron
hump. To our knowledge, our broadband SED is the first one to be published for this
source.

1548+056 4C+05.64 is a flat spectrum, high polarization radio quasar. This source
was not detected by the CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo
et al. 2010b). The X-ray properties of this source obtained by ROSAT were studied by
(Siebert et al. 1998), and the Faraday rotation measure properties of the parsec-scale jet
were obtained from VLBA images (Zavala and Taylor 2004). Figure A.15 shows the X-
ray spectrum from our analysis, and Figure B.11 shows the broadband SED of 4C+05.64.
We found that the IC hump has a slightly higher energy peak than the synchrotron hump.
Previously, Giommi et al. (2007) presented the unmodeled data of broadband SED of this
source (see Figure C.61).

1606+106 4C+10.45 is a flat spectrum radio quasar. It is a known γ-ray bright source,
and it is detected by both the CGRO/EGRET (Schoenfelder 1994, McLaughlin et al. 1996)
and the Fermi/LAT (Abdo et al. 2010b). Comastri et al. (1997) studied the soft X-ray spec-
tra of this source using ROSAT observations at 0.1–2.0 keV. Figure A.15 shows the X-ray
spectrum from our analysis, and Figure B.11 shows our broadband SED of 4C+10.45.
The fitted polynomial models show that the IC hump has a significantly higher energy out-
put than the synchrotron hump. The previously published SED by Celotti and Ghisellini
(2008) also shows the same result (see Figure C.62).

1611+343 DA 406 is a flat spectrum, low polarization radio quasar, and it was detected
by the CGRO/EGRET (Hartman et al. 1999) and the Fermi/LAT (Abdo et al. 2010b). Cot-
ton and Spangler (1979) carried out multifrequency radio observations at 0.325–15.5 GHz
during an outburst of DA 406, and they found that the outburst appeared to be simulta-
neous at all frequencies. Piner and Kingham (1997b) studied the VLBI properties of
DA 406 at 2 and 8 GHz, and they found it to have apparent superluminal motions (see
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also Piner and Kingham 1997b for previous observations of DA 406). Figure A.15 shows
the X-ray spectrum from our analysis, and Figure B.11 shows our broadband SED of
this source. We derive an energy peak of the IC hump slightly higher than that of the syn-
chrotron hump. Celotti and Ghisellini (2008) presented the SED of this source previously.
They obtained a much higher peak of the IC hump comparing to the synchrotron hump
based on their jet model (see Figure C.63); the synchrotron peak frequency they obtained
(νsync

peak ∼ 10
13−14 Hz) is consistent with our findings.

1633+382 4C+38.41 is a flat spectrum, high polarization radio quasar, and it is highly
variable in the radio and optical bands. Besides, it is a γ-ray bright source detected by
CGRO/EGRET (Hartman et al. 1999) and Fermi/LAT (Abdo et al. 2010b). Barthel et al.
(1995) reported superluminal motion at 5 GHz of 4C+38.41, which was one of the few
γ-ray AGN having this property at that time. This source was found to have a power law γ-
ray spectrum with an energy spectral index of 0.9 at 30 MeV–30 GeV (Mattox et al. 1993).
Peng et al. (2003) performed an optical monitoring of R and B bands from February
to March 2002, and they reported amplitude variations of up to 0.78 magnitude in two
months. A variability of 11.6% of 4C+38.41 was observed at 92 cm wavelength usign
the Westerbork Synthesis Radio Telescope (Peng 2002). Figure A.15 shows the X-ray
spectrum from our analysis, and Figure B.12 shows our broadband SED of 4C+38.41.
The peak of IC hump is one order of magnitude higher than the synchrotron hump. Our
findings are consistent with previously published work by Mattox et al. (1993) and Celotti
and Ghisellini (2008) (see Figure C.64).

1637+574 OS 562 is a flat spectrum, low polarization radio quasar, and it is not active
in the high energy band. It was not detected by CGRO/EGRET and Fermi/LAT, and most
of the studies of this source are performed in the radio and optical bands. Lawrence
et al. (1996) presented the optical spectra of this source covering the wavelength range of
3800–9400 Å, and Wills et al. (1995) reported the optical spectrum obtained by the HST.
1637+574 is found to be fast-varying at 6 and 11 mm wavelength (Kraus et al. 2003), and
it is a GPS source candidate, of which the long term variability at 37 GHz was studied
by Torniainen et al. (2005). Vitrishchak et al. (2008) measured the upper limit of the
circular polarization of this source to be 0.24% at 15 GHz, 0.48% at 22 GHz, and 0.8%
at 43 GHz. Figure A.15 shows the X-ray spectrum from our analysis, and Figure B.12
shows the broadband SED of 1637+574. We find that the SED in the X-ray band appears
to be located in the tail of the synchrotron hump. We do not apply polynomial fit to the
IC hump due to the lack of data. To our knowledge, our broadband SED is the first one to
be published for this source.

1638+398 NRAO 512 is a flat spectrum radio quasar, and it is not active in the high
energy bands. It is not present in the Fermi/LAT 1FGL catalog. A possible association
with the EGRET source 2EG J1635+3813 (Iler et al. 1997) was suggested. Bloom et al.
(1999) presented the multiband observations of NRAO 512, and the data were obtained by
the VLBI observations at 8.4 and 22 GHz, as well as by ROSAT in the X-ray band. Figure
A.16 shows the X-ray spectrum from our analysis, and Figure B.12 shows the broadband
SED of NRAO 512. The peak of the high energy hump is one order of magnitude lower
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than of the synchrotron hump. To our knowledge, our broadband SED is the first one to
be published for this source.

1641+399 3C 345 is a flat spectrum, high polarization radio quasar, and it has been in-
tensively studied in the radio and optical band. Ros et al. (2000) studied the parsec-scale
structure of 3C 345 at 1.3, 2, 3.6, and 6 cm wavelengths of VLBA total intensity and lin-
ear polarization observations. Hirotani et al. (2000) investigated if the parsec-scale jet
of this source is dominated by a normal plasma or an electron-positron plasma, and they
concluded it is likely to be the latter case. Sambruna et al. (2004) presented the over-
laid images of radio (VLA at 5 GHz) and X-ray (Chandra at 0.5–8 keV) band (see Figure
C.65). Lobanov and Roland (2005) proposed a supermassive binary black hole model
to 3C 345, in order to explain the quasi-periodic flaring activities of this source. 3C 345
is not detected by CGRO/EGRET, and it is possibly associated to the Fermi/LAT source
1FGL J1642.5+3947, yet still need further confirmation (Schinzel et al. 2010). Figure
A.16 shows the X-ray spectrum from our analysis, and Figure B.12 shows the broad-
band SED of 3C 345. The frequency coverage is quite good by including the Swift/BAT
22-month data. The division of the synchrotron and IC humps appears to be located be-
tween the XRT and BAT sampling range (10–15 keV), as seen in Figure B.12. Tavecchio
et al. (2002) studied the broadband SED model and applied a model of SSC plus IC from
external radiation field (see Figure C.65).

1655+077 1655+077 is a flat spectrum, high polarization radio quasar, which is not
active in the high energy range. This source is not detected by CGRO/EGRET and
Fermi/LAT. There were a few studies in the X-ray band. For example, Siebert et al. (1998)
presented the X-ray properties using the ROSAT observations at 0.1–2.4 keV, and they ob-
tained a flux upper-limit of 3.28×10

−13 erg cm−2 s−1. Wilkes et al. (1994) presented the
results of Einstein Observatory observations at 0.16–3.5 keV. Figure A.16 shows the X-
ray spectrum from our analysis, and Figure B.12 shows the broadband SED of 1655+077.
As presented, we derived a higher energy peak in the IC hump than in the synchrotron
hump. Note that this result is due to the X-ray archival data position. To our knowledge,
our broadband SED is the first one to be published for this source.

1726+455 1726+455 is a flat spectrum radio quasar. This source is not detected by
CGRO/EGRET, but it is present in the Fermi/LAT 1FGL list (Abdo et al. 2010b). Britzen
et al. (2007) presented the soft X-ray properties obtained by ROSAT at 0.1–2.4 keV. In
our analysis, we used the Swift observation which has ∼4 ks exposure time (Obs. ID
00036214004), and the source appears to be quite weak. There were only one bin after
grouping the X-ray spectrum (see Figure A.16), and we were not able to perform spectral
fitting to the X-ray data. Therefore, we estimated the flux of the source by assuming a
photon index of Γ = 1.8 and NH value of 2×10

20 cm−2 (the LAB survey; Kalberla et al.
2005) with an absorbed power law model. Figure B.12 shows the broadband SED of
1726+455, and the energy peak of the synchrotron hump is slightly lower than the IC
humps. To our knowledge, our broadband SED is the first one to be published for this
source.
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1730−130 NRAO 530 is a flat spectrum, high polarization radio quasar which hosts a
double-sided kilo-parsec scale jet. This source is actively variable in the radio (Marscher
and Broderick 1981, Feng et al. 2006), optical (Pollock et al. 1979), X-ray (Foschini
et al. 2006a), and γ-ray (Hartman et al. 1999, Abdo et al. 2010b) wavebands. Bower
and Backer (1998) presented space VLBI observations (VSOP) on this source at 1.6 and
5 GHz. Figure A.16 shows the X-ray spectrum from our analysis, and Figure B.12 shows
our broadband SED results of NRAO 530. As presented, we derived comparable energy
peaks in the synchrotron and IC hump. Previously published broadband SED include the
works by Ghisellini et al. (1998) and Foschini et al. (2006a) (see Figure C.66). Comparing
our results with previously published works, the peak frequencies of the synchrotron and
the IC peak have similar values.

1739+522 4C+51.37 is a high polarization radio quasar. This source is detected by
CGRO/EGRET (Hartman et al. 1999), and it is present in the Fermi 1FGL catalog (Abdo
et al. 2010b). Ghisellini et al. (1998) constructed the broadband SED of 4C+51.37 from
archival data, and they applied the emission model of SSC and external Compton (EC)
mechanism to fit the data (see Figure C.67). Celotti and Ghisellini (2008) presented the
broadband SED of archival data and applied a slightly different SED model (SSC+EC) to
derive the power output of the jet (see Figure C.67). Figure A.16 shows the X-ray spec-
trum from our analysis, and Figure B.12 shows our broadband SED result. By examining
the peak frequencies of the synchrotron and the IC humps, our results are consistent with
the previous findings.

1741−038 1741−038 is a γ-ray bright, high polarization radio quasar. This source was
detected by CGRO/EGRET (Hartman et al. 1999), and was found to be variable in the
γ-ray band (Nolan et al. 2003); however, it is not present in the Fermi 1FGL catalog.
The source experienced dramatic changes23 in flux densities at 2.3 and 8.1 GHz during
June to August, 1992 (Clegg et al. 1996, Lazio et al. 2000). Figure A.17 shows the X-ray
spectrum from our analysis, and Figure B.13 shows the broadband SED of 1741−038.
The Fermi/LAT upper limit (M. Böck et al., in prep.) is not available for this source,
therefore, we are not able to estimate the IC peak. The broadband SED of this source
were studied by Ghisellini et al. (1998) and Celotti and Ghisellini (2008), and their results
are shown in Figure C.68.

1749+096 4C+09.57 is a flat spectrum BL Lac object. This source is not detected by
CGRO/EGRET, but it is present in the Fermi 1FGL catalog (Abdo et al. 2010b). Iguchi
et al. (2000) performed VSOP and VLBA observations at 4.8, 8.4, 15, and 22 GHz after
its radio outburst in May 1998, and they suggested that the rapid variability of 4C+09.57
was due to the variation of the viewing angle. Figure A.17 shows the X-ray spectrum from
our analysis, and Figure B.13 shows our broadband SED of this source. The broadband
SED of 4C+09.57 has been studied by Giommi et al. (1995), Sambruna et al. (1996,
1999), Nieppola et al. (2006), and Abdo et al. (2010a). Figure C.69 shows the results
of Sambruna et al. (1999) and Abdo et al. (2010a). By examining the peak frequency of

23The event was so-called extreme scattering events (see Fiedler et al. 1987 for definition), which is due
to the variation in the interstellar medium.
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the two humps in the SED, our results are consistent with the previous findings by (Abdo
et al. 2010a).

1751+288 1751+288 is a flat spectrum radio quasar, and it is not active in the high
energy band. This source is mainly studied in the radio band, and it lacks the study
in the X-ray and the γ-ray bands. The source was not detected by CGRO/EGRET and
Fermi/LAT. In our analysis, we used Swift observations in January 2010 with an integra-
tion time of 7.6 ks, yet the source was too weak in the X-ray band to allow us to study
its spectral properties (two spectral bins after grouping; see Figure A.17). To estimate the
flux, we assumed a photon index of Γ = 1.8 and a NH value of 4.98×10

20 cm−2 with an
absorbed power-law model. Figure B.13 shows the broadband SED of 1751+288. The
peaks of the synchrotron and the IC hump have comparable values, according to our SED
fitting results. To our knowledge, our broadband SED is the first one to be published for
this source.

1758+388 1758+388 is a flat spectrum radio quasar at a redshift of z = 2.092. This
quasar is not detected by the CGRO/EGRET and the Fermi/LAT. Britzen et al. (2007)
presented the soft X-ray properties of 1758+388 obtained by ROSAT. In our analysis, we
used the Swift observation obtained in November 2006 with an integration time of 9.8 ks,
yet the source was too weak in the X-ray band to study its spectral properties (two bins
after grouping; see Figure A.17). To estimate the flux, we assumed a photon index of
Γ = 1.8 and a NH value of 2.53×10

20 cm−2 with an absorbed power-law model. A more
recent observation taken in May 2009 is available, however, the integration time was too
short (1 ks) to provide a reasonable X-ray spectrum. We plan to request for Swift ToO
observations later. Figure B.13 shows the broadband SED of 1758+388. The X-ray band
appears to be at the tail of the synchrotron hump. We omitted the polynomial fit to the IC
hump due to the lack of data. To our knowledge, our broadband SED is the first one to be
published for this source.

1800+440 1800+440 is a flat spectrum radio quasar, and it displays projected jet appar-
ent speeds up to βapp = 15.41 ± 0.49 (Lister et al. 2009b). This source was not detected
by the CGRO/EGRET and Fermi/LAT. 1800+440 has been studied in the radio (Zhang
and Fan 2003, Lee et al. 2008), optical (Caccianiga et al. 2002), and X-ray (Britzen et al.
2007) bands. Figure A.17 shows the X-ray spectrum from our analysis, and Figure B.13
shows our broadband SED of 1800+440. The X-ray SED locates in the tail of the syn-
chrotron hump, and in the γ-ray band, we included the Fermi/LAT upper limit (Böck et
al., in prep. ).We cannot apply a polynomial fit to the IC hump due to the lack of data
points. To our knowledge, our broadband SED is the first one to be published for this
source.

1803+784 1803+784 is a flat spectrum BL Lac object, and it has been studied from the
radio to the high-energy bands. This source is not detected by the CGRO/EGRET, but it
is present in the Fermi 1FGL catalog (Abdo et al. 2010b). Britzen et al. (2005) reported
the VLBI monitoring on this source at 3.6 cm wavelength between 1986 and 1993, and
they found that the jet ridge line is significantly curved and discussed the possibility of a
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helical path in its jet. Gabuzda and Chernetskii (2003) presented the VLBI polarization
properties of 1803+784 at 5, 8, 15, and 22 GHz, and they found that the region with
polarized emission extends up to 150 pc away from the core. The optical light curve of
this source showed an overall variation greater than 3 magnitude including flares (Nesci
et al. 2002). Figure A.17 shows the X-ray spectrum from our analysis, and Figure B.13
shows the broadband SED of 1803+784, in which the frequency sampling is quite good
in the synchrotron hump. We derived comparable energy peaks for the synchrotron and
the IC hump. Previous studies in the literature on the SED of this source include Giommi
et al. (1995), Sambruna et al. (1996), Nesci et al. (2002), Nieppola et al. (2006). Figure
C.70 displays the SED by Nesci et al. (2002) and Nieppola et al. (2006). As shown, our
results are consistent with previous findings.

1807+698 3C 371 is a flat spectrum BL Lac object, and it has a redshift of z = 0.051.
This source is not detected by CGRO/EGRET, but it is present in the Fermi 1FGL catalog
(Abdo et al. 2010b). The jet of this source was discovered in the radio (Wrobel and Lind
1990), optical (Nilsson et al. 1997, Scarpa et al. 1999), and X-rays (Pesce et al. 2001,
Sambruna et al. 2007a) bands. Carini et al. (1998) reported on optical variability of this
source from photometric measurements. Gómez and Marscher (2000) presented the first
space VLBI observations of 3C 371 at 4.8 GHz, and they found the inner jet had a size
of 7 mas. Figure A.18 shows the X-ray spectrum from our analysis, and Figure B.13
shows the broadband SED of 3C 371. The source is quite variable in the optical band.
The frequency sampling in the synchrotron hump is good, and we see comparable energy
peaks of the synchrotron and the IC humps. Previous SED studies of this source include
Giommi et al. (1995), Sambruna et al. (1996), and Nieppola et al. (2006) (see Figure
C.71). Our results are consistent with previous findings in the synchrotron part of the
SED.

1823+568 4C+56.27 is a flat spectrum BL Lac object which has high apparent pro-
jected speeds up to βapp = 20.86± 0.49 in its jet (Lister et al. 2009b). This source is not
detected by the CGRO/EGRET, but it is in the Fermi 1FGL catalog (Abdo et al. 2010b).
Jorstad et al. (2007) presented the results of multifrequency linear polarization monitoring
of this source obtained at optical and with VLBA (1, 3, and 7ṁm wavelengths). Figure
B.13 shows our broadband SED of 4C+56.27, as presented, we obtained a slightly higher
energy peak in the IC hump than in the synchrotron hump. Previous SED studies of this
source include the works of Giommi et al. (1995), Sambruna et al. (1996), and Nieppola
et al. (2006) (see Figure C.72). The peak frequency of the synchrotron hump is located at
ν
sync
peak ∼ 10

13 Hz from our results, which are consistent with previous findings.

1828+487 3C 380 is a low polarization, compact steep spectrum radio quasar. This
source was not detected by the CGRO/EGRET, but it is in the Fermi 1FGL catalog. Two
knots in the jet of 3C 380 were detected in the optical band by HST and in the radio band
by the VLA at 15, 22, and 43 GHz (de Vries et al. 1999, O’Dea et al. 1999). Marshall
et al. (2005) presented the X-ray imaging and spectroscopy results of this source obtained
by Chandra, and a knot in the jet 1.8�� from the core was detected in the X-rays. Papa-
georgiou et al. (2006) performed a rotation measure (RM) study on 3C 380 using space
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VLBI observations at 1.6 GHz and ground-based VLBI at 5 GHz, and they found varia-
tions in RM around a bright knot in the source. Figure A.18 shows the X-ray spectrum
from our analysis, and Figure B.14 shows our broadband SED results of 3C 380. To our
knowledge, our broadband SED is the first one to be published for this source.

1849+670 1849+670 is a flat spectrum radio quasar. This source is not detected by
the CGRO/EGRET, but it is in the Fermi/LAT 1FGL catalog (Abdo et al. 2010b). This
source was mainly studied in the radio and optical bands. In the X-ray band, Britzen et al.
(2007) presented the soft X-ray properties of this source. Figure A.18 shows the X-ray
spectrum from our analysis, and Figure B.14 shows our broadband SED of 1849+670.
We find a higher energy output in the IC hump than in the synchrotron hump. Abdo et al.
(2010a) published a broadband SED of this source (see Figure C.73), and their results are
consistent with our SED findings.

1928+738 4C+73.18 is a flat spectrum, low polarization radio quasar, and it was not
detected by the CGRO/EGRET and Fermi/LAT. There were many studies about its su-
perluminal jet (e.g, Johnston et al. 1987, Hummel et al. 1992, Guirado et al. 1995, and
Guirado et al. 1998). Ghosh and Soundararajaperumal (1992) and Yuan et al. (2000)
studied the X-ray properties of this source using EXOSAT and ASCA observations at 0.5–
10 keV. Figure A.18 shows the X-ray spectrum from our analysis, and Figure B.14 shows
the broadband SED of 4C+73.18. The polynomial fits provide a higher peak in the
synchrotron hump than in the IC hump. Sambruna et al. (1996) and Yuan et al. (2000)
presented the broadband SED of this source, as shown in Figure C.74. The results for the
synchrotron hump peak from Sambruna et al. (1996) and ours are consistent.

1936−155 1936−155 is a high polarization, flat spectrum radio quasar. It was possibly
associated to the EGRET source 3EG J1937−1529 (Mattox et al. 2001, Tornikoski et al.
2002), but it is not present in the Fermi 1FGL catalog. This source was classified as a
high-peaking GPS source (Tornikoski et al. 2001), and Torniainen et al. (2005) presented
the radio spectrum of this source (see Figure C.75). In our X-ray analysis of this source,
we fix the NH to the Galactic value (Kalberla et al. 2005) in order to obtaine a reasonable
fit due to the poor quality of the X-ray spectrum (see Figure A.18). Figure B.14 shows
the broadband SED of 1936−155, and it does not have a typical double-hump profile as
most of the blazars have. The slopes of the optical and the X-ray bands are both negative.
As shown, we applied the polynomial fit to the synchrotron hump extended to the X-ray
band, in order to estimate the peak position. It is not clear if the double-hump model is
the best to describe the SED of 1936−155 as long as we don’t have γ-ray data available.
To our knowledge, our broadband SED is the first one to be published for this source.

1957+405 Cygnus A is a radio galaxy which has a steep spectrum. It host a two-sided
jet with two giant radio lobes in the end, in which one can find hot spots forming due to
the jets colliding with interstellar medium (Stawarz et al. 2007). There are many multi-
wavelength studies on the hot spots of this strong radio source (e.g., Bałucińska-Church
et al. 2005, Lazio et al. 2006, and Stawarz et al. 2007). Cygnus A was not detected by the
CGRO/EGRET and the Fermi/LAT. However, the giant lobe of Cygnus A might generate
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γ-ray emission from external source, e.g., cosmic rays and extragalactic background light
(Atoyan and Dermer 2008). Figure A.19 shows the X-ray spectrum from our analysis,
and Figure B.14 shows the broadband SED of Cygnus A. The SED is quite variable from
the radio to X-ray band. We omit the polynomial fit of the SED, and only data points are
shown in the plot. Previously, Stawarz et al. (2007) studied the broadband SED of the hot
spots in Cygnus A.

1958−179 1958−179 is a flat spectrum, high polarization radio quasar. It is not de-
tected by the CGRO/EGRET, but it is in the Fermi 1FGL catalog (Abdo et al. 2010b).
The polarization properties in the radio band of 1958−179 were studied by Homan et al.
(2001) at 5 GHz, and Ricci et al. (2004) at 18.5 GHz. Siebert et al. (1998) studied the X-
ray properties of this source using ROSAT observations in the 0.1–2.4 keV energy band.
Figure A.19 shows the X-ray spectrum from our analysis, and Figure B.14 shows the
broadband SED of 1958−179 from radio to γ-ray band. We obtained comparable energy
peaks of the synchrotron and the IC hump. To our knowledge, our broadband SED is the
first one to be published for this source.

2005+403 2005+403 is a flat spectrum radio quasar. This source is not active in the
high energy band, and it was not detected by the CGRO/EGRET and the Fermi/LAT.
There were more studies in the radio band of this source. Gabányi et al. (2006) studied
the variability and source structure of 2005+403 during 1992 and 2003 using VLBI ob-
servations at 1.6, 5, 8, 15, 22, and 43 GHz. Figure A.19 shows the X-ray spectrum from
our analysis, and Figure B.14 shows the broadband SED of 2005+403. As presented, the
optical data are not available. To constrain the synchrotron hump, we set the intersection
of the two humps at the of the XRT spectrum. This assumption gives us an estimate of the
upper limit of the synchrotron peak. To our knowledge, our broadband SED is the first
one to be published for this source.

2008−159 2008−159 is a flat spectrum radio quasar. This source is not detected by the
CGRO/EGRET and the Fermi/LAT. 2008−159 was identified as an extreme-GPS source
by Tornikoski et al. (2000); Torniainen et al. (2005) presented the radio spectrum of this
source (see Figure C.76). Siebert et al. (1998) presented the X-ray properties of this
source using the ROSAT in the 0.1–2.4 keV energy band. Figure A.19 shows the X-ray
spectrum from our analysis, and Figure B.14 shows the broadband SED of 2008−159.
The energy peak of the synchrotron hump is slightly higher than of the IC hump. To our
knowledge, our broadband SED is the first one to be published for this source.

2021+317 4C+31.56 is an extragalactic source which is not included in the Véron-
Cetty and Véron (2006) catalog, and the optical class and redshift are unknown. This
source is not detected by the CGRO/EGRET and Fermi/LAT, and there were not many
X-ray studies on this source. In our analysis, we used the Swift observation obtained
in April 2007 with the longest integration time of 18 ks (Obs. ID 00036248003). We
cannot use the Swift observations in August 2008 due to the poor quality of the X-ray
spectrum. Figure A.19 shows the X-ray spectrum from our analysis, and Figure B.15
shows the broadband SED of 4C+31.56. The optical data are not available, therefore, we
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are not able to estimate the peak position of the synchrotron hump. To our knowledge,
our broadband SED is the first one to be published for this source.

2021+614 OW 637 is a flat spectrum GPS radio galaxy. This source is not detected by
the CGRO/EGRET and Fermi/LAT. Tschager et al. (2000) performed VSOP observations
at 5 GHz to study this source, and they found a slow motion in its jet; see their paper
for a review on this source. The radio spectrum of this source was studied by Torniainen
et al. (2005) (see Figure C.77). Giommi et al. (2007) presented the first X-ray studies
of OW 637 obtained by Swift/XRT in February 2006 with an integration time of 2.3 ks.
Here we analyzed the Swift data obtained in July 2009 with an integration time of 9.6 ks
(Obs. ID 00036352007). However, the obtained X-ray emission was too weak to have
a reasonable spectral analysis (one bin after grouping; see Figure A.19). To estimate the
flux, we assumed a photon index of Γ = 1.8 and a NH value of 1.35×10

21 cm−2 with an
absorbed power-law model. Figure A.19 shows the X-ray spectrum from our analysis, and
Figure B.15 shows the broadband SED of OW 637. As shown, we omit the polynomial fit
of the IC hump due to the lack of data. To our knowledge, our broadband SED is the first
one to be published for this source.

2037+511 3C 418 is a flat spectrum radio quasar. This source is not detected by the
CGRO/EGRET and Fermi/LAT. It is proposed that 3C 418 has a precessing jet based on
the jet structure (Muxlow et al. 1984, Lu and Zhou 2005). The X-ray properties were
reported by Worrall et al. (1987) and Wilkes et al. (1994). In our analysis, the Swift/XRT
observation has an integration time of 8.7 ks (Obs. ID 00036221007), and the X-ray
spectrum has only 3 energy bins after data grouping (see Figure A.20). To estimate the
flux, we assumed a photon index of Γ = 1.8 and a NH value of 5.4×10

21 cm−2 with an
absorbed power-law model. Figure B.15 shows the broadband SED of 3C 418, and as
shown, the peaks of the synchrotron and the IC hump have comparable values. To our
knowledge, our broadband SED is the first one to be published for this source.

2121+053 2121+053 is a flat spectrum, high polarization radio quasar. This source is
not detected by the CGRO/EGRET and Fermi/LAT. 2121+053 was classified as a high
frequency peaker by Dallacasa et al. (2000). Torniainen et al. (2005) studied the radio
spectrum of this source, and reported its extremely high variability (see Figure C.78).
Figure A.20 shows the X-ray spectrum from our analysis, and Figure B.15 shows the
broadband SED of 2121+053. The optical SED has a positive slope, and the X-ray SED
has a negative one; this might suggest a narrow hump from the optical to the X-ray band
to be further investigated. To estimate the peak position, we applied a polynomial fit from
the radio to the X-ray band to the synchrotron hump in the SED. To our knowledge, our
broadband SED is the first one to be published for this source.

2128−123 2128−123 is a flat spectrum, low polarization radio quasar, and it was iden-
tified as a GPS source by Tornikoski et al. (2001). Torniainen et al. (2008) presented
the radio spectrum of this source, and they found a mild variability on this source (see
Figure C.79). 2128−123 is not detected by the CGRO/EGRET and the Fermi/LAT. Its
X-ray properties were studied by Worrall and Marshall (1984) and Shastri et al. (1993)
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using the Einstein observatory. Moles et al. (1985) presented optical observations of this
source, and they suggested a compact structure based on its 1-day variability in the optical
band. Lanzetta et al. (1993) presented the ultraviolet spectrum of this source. Figure A.20
shows the X-ray spectrum from our analysis, and Figure B.15 shows the broadband SED
of 2128−123, in which we find that the variability in the optical band is high. To obtain a
reasonable fit, we give the simultaneous optical Swift measurement more weighting while
fitting, and we derive a higher synchrotron peak than IC peak. To our knowledge, our
broadband SED is the first one to be published for this source.

2131−021 4C−02.81 is a flat spectrum BL Lac object, and it has projected apparent
speeds up to βapp = 20.0 ± 1.4. It is not detected by the CGRO/EGRET, but it is in
the Fermi 1FGL catalog (Abdo et al. 2010b). Urry et al. (1996) presented the X-ray
properties of this source using ROSAT observtions. Vitrishchak et al. (2008) studied the
parsec-scale polarization properties at 15, 22, and 43 GHz on this source, and detected
polarization at all three frequencies. In our analysis, the Swift/XRT observation of this
source has an integration time of 1.5 ks (Obs. ID 00036223004), and the X-ray spectrum
has only one energy bin after grouping (see Figure A.20). To estimate the flux, we as-
sumed a photon index of Γ = 1.8 and a NH value of 4.27×10

20 cm−2 with an absorbed
power-law model. Figure B.15 shows the broadband SED of 4C−02.81, and the optical
data display a high variability. We obtained comparable energy peaks of the two humps.
Previously published broadband SED studies include the works by Giommi et al. (1995),
Sambruna et al. (1996), and Nieppola et al. (2006) (see Figure C.80). By examining the
peak frequency of the synchrotron hump, our results are consistent with those.

2134+004 2134+004 is a flat spectrum, low polarization radio quasar. This source is
not detected by the CGRO/EGRET and Fermi/LAT. 2134+004 was classified as a GPS
source by O’Dea (1998), and a high frequency peaker (HFP) by Dallacasa et al. (2000).
Orienti et al. (2006) performed a study on the parsec-scale morphology of HFP sources
including this source using VLBA observations at 8.4, 15.3, 22.2, and 43.2 GHz. Orienti
et al. (2007) investigated the spectral variability of this source as a HFP source. Figure
C.81 displays the radio spectrum presented by Torniainen et al. (2005). Sambruna (1997)
reports the soft X-ray properties of this source using ROSAT observations in the 0.1–
2.4 keV energy range. Figure A.20 shows the X-ray spectrum from our analysis, and
Figure B.15 shows the broadband SED of 2134+004. As presented, the energy peak of
the synchrotron hump is about 1.5 orders of magnitude higher than the IC hump. To our
knowledge, our broadband SED is the first one to be published for this source.

2136+141 OX 161 is a flat spectrum radio quasar, and it has a redshift of z = 2.427.
This source is not detected by CGRO/EGRET and Fermi/LAT. OX 161 was identified
as a GPS source by Tornikoski et al. (2001), and Torniainen et al. (2005) presented its
radio spectrum (see Figure C.82). Savolainen et al. (2006) reported that the jet of OX 161
is extremely curved based on multifrequency VLBA observations from 2.3 to 43 GHz.
Figure A.20 shows the X-ray spectrum from our analysis, and Figure B.15 shows the
broadband SED of OX 161. The optical data are not available, and we are not able to
estimate the peak position of the synchrotron hump. To our knowledge, our broadband
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SED is the first one to be published for this source.

2145+067 4C+06.69 is a low polarization, flat spectrum radio quasar. This source
is not detected by the CGRO/EGRET, but it is in the Fermi 1FGL catalog (Abdo et al.
2010b). Yamasaki et al. (2000) reported the results of X-ray observations using ASCA.
This source was found to be very variable and have a flat radio spectrum until 5 GHz;
the spectrum was then inverted up to 20 GHz (Tornikoski et al. 2001). Torniainen et al.
(2005) found that the radio spectrum of this source is convex only during outbursts (see
Figure C.83). Evans and Koratkar (2004) presented the UV spectrum of 4C+06.69 at
1200–3300 Åusing the HST observations. Figure A.21 shows the X-ray spectrum from
our analysis, and Figure B.16 shows the broadband SED of this source. Notice that the
SED in the optical band is inverted, which might imply a third hump is needed when
fitting the SED. At present stage, we still apply a double-hump polynomial model to the
SED to estimate the peak positions. We obtained similar values for the energy peaks of
the synchrotron and the IC hump. To our knowledge, our broadband SED is the first one
to be published for this source.

2155−152 2155−152 is a flat spectrum, high polarization radio quasar (Véron-Cetty
and Véron 2006), however, Kuehr and Schmidt (1990) and Gabuzda et al. (2000a) classi-
fied this source as a BL Lac object. Sambruna (1997) studied the soft X-ray spectrum of
2155−152 using ROSAT observations, and they found that 2155−152 has a steep, HBL-
like soft X-ray spectrum. This source is not detected by the CGRO/EGRET, but it is in
the Fermi 1FGL source list (Abdo et al. 2010b). Figure A.21 shows the X-ray spectrum
from our analysis, and Figure B.16 shows the broadband SED of 2155−152. The SED in
the X-ray band has a flat profile, which might imply the intersection of the synchrotron
and the IC hump is in the X-ray band. We obtained similar values for the energy peaks of
the two humps. To our knowledge, our broadband SED is the first one to be published for
this source.

2200+420 BL Lac is a flat spectrum BL Lac object. This famous source is well-
studied and is very active across the electromagnetic spectrum. BL Lac is associated
with the EGRET source 3EG J2202+4217 (Mattox et al. 2001), and it is also detected by
Fermi/LAT (Abdo et al. 2010b); it is also a TeV emitter (Albert et al. 2007). Papadakis
et al. (2007) reported the long term optical spectral variability of this source, and Villata
et al. (2009) studied its optical and radio long term variability. Bach et al. (2006b) studied
the structural evolution of BL Lac using VLBI observations. Figure A.21 shows the X-ray
spectrum from our analysis, and Figure B.16 shows the broadband SED of BL Lac. As
presented, we obtained a slightly higher energy peak for the synchrotron hump than the IC
hump. We derived a synchrotron peak frequency of ∼ 10

14 Hz, and it is in the range of low
synchrotron peaked BL Lac object, according to the threshold set by Abdo et al. (2010a).
Previous broadband SED study of BL Lac include the works by Giommi et al. (1995),
Sambruna et al. (1996), Nieppola et al. (2006), Albert et al. (2007), Celotti and Ghisellini
(2008), and Abdo et al. (2010a) (see Figure C.84 for two of the SED plots). Compare
our results with previous findings, we see that the SED profile obtained by Abdo et al.
(2010a) is very similar to ours, and the peak frequencies of the two humps are consistent
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with earlier results.

2201+171 2201+171 is a flat spectrum radio quasar. This source is not detected by the
CGRO/EGRET, however, it is present in the Fermi 1FGL catalog (Abdo et al. 2010b).
Homan et al. (2001) investigated the parsec-scale circular polarization properties of this
source, and they found that the source has a fractional core linear polarization of 2.3%,
and a fractional core circular polarization of +0.24%. Figure A.21 shows the X-ray spec-
trum from our analysis, and Figure B.16 shows the broadband SED of 2201+171. As
presented, we obtained a higher energy peak of the IC hump than the synchrotron hump
with one-order of magnitude difference. To our knowledge, our broadband SED is the
first one to be published for this source.

2201+315 4C+31.63 is a flat spectrum, low polarization radio quasar. This source
is not detected by the CGRO/EGRET and the Fermi/LAT. Corbin and Boroson (1996)
studied the spectrum in the UV and the optical band of 4C+31.63, and Netzer et al.
(2007) presented the SED of this source in the optical, near IR, and far IR band with the
Spitzer measurements. Figure A.21 shows the X-ray spectrum from our analysis, Figure
B.16 shows the broadband SED of 4C+31.63. From our results, one can see that the
source is quite variable in the optical band. The SED in the X-ray band is flat, and in
the γ-ray band there is only one upper-limit point estimated by M. Böck (priv. comm.).
We obtained a higher energy peak of the synchrotron hump than the IC hump. To our
knowledge, our broadband SED is the first one to be published for this source.

2209+236 2209+236 is a core-dominated flat-spectrum radio quasar. The radio turn-
over frequency of this source is above 5 GHz (Dallacasa et al. 2000), which indicates that
the source is very compact and is possibly young. This source was identified as a HFP
source (Dallacasa et al. 2002), and Orienti et al. (2007) studied its spectral variability in
the radio band. 2209+236 is detected by the CGRO/EGRET (Mattox et al. 2001) and the
Fermi/LAT (Abdo et al. 2010b). Giommi et al. (2007) presented the Swift/XRT results
obtained in April 2005. Here we used the Swift observation obtained in April 2009 with
an integration time of 9 ks in the SED study (Obs. ID 00036359002). Figure A.21 shows
the X-ray spectrum from our analysis, and Figure B.16 shows the broadband SED of
2209+236. The source has a typical blazar SED profile, where the peaks of the low- and
high-energy part have a comparable value. To our knowledge, our broadband SED is the
first one to be published for this source.

2216−038 2216−038 is a flat spectrum radio quasar, and it is not detected by the
CGRO/EGRET and the Fermi/LAT. Tornikoski et al. (2001) studied the radio spectra and
variability of this source, and they found that it has an inverted spectrum between 1 and
8 GHz; Torniainen et al. (2005) presented the radio spectrum of 2216−038, and reported
a turnover frequency of 7.4 GHz (see Figure C.85). Figure A.22 shows the X-ray spec-
trum from our analysis, and Figure B.16 shows the broadband SED of 2216−038. As
presented, we obtained a higher energy peak for the synchrotron hump than the IC hump
with a difference of one order of magnitude. To our knowledge, our broadband SED is
the first one to be published for this source.
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2223−052 3C 446 is a flat spectrum, low polarization radio quasar. It is not detected by
the CGRO/EGRET, but it is in the Fermi 1FGL catalog (Abdo et al. 2010b). Figure A.22
shows the X-ray spectrum from our analaysis, and Figure B.16 shows the broadband SED
of 3C 446. As presented, the synchrotron hump of the SED is well-sampled in frequency.
We obtained comparable values for the synchrotron and the IC hump of the SED. Previ-
ously, Giommi et al. (1995) and Nieppola et al. (2006) presented the synchrotron part of
the broadband SED (see Figure C.86 for the result of Nieppola et al. 2006). We derived
a peak frequency of 1013 Hz for the synchrotron hump, and our result is consistent with
previous findings.

2227−088 PHL 5225 is a flat spectrum, high polarization radio quasar. It is not detected
by the CGRO/EGRET, but it is in the Fermi 1FGL catalog (Abdo et al. 2010b). Tornikoski
et al. (2000) studied the millimeter spectrum from 90 GHz to 230 GHz of PHL 5225;
Siebert et al. (1998) reported the X-ray properties of this source. Figure A.22 shows
the X-ray spectrum from our analysis, and Figure B.17 shows the broadband SED of
PHL 5225. As presented, we obtained a much higher energy peak for the IC hump than the
synchrotron hump with almost two-order of magnitude difference. Previously, Giommi
et al. (2007) presented the broadband SED of this source using the Swift observation and
archival data (see Figure C.87), however, they did not apply models to the SED.

2230+114 CTA 102 is a flat spectrum, high polarization radio quasar. This source is
possibly associated to the EGRET source 3EG J2232+1147 (Mattox et al. 2001), and it
is detected by Fermi/LAT (Abdo et al. 2010b). Gabuzda et al. (2008) studied the radio
circular polarization of CTA 102, and they suggested a helical magnetic field in its jet.
Figure A.22 shows the X-ray spectrum from our analysis, and Figure B.17 shows the
broadband SED of CTA 102. As shown, we derived a higher IC energy peak than the
synchrotron hump with one-order of magnitude difference. Celotti and Ghisellini (2008)
studied the broadband SED of CTA 102, and they applied a jet model with SSC and EC
photon source to the data points (see Figure C.88). They obtained a higher IC hump than
the synchrotron hump, which is consistent with our results, and the values of the peak
frequencies they derived are similar to ours.

2243−123 2243−123 is a flat spectrum, high polarization radio quasar. This source
is not detected by the CGRO/EGRET and the Fermi/LAT. Figure A.22 shows the X-ray
spectrum from our analysis, and Figure B.17 shows the broadband SED of 2243−123.
As presented, we obtained a very low energy peak of the IC hump, which is more than
one order of magnitude lower than the synchrotron hump. Tavecchio et al. (2002) studied
the broadband SED of 2243−123, and they applied an SED model using SSC plus EC
radiation field (see Figure C.89). They obtained a higher energy peak of the synchrotron
hump than the IC hump, which is consistent with our result.

2251+158 3C 454.3 is a flat spectrum, high polarization radio quasar. This source is
detected by the CGRO/EGRET (Mattox et al. 2001) and the Fermi/LAT (Abdo et al.
2010b), and it is well-studied from the radio to the γ-ray band. There are many broadband
SED studies of this source (e.g., Giommi et al. 2006, Ghisellini et al. 2007, Tavecchio et al.
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2007, Celotti and Ghisellini 2008, and Sikora et al. 2008). Figure A.22 shows the X-ray
spectrum from our analysis, and Figure B.17 shows the broadband SED of 3C 454.3. As
presented, the SED has a very good frequency coverage. We derived a higher energy peak
of the IC hump than the synchrotron hump with a difference of two orders of magnitudes.
Figure C.90 displays two broadband SED studies by Ghisellini et al. (2007) and Abdo
et al. (2010a), and one can find that the variations of the SED are quite significant during
its flaring phase. To understand the physical mechanism of this source, simultaneous
observations in all bands are needed in order to constrain the SED models better.

2331+073 2331+073 is a flat spectrum radio quasar. This source is not detected by
the CGRO/EGRET, but it is in the Fermi 1FGL catalog (Abdo et al. 2010a). Figure A.23
shows the X-ray spectrum from our analysis, and Figure B.17 shows the broadband SED
of this source. The SED in the optical band shows an inverted profile compare with a
typical blazar SED, and this might imply a third hump is needed in the SED fit. However,
we keep the double hump profile and derive the peak positions in our study. We obtained
comparable values of the energy peaks for the synchrotron and the IC hump of the SED.
To our knowledge, our broadband SED is the first one to be published for this source.

2345−167 2345−167 is a flat spectrum, high polarization radio quasar. This source
is not detected by the CGRO/EGRET, but it is in the Fermi 1FGL catalog (Abdo et al.
2010a). Siebert et al. (1998) presented the X-ray properties of 2345−167. Figure A.23
shows the X-ray spectrum from our analysis, and Figure B.17 shows the broadband SED
of this source. We find that the SED in the optical and the X-ray band have different slopes
compared to typical blazar SED profiles, and it appears that there is a third hump from the
optical to the X-ray band. Further investigation is needed to confirm this possible hump.
At current stage, we still keep the double-hump polynomial models and derive the peak
positions of the SED. We obtained a slightly higher energy peak of the IC hump than the
synchrotron hump. To our knowledge, our broadband SED is the first one to be published
for this source.

2351+456 4C+45.51 is a flat spectrum radio quasar. This source is possibly associated
to the EGRET source 3EG J2358+4604 (Mattox et al. 2001), and it is not detected by the
Fermi/LAT. In our analysis, the Swift/XRT observation of this source has an integration
time of 8 ks (Obs. ID 00035048001), and the X-ray spectrum has only one energy bin
after grouping (see Figure A.23). To estimate the flux, we assumed a photon index of
Γ = 1.8 and a NH value of 9.18×10

20 cm−2 with an absorbed power-law model. The
Swift/UVOT observation of the same epoch has no detections of this source in the optical
band, and we used the available data obtained by the six filters to estimate the upper-
limit of the source. Figure A.23 shows the X-ray spectrum from our analysis, and Figure
B.17 shows the broadband SED of 2351+456. As noted, the data in the optical bands are
upper-limits. We obtained comparable values of the synchrotron peak and the IC peak.
To our knowledge, our broadband SED is the first one to be published for this source.
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4.6 Statistical Properties of the MOJAVE Sample
In the previous section, we presented the broadband SED of each MOJAVE source, and
we compared our results with earlier SED studies, if any. As mentioned, the MOJAVE I
sample consists of 135 radio-selected bright blazars which constitute a statistically com-
plete sample of 101 quasars, 22 BL Lac Objects, 8 radio galaxies, and 4 unidentified
AGN. In this section, we will investigate the relationships between different parameters
derived from the VLBI, X-ray, and broadband SED properties. By distinguishing differ-
ent types of AGN in our sample, we are able to study the behaviors of each group. In
the previous sections, we derived the flux and the photon index (ΓX) in the X-ray band of
the MOJAVE sources (see Table 4.6). By using the flux and luminosity distance, we can
derive the luminosity of each source (LX). From the polynomial fit of broadband SED,
we derived the peak positions of the synchrotron and the IC hump (νsync

peak, νIC
peak, νFν

sync
peak,

and νFν
IC
peak; see Appendix B). In Section 4.6.1, we will present the histograms of the

derived parameters, and we want to see if there is any difference between quasars, BL Lac
objects, and radio galaxies. In Section 4.6.2, we investigate possible relations between the
derived parameters of our results and VLBI properties: the maximum apparent jet speed
(βapp; Lister et al. 2009b). We show the dispersion plots of those parameters and discuss
possible correlations.

4.6.1 Histograms
X-ray Properties

Figure 4.12 and 4.13 show the distributions of the X-ray photon index and luminosity of
the MOJAVE sample. Figure 4.12 shows the distributions of quasars and BL Lac objects
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Figure 4.12: X-ray photon index distribution of the MOJAVE sample.
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Figure 4.13: X-ray luminosity distribution of the MOJAVE sample.

share the same tendency, that both groups have a maximum number of objects with the
photon indices in the range of 1.6 < ΓX < 1.9. As for the radio galaxies, most of
the objects locate in the range of 1.5 < ΓX < 1.8. Note that we excluded 10 sources
(see Table 4.8 for the list) in the analysis of the photon index, since we could not obtain
reliable values for them from the poor quality of the spectra. To estimate their fluxes,
we assumed a value for the photon index of 1.8 (see Appendix A for details). Figure
4.13 shows the distribution of the X-ray luminosity of the MOJAVE sample. We see that
quasars have the maximum number of objects located at ∼ 10

45.8 erg s−1, whereas BL
Lac objects distribute more evenly in the range of 1044−47 erg s−1. The X-ray luminosity
distribution of the radio galaxies is at a lower energy range, which is between 10

42 erg s−1

and 10
45 erg s−1. Four BL Lac objects were excluded in the luminosity analysis since their

redshifts are unknown (see Table 4.8 for a list of the four sources).

Table 4.8: Sources excluded from the parameter study.
LX

(a)
ΓX

(b) SEDsync (c) SEDIC (d)

0048−097 0529+483 1758+388 0316+413 0003−066 1228+126 1758+388
0300+470 0838+133 2021+614 0716+714 0016+731 1417+385 1800+440
0422+004 1504−166 2037+511 1228+126 0119+115 1504−166 1936−155
0735+178 1726+455 2131−021 1957+405 0316+413 1538+149 2021+614

1751+288 2351+456 2136+141 1038+064 1637+574 2121+053
1045−188 1741−038

(a) Sources excluded for the X-ray luminosity study due to unknown redshift.
(b) Sources excluded for the X-ray photon index study due to poor quality of X-ray spectrum.
(c) Sources excluded for the synchrotron hump study due to poor data sampling in the SED.
(d) Sources excluded for the IC hump study due to poor data sampling in the SED.
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Kadler (2005) studied the X-ray luminosity and photon index distribution of quasars,
BL Lac objects, and radio galaxies in the 2cm-X-Sample, which is a subsample of the
MOJAVE sample, and he presented the distribution of the two parameters in his work as
well. He found that quasars have a higher range of luminosity (1044 < LX < 10

48 erg s−1),
while as BL Lac objects distribute in the range of 1043.5−46.5 erg s−1, and radio galaxies
locate at the range of 1041−44 erg s−1. For the X-ray photon indices, Kadler (2005) found
that quasars tend to have flatter spectra with their distribution centered at ΓX ∼ 1.7 and
spanning from 1.1 to 2; BL Lac objects distribute evenly in a range of 1.4 < ΓX < 2,
and radio galaxies have the steepest distribution in the range of 1.6 < ΓX < 2.4. Our
results on the X-ray properties derived from the MOJAVE sample are consistent with the
previous findings by Kadler (2005) using the 2cm-X-Sample.

Broadband SED Properties

As shown in Appendix B, we derived the peak positions of the SED for most of the
objects. For the synchrotron hump, we have estimated all peak positions except for five
sources (see Table 4.8). For example, we do not include the result of the synchrotron peak
of the radio galaxy 0316+413 due to the high variability of the data (see Figure B.3). For
the IC hump, there are 16 sources that have no peak value estimated due to the lack of high
energy data. Among them, there are 12 quasars, 2 BL Lac objects, and 2 radio galaxies
(see Table 4.8 for a list of the 16 sources).

Figure 4.14 and 4.15 show the distribution of the peak frequencies of the low en-
ergy (synchrotron) and high energy (IC) hump, νsync

peak and ν
IC
peak. In Figure 4.14, we see

that most of the MOJAVE quasars have the synchrotron peak frequency below 1014 Hz,
which can be classified as low synchrotron peaked blazars by the definition of Abdo et al.
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Figure 4.14: Distribution of νsync
peak, which is the peak frequency of the synchrotron hump

in the SED, of the MOJAVE sample.
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Figure 4.15: Distribution of νIC
peak, which is the peak frequency of the IC hump in the

SED, of the MOJAVE sample.

(2010a). Also, the majority of the MOJAVE blazars have the peak frequency in the range
of 10

13−15 Hz. The synchrotron peak frequencies of BL Lac objects are mostly in the
range of 1013.5−14.5 Hz, and the radio galaxies have a lower value of νsync

peak, which is in the
range of 1012.5−14 Hz.

In Figure 4.15, we find that the peak frequencies of the IC hump have a wider range
in their distribution. The first thing to be noticed is that the quasars seem to have two
dominant peaks in the histogram, one centered at νIC

peak ∼ 10
21 Hz, and another centered

at νIC
peak ∼ 10

23 Hz. The BL Lac objects have their peak frequencies distributed in a high
energy range of 1022.5 Hz < ν

IC
peak < 10

23.5 Hz, whereas the radio galaxies have a much
lower value of νIC

peak.
The energy peak histograms of the synchrotron and the IC hump also look a bit differ-

ent. Figure 4.16 shows the histogram of the synchrotron energy peak νFν

sync
peak. From this

plot, we find that the radio galaxies have the highest energy peak of the synchrotron hump
among all sources. The BL Lac objects have their distribution centered at νFν

sync
peak ∼

10
12.2 Hz Jy, and the quasars have their highest distribution at νFν

sync
peak ∼ 10

12 Hz Jy,
which is the lowest among the three.

The energy peak histogram of the IC hump is shown in Figure 4.17, in which we
excluded 17 sources for IC peak analysis due to the lack of high energy data (see Table
4.8 for the list). Again, the IC energy peaks of quasars appear to have two dominant
distribution peaks, one centered at νFν

IC
peak ∼ 10

11−11.5 Hz Jy, and another centered at
νFν

IC
peak ∼ 10

13 Hz Jy. This result is similar to the histogram of the IC peak frequency
(see Figure 4.15). For the BL Lac objects, we find the dominant distribution peaks at
10

12.5 Hz Jy. The radio galaxies have a peak distribution around νFν
IC
peak ∼ 10

13 Hz Jy.
Abdo et al. (2010a) studied the broadband SED of the γ-ray selected Fermi LBAS

sample (see Abdo et al. 2009b for the LBAS sample). They found that the synchrotron
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Figure 4.16: Distribution of νFν

sync
peak, which is the energy peak of the synchrotron hump

in the SED, of the MOJAVE sample.
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Figure 4.17: Distribution of νFν
IC
peak, which is the energy peak of the IC hump in the

SED, of the MOJAVE sample.

peak frequencies of the SED for the flat spectrum radio quasars (FSRQ) in the LBAS
sample locate in a range of 1012.5 Hz < ν

sync
peak < 10

14 Hz, and for the BL Lac objects,
they span in a broader range of 1012.5−16.5 Hz (see Figure 4.18). We obtain similar results
for the quasars in the MOJAVE sample, however, the BL Lac objects in our sample share
the same distribution range as the quasars. This is due to a selection effect: the high

137



4 The Broadband Spectral Energy Distribution of the MOJAVE Sample

Figure 4.18: The distributions of νsync
peak (left) and ν

IC
peak (right) by Abdo et al. (2010a). The

upper panel of the left-hand-side figure shows the ν
sync
peak distribution of the flat spectrum

radio quasars (FSRQ) in the Fermi LBAS sample (Abdo et al. 2009b), and the lower panel
shows the distribution of the BL Lac objects. The dot-dashed line in the right-hand-side
figure represents the ν

IC
peak distribution of the LBAS FSRQ, and the solid line represents

the BL Lac objects in the LBAS sample.

synchrotron peaked blazars have lower radio flux densities, and those objects are not
included in the radio-selected MOJAVE sample.

The distributions of the IC peak frequency (νIC
peak) for FSRQ and BL Lac objects by

Abdo et al. (2010a) are shown in Figure 4.18. They found that LBAS FSRQ have a lower
IC peak frequency distribution with the majority of sources located in 10

21.5
Hz < ν

IC
peak <

10
23 Hz, whileas BL Lac objects have a higher value of frequency distribution with most

of the sources located in 10
22.5

Hz < ν
IC
peak < 10

24 Hz. Compare to our results shown
in Figure 4.15, we obtain two peaks for the quasar distribution, and the distribution of
BL Lac objects overlaps with the quasar distribution at higher frequencies. We need to
investigate further to understand the double-peaked distribution of the IC peak frequency.

4.6.2 Dispersion Relation
In this section, we present the dispersion plots of the seven parameters: the apparent jet
speed βapp, the luminosity LX, the photon index ΓX, and the SED peaks: ν

sync
peak, νIC

peak,
νFν

sync
peak, and νFν

IC
peak. Except βapp, taken from the results by Lister et al. (2009b), the

other six parameters are the results of this thesis. We plot two of the parameters in each
plot, and from Figure 4.19 to 4.39, we show all combinations of the seven parameters. We
want to search for possible relations between the six parameters, and for quick indexing,
Table 4.9 lists the corresponding number of the figures of each pair-parameter. Further
correlations with other parameters collected by the MOJAVE collaboration and related
works are outside of the scope of this work.

Apparent Jet Speed

From Figure 4.19 to 4.24, we present six dispersion plots which show the relation between
βapp and the other six parameters. From the plots, we see that the apparent jet speed has
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Table 4.9: The number of figures which correspond to different pair-parameters.
βapp LX ΓX ν

sync
peak νFν

sync
peak ν

IC
peak νFν

IC
peak

βapp - - - - - - -
LX Figure 4.19 - - - - - -
ΓX Figure 4.20 Figure 4.25 - - - - -
ν
sync
peak Figure 4.21 Figure 4.26 Figure 4.30 - - - -

νFν

sync
peak Figure 4.22 Figure 4.27 Figure 4.31 Figure 4.34 - - -

ν
IC
peak Figure 4.23 Figure 4.28 Figure 4.32 Figure 4.35 Figure 4.37 - -

νFν
IC
peak Figure 4.24 Figure 4.29 Figure 4.33 Figure 4.36 Figure 4.38 Figure 4.39 -

a possible relation with three parameters: X-ray luminosity, synchrotron energy peak
(νFν

sync
peak), and IC peak frequency (νIC

peak).

βapp and LX Figure 4.19 displays the relation of the apparent jet speed and the X-ray
luminosity of the MOJAVE sources. As shown, there is no low luminosity sources with
high apparent jet speeds. We found that the radio galaxies distribute at lower luminosity
range and have lower apparent jet speed, and the quasars have the highest apparent jet
speed and X-ray luminosity. Similar results are obtained in the radio band (Cohen et al.
2007) and in the γ-ray band (Kadler et al. in prep.) using the MOJAVE sample.

βapp and νFν
sync
peak Figure 4.22 shows the relation of the apparent jet speed and the

synchrotron energy peak of the SED for the MOJAVE sources. We find that for quasars,
there is no source with a low synchrotron energy peak displays a high apparent speed.
However, this trend is not obvious for BL Lac objects and radio galaxies. This might
imply that the energy output of the SED synchrotron hump is related to the apparent jet
speed.

βapp and νIC
peak Figure 4.23 shows the relation of the apparent jet speed and the IC

peak frequency of the SED for the MOJAVE sources. In this plot, we see a clear relation
between the two parameters: no sources with low IC peak frequencies have high appar-
ent speeds, and the sources with the highest IC peak frequency have the highest apparent
speeds. From our current understanding of the broadband emission from blazar jet, the IC
hump in the SED is produced by seed photons upscattered through leptonic and hadronic
mechanisms. To obtain a higher value of IC peak frequency, highly-energetic photons and
protons are needed to upscatter seed photons, and this is more likely to happen in blazar
jets with high Lorentz factors, which would cause higher apparent speeds.

We do not see obvious relations between apparent jet speed and the three other parameters
(ΓX, νsync

peak, and νFν
IC
peak; see Figure 4.20, 4.21, and 4.24). Figure 4.24 shows the relation

of the apparent jet speed and the IC energy peak of the SED for the MOJAVE sources.
We see that for the sources with apparent jet speed βapp < 22, they distribute evenly in
the νFν

IC
peak axis at the range of 1011−14 Hz Jy. For the sources with higher apparent jet

speeds of βapp > 22, they are all quasars and occupy a higher range of νFν
IC
peak between

10
13−14 Hz Jy.
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X-ray and Broadband SED Properties

In this section, we will discuss about possible relations of X-ray and broadband SED
properties for the MOJAVE sources. From Figure 4.25 to 4.33, we show the dispersion
plots of X-ray and broadband SED parameters.

LX and ΓX Figure 4.25 shows the relation of X-ray luminosity and photon index of the
MOJAVE sample. We find that the sources with flatter spectra tend to have higher X-ray
luminosity, and note that there is no source with a low X-ray photon index and a low X-
ray luminosity. This relation is more obvious for the quasars and the radio galaxies in the
MOJAVE sample; BL Lac objects have a looser distribution and we do not see the trend.

LX and νFν
sync
peak Figure 4.27 shows the relation between X-ray luminosity and syn-

chrotron energy peak of the SED for the MOJAVE sources. We do not find a general
trend for the three classes of AGN, however, we see a small trend for the quasars. The
quasars which have a higher synchrotron energy peak tend to have a slightly higher X-ray
luminosity. The radio galaxies locate at the bottom of the plot due to their low X-ray
luminosity, and the BL Lac objects distribute loosely without any trend.

LX and νIC
peak Figure 4.28 shows the relation between X-ray luminosity and IC peak

frequency of the SED for the MOJAVE sources. We see that the three classes of AGN
have a tendency to cluster together with its own kind: the quasars distribute at the upper
part of the plot due to their high X-ray luminosity; the BL Lac objects distribute on the
right-hand-side of the plot for their higher value of νIC

peak; the radio galaxies distribute at
the lower-left of the plot for their low X-ray luminosity and IC peak frequency. However,
we do not observe a clear relation between X-ray luminosity and IC peak frequency.

ΓX and νsync
peak Figure 4.30 shows the relation between X-ray photon index and syn-

chrotron peak frequency of the SED for the MOJAVE sources. We see a possible positive
trend between the two parameters, that the sources with steeper X-ray spectrum tend to
have a slightly higher synchrotron peak frequency. However, there are a few sources dis-
perse from the cluster of sources, and we need further examination to verify this relation.

We do not see obvious trends for the following pair-parameters: LX–νsync
peak (Figure 4.26),

LX–νFν
IC
peak (Figure 4.29), νFν

sync
peak–ΓX (Figure 4.31), ΓX–νIC

peak (Figure 4.32), and νFν
IC
peak–

ΓX (Figure 4.33).

The Relation between Broadband SED Peaks

In this section, we investigate possible relations between the peak positions of the syn-
chrotron and the IC hump in the broadband SED of the MOJAVE sources. From Figure
4.34 to 4.39, we show the dispersion plots between the four parameters: νsync

peak, νFν

sync
peak,

ν
IC
peak, and νFν

IC
peak.
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νIC
peak and νFν

IC
peak Figure 4.39 shows the relation between IC peak frequency and

energy peak value in the SED of the MOJAVE sample. We see a positive trend in the
dispersion plot: the sources which have a higher IC peak frequency tend to have a higher
value of IC energy peak. This trend is very obvious for the MOJAVE quasars, for which
no low-IC frequency peak sources have a high IC energy peak in the broadband SED. The
BL Lac objects and the radio galaxies occupy the two ends of the quasar distribution, and
the relation in the two classes of AGN is less prominent.

We do not find obvious trends for the following pair-parameters: νFν

sync
peak–νsync

peak (Fig-
ure 4.34), νIC

peak–νsync
peak (Figure 4.35), νFν

IC
peak–νsync

peak (Figure 4.36), νFν

sync
peak–νIC

peak (Figure
4.37), and νFν

IC
peak–νFν

sync
peak (Figure 4.38).

4.7 Summary
In this chapter, we constructed the (quasi-)simultaneous broadband SED for the 135 MO-
JAVE sources. We analyzed Swift UVOT and XRT data, and we derived the X-ray pa-
rameter for each source by fitting X-ray spectrum. We performed polynomial fits to the
double-hump profile of the blazar SED, and we derived the peak positions of the syn-
chrotron and the IC hump in the SED for all sources. In the last section, we presented
the preliminary distribution study of the derived parameters from the X-ray and broad-
band SED analysis. The complete statistical analysis for searching correlations between
parameters will be presented in a forthcoming publication (Chang et al. in prep.).
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Figure 4.19: Maximum apparent speed
(Lister et al. 2009b) as a function of the X-
ray luminosity for the sources in the MO-
JAVE sample. See text for discussion.
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Figure 4.20: Maximum apparent speed
(Lister et al. 2009b) as a function of the
X-ray photon index for the sources in the
MOJAVE sample.
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Figure 4.21: Maximum apparent speed
(Lister et al. 2009b) as a function of the
synchrotron peak frequency (νsync

peak) for the
sources in the MOJAVE sample.
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Figure 4.22: Maximum apparent speed
(Lister et al. 2009b) as a function of the
synchrotron energy peak (νFν

sync
peak) for the

sources in the MOJAVE sample. See text
for discussion.

�� �� �� ��
�% �-���,������

�

��

��

��

��

	�


�

&
&�

'�
$)
��&

��
��
��
�

�*�(�'(�������
���������"��)(�������
���!%���#�+!�(����	�

Figure 4.23: Maximum apparent speed
(Lister et al. 2009b) as a function of the
IC peak frequency (νIC

peak) for the sources
in the MOJAVE sample. See text for dis-
cussion.
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Figure 4.24: Maximum apparent speed
(Lister et al. 2009b) as a function of the
IC energy peak (νFν

IC
peak) for the sources

in the MOJAVE sample.
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Figure 4.25: X-ray luminosity as a func-
tion of X-ray photon index for the sources
in the MOJAVE sample. See text for dis-
cussion.
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Figure 4.26: X-ray luminosity as a func-
tion of synchrotron peak frequency (νsync

peak)
for the sources in the MOJAVE sample.
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Figure 4.27: X-ray luminosity as a func-
tion of synchrotron energy peak of the SED
(νFν

sync
peak) for the sources in the MOJAVE

sample. See text for discussion.
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Figure 4.28: X-ray luminosity as a func-
tion of IC peak frequency of the SED
(νIC

peak) for the sources in the MOJAVE
sample. See text for discussion.
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Figure 4.29: X-ray luminosity as a func-
tion of IC energy peak of the SED
(νFν

IC
peak) for the sources in the MOJAVE

sample.
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Figure 4.30: X-ray photon index as a func-
tion of synchrotron peak frequency of the
SED (νsync

peak) for the sources in the MO-
JAVE sample. See text for discussion.
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Figure 4.31: Synchrotron energy peak of
the SED (νFν

sync
peak) as a function of X-ray

photon index for the sources in the MO-
JAVE sample.

�� � �� �� �� �	 �
 ��
�("�0���/������

�

���

�

���

	

��
)�
.�
�#
(+
('
��'
 !
-

�,�*�)*�����	�
���������%!�+*������
�� $(���&�-$!*������

Figure 4.32: X-ray photon index as a func-
tion of IC peak frequency of the SED
(νIC

peak) for the sources in the MOJAVE
sample.

144



4.7 Summary

��� � ��� � ��� 	
��, 1��&+.+*��*#$0

��

��

�	

�


��

��

�+
%�
3�
3�
��
2��
1�
���
�
�

�/ - ,-����	�
���� "��!($".-�������
� #'+�� ) 0'$-������

Figure 4.33: IC energy peak of the SED
(νFν

IC
peak) as a function of X-ray photon in-

dex for the sources in the MOJAVE sam-
ple.
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Figure 4.34: Synchrotron energy peak
(νFν

sync
peak) as a function of synchrotron

peak frequency (νsync
peak) of the SED for the

sources in the MOJAVE sample.
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Figure 4.35: IC peak frequency (νIC
peak) as

a function of synchrotron peak frequency
(νsync

peak) of the SED for the sources in the
MOJAVE sample.
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Figure 4.36: IC energy peak (νFν
IC
peak) as

a function of synchrotron peak frequency
(νsync

peak) of the SED for the sources in the
MOJAVE sample.
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Figure 4.37: Synchrotron energy peak
(νFν

sync
peak) as a function of IC peak fre-

quency (νIC
peak) of the SED for the sources

in the MOJAVE sample.
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Figure 4.38: IC energy peak (νFν
IC
peak)

as a function of synchrotron energy peak
(νFν

sync
peak) of the SED for the sources in the

MOJAVE sample.
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Figure 4.39: IC energy peak (νFν
IC
peak) as

a function of IC peak frequency (νIC
peak) of

the SED for the sources in the MOJAVE
sample. See text for discussion.
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A The X-ray Spectra of the MOJAVE
Sample

We analyzed the X-ray spectra of all the MOJAVE sources observed by the Swift/XRT.
In this Appendix, we present the X-ray spectra of the 135 sources together with a fit to
the data. As described in Section 4.4.1, we applied an absorbed power law model to each
source (see Table A.1 for exceptional cases). The fitting results are reasonably good for
most of the sources. However, there are a few exceptional cases in which the absorbed
power law model does not give a satisfactory fit. For those sources, we applied different
models to them (see Table A.1). Nine of the sources have less than three energy bins after
data grouping, which is less than the free parameters in the absorbed power law model.
For those sources, we fix the NH value to the Galactic measurement (Kalberla et al. 2005),
and we assume the photon index to be ΓX = 1.8, in order to estimate the source flux (see
Table 4.6 for those sources). In Table 4.6, we presented the derived parameters from the
spectral fitting results: intrinsic NH value, photon index (ΓX), flux (FX), reduced χ

2 (χ2
red),

and degree of freedom (d.o.f.), which is simply the number of energy bins subtracted by
the free parameters of fit.

Table A.1: The different models used to fit the spectra of the MOJAVE sources.
Name XSPEC model
0238−084 phabs(1)×(mekal+phabs(2)×powerlaw)
0316+413 phabs(1)×phabs(2)×(powerlaw+gauss+mekal)
1228+126 phabs(1)×(mekal+phabs(2)×powerlaw)
Other sources phabs(1)×phabs(2)×powerlaw
Note: phabs – photoelectric absorption model;

mekal – warm absorber model for hot diffuse gas (Mewe et al. 1985);
powerlaw – a simple photon power law model;
gauss – Gaussian component to model line emission.
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Figure A.1: The X-ray spectra of the MOJAVE sources measured by Swift/XRT or-
dered by RA. The B1950 source name is shown in the title of each plot, together with
data grouping criteria: the minimum raw counts in each energy bin. The x-axis is the
energy of emission in the unit of keV, and the y-axis is the normalized counts in the
unit of counts s−1 keV−1. The upper panel shows the spectral data (cross) and the fitted
model (solid line); the lower panel shows the goodness of fit: (data−model)×∆χ

2. From
upper-left to bottom-right: 0003−066, 0007+106, 0016+731, 0048−097, 0059+581,
and 0106+013.
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Figure A.2: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 0109+224, 0119+115,
0133+476, 0202+149, 0202+319, and 0212+735.
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Figure A.3: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 0215+015, 0224+671,
0234+285, 0235+164, 0238−084, and 0300+470.
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Figure A.4: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 0316+413, 0333+321,
0336−019, 0403−132, 0415+379, and 0420−014.
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Figure A.5: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 0422+004, 0430+052,
0446+112, 0458−020, 0528+134, and 0529+075.

152



A The X-ray Spectra of the MOJAVE Sample

0

10−3

2×10−3

3×10−3

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  k
eV

−1

0529+483 XRT (group min 20)

1.5 2 2.5 3 3.5 4

−0.05

0

0.05

0.1

si
gn

(d
at

a−
m

od
el

) ×
 !

 "
2

Energy (keV)

0

5×10−3

0.01

0.015

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  k
eV

−1

0552+398 XRT (group min 25)

1.5 2 2.5 3 3.5 4 4.5

−0.5

0

0.5

si
gn

(d
at

a−
m

od
el

) ×
 !

 "
2

Energy (keV)

0

0.01

0.02

0.03

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  k
eV

−1

0605−085 XRT (group min 25)

1 2 3 4 5 6

−2

0

2

si
gn

(d
at

a−
m

od
el

) ×
 !

 "
2

Energy (keV)

0

0.02

0.04

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  k
eV

−1

0607−157 XRT (group min 25)

1 2 3 4 5 6
−2

0

2

si
gn

(d
at

a−
m

od
el

) ×
 !

 "
2

Energy (keV)

0

2×10−3

4×10−3

6×10−3

8×10−3

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  k
eV

−1

0642+449 XRT (group min 20)

1 2 3 4 5 6 7 8
−1

0

1

2

si
gn

(d
at

a−
m

od
el

) ×
 !

 "
2

Energy (keV)

0

2×10−3

4×10−3

6×10−3

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  k
eV

−1

0648−165 XRT (group min 20)

1.5 2 2.5 3 3.5 4 4.5
−5×10−4

0

5×10−4

10−3

1.5×10−3

si
gn

(d
at

a−
m

od
el

) ×
 !

 "
2

Energy (keV)

Figure A.6: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 0529+483, 0552+398,
0605−085, 0607−157, 0642+449, and 0648−165.
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Figure A.7: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 0716+714, 0727−115,
0730+504, 0735+178, 0736+017, and 0738+313.
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Figure A.8: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 0742+103, 0748+126,
0754+100, 0804+499, 0805−077, and 0808+019.
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Figure A.9: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 0814+425, 0823+033,
0827+243, 0829+046, 0836+710, and 0838+133.
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Figure A.10: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 0851+202, 0906+015,
0917+624, 0923+392, 0945+408, and 0955+476.
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Figure A.11: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 1036+054, 1038+064,
1045−188, 1055+018, 1124−186, and 1127−145.
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Figure A.12: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 1150+812, 1156+295,
1213−172, 1219+044, 1222+216, and 1226+023.
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Figure A.13: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 1228+126, 1253−055,
1308+326, 1324+224, 1334−127, and 1413+135.
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Figure A.14: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 1417+385, 1458+718,
1502+106, 1504−166, 1510−089, and 1538+149.
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Figure A.15: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 1546+027, 1548+056,
1606+106, 1611+343, 1633+382, and 1637+574.
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Figure A.16: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 1638+398, 1641+399,
1655+077, 1726+455, 1730−130, and 1739+522.
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Figure A.17: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 1741−038, 1749+096,
1751+288, 1758+388, 1800+440, and 1803+784.
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Figure A.18: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 1807+698, 1823+568,
1828+487, 1849+670, 1928+738, and 1936−155.
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Figure A.19: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 1957+405, 1958−179,
2005+403, 2008−159, 2021+317, and 2021+614.
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Figure A.20: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 2037+511, 2121+053,
2128−123, 2131−021, 2134+004, and 2136+141.
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Figure A.21: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 2145+067, 2155−152,
2200+420, 2201+171, 2201+315, and 2209+236.
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Figure A.22: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 2216−038, 2223−052,
2227−088, 2230+114, 2243−123, and 2251+158.

169



A The X-ray Spectra of the MOJAVE Sample

0

5×10−3

0.01

0.015

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  k
eV

−1

2331+073 XRT (group min 20)

1 2 3 4 5 6 7
−1

−0.5

0

0.5

si
gn

(d
at

a−
m

od
el

) ×
 !

 "
2

Energy (keV)

0

0.01

0.02

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  k
eV

−1

2345−167 XRT (group min 20)

0.5 1 1.5 2 2.5 3 3.5

0

0.2

0.4

0.6

si
gn

(d
at

a−
m

od
el

) ×
 !

 "
2

Energy (keV)

0

5×10−4

10−3

1.5×10−3

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  k
eV

−1

2351+456 XRT (group min 20)

1.4 1.6 1.8 2 2.2 2.4
−1.06×10−30

−1.04×10−30

−1.02×10−30

si
gn

(d
at

a−
m

od
el

) ×
 !

 "
2

Energy (keV)

Figure A.23: The X-ray spectrum of the MOJAVE sources measured by Swift/XRT or-
dered by RA (continuation). From upper-left to bottom-right: 2331+073, 2345−167, and
2351+456.
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Figure B.1: The broadband SEDs of the MOJAVE sources.
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Figure B.2: The broadband SEDs of the MOJAVE sources.
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Figure B.3: The broadband SEDs of the MOJAVE sources.
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Figure B.4: The broadband SEDs of the MOJAVE sources.
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Figure B.5: The broadband SEDs of the MOJAVE sources.
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Figure B.6: The broadband SEDs of the MOJAVE sources.
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Figure B.7: The broadband SEDs of the MOJAVE sources.
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Figure B.8: The broadband SEDs of the MOJAVE sources.
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Figure B.9: The broadband SEDs of the MOJAVE sources.
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Figure B.10: The broadband SEDs of the MOJAVE sources.
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Figure B.11: The broadband SEDs of the MOJAVE sources.
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Figure B.12: The broadband SEDs of the MOJAVE sources.
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Figure B.13: The broadband SEDs of the MOJAVE sources.
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Figure B.14: The broadband SEDs of the MOJAVE sources.
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Figure B.15: The broadband SEDs of the MOJAVE sources.
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Figure B.16: The broadband SEDs of the MOJAVE sources.
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Figure B.17: The broadband SEDs of the MOJAVE sources.
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C Previously Published Broadband
SED of the MOJAVE Sources

In this Appendix, we collected the published spectrum and broadband SED related to our
study of the MOJAVE sources. References, a detailed discussion, and the relationship to
our findings can be found in Section 4.5. Our SED results are shown in Appendix B.
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Figure C.1: The SED of 0003−066 at
the synchrotron hump by Nieppola et al.
(2006). The data are non-simultaneous,
and were collected from databases and
the literature. The dashed line denotes a
parabolic fit to the synchrotron component
of the SED.

Figure C.2: The SED of 0016+731 of
the synchrotron hump by Sambruna et al.
(1996). The x-axis is the frequency in the
unit of Hz.

Figure C.3: The broadband SED of
0048−097 presented by Abdo et al.
(2010a). The quasi-simultaneous data are
represented as large filled red symbols,
and the non-simultaneous archival mea-
surements are shown as small open grey
points. The dashed lines represent the
best fit of a third degree polynomial to the
quasi-simultaneous data.

Figure C.4: The radio spectrum of the flat
spectrum radio quasar 0059+581 (Marecki
et al. 1999). The x-axis denotes frequency
(GHz), and the y-axis is the flux density
(mJy).
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Figure C.5: The broadband SED of 0109+224 by Ciprini et al. (2004). The open and
filled symbols are the multiwavelength data source (noted in the plot); the arrows denote
upper limits; the bow-tie area is the slope obtained by ROSAT. The solid lines are the SSC
fits to the SED at the flaring state in December 2000 and low state in 1990.

Figure C.6: The broadband SED of
0133+476 by Abdo et al. (2010a). The
quasi-simultaneous data are represented as
large filled red symbols, and the non-
simultaneous archival measurements are
shown as small open grey points. The
dashed lines represent the best fit of
a third degree polynomial to the quasi-
simultaneous data.

Figure C.7: The broadband SED of
0202+149 by Celotti and Ghisellini
(2008). The model shown here was based
on an one-zone leptonic synchrotron and
IC mechanism, taking into account of the
seed photons originated both in the jet and
from external emission.
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Figure C.8: The broadband SED of
0202+319 by Giommi et al. (2007). The
blue points denote Swift UVOT and XRT
observations obtained in June 2006.

Figure C.9: The broadband SED of
0212+735 by Sambruna et al. (2007b).
The filled circles denote Swift UVOT, XRT,
and BAT 9-month data. The open circles
represent archival data. The solid line rep-
resents the best fit with a synchrotron and
IC model, and the dashed line represents
the contribution of the disk.

Figure C.10: The broadband SED of
0215+015 by Giommi et al. (2007).
The blue filled circles denotes the Swift
UVOT/XRT data observed in June 2005.
No physical or mathematical model was
fitted to the data.

Figure C.11: The broadband SED of
0234+285 by Abdo et al. (2010a). The
quasi-simultaneous data are represented as
large filled red symbols, and the non-
simultaneous archival measurements are
shown as small open grey points. The
dashed lines represent the best fit of
a third degree polynomial to the quasi-
simultaneous data.
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Figure C.12: The published broadband SED of 0235+164. Left: the SED variability
study by Bach et al. (2007). Different colors of points denote different epochs of obser-
vation. Right: the SED study by Abdo et al. (2010a). The quasi-simultaneous data are
represented as large filled red symbols, and the non-simultaneous archival measurements
are shown as small open grey points. The dashed lines represent the best fit of a third
degree polynomial to the quasi-simultaneous data.

Figure C.13: Radio spectra of 0238−084
by Torniainen et al. (2007).

Figure C.14: The simultaneous broad-
band SED of 0300+470 by Nieppola et al.
(2006). The data are non-simultaneous,
and were collected from databases and the
literature. The dashed line denotes the
parabolic fit to the synchrotron component
of the SED.

193



C Previously Published Broadband SED of the MOJAVE Sources

Figure C.15: The synchrotron
part of the broadband spectrum of
0316+413 by Antón et al. (2004)

Figure C.16: The radio to X-ray spectrum of
0333+321 by Ghosh and Soundararajaperumal
(1995). The X-ray data (∼ 10

18 GHz) were ob-
tained by EXOSAT in January 1985, and the other
points denote archival data. The numbers denote
the two-point spectral indices derived from the
dashed line.

Figure C.17: The broadband SED of
0336−019 (Celotti and Ghisellini 2008).
The model shown here was based on an
one-zone leptonic synchrotron and the IC
mechanism, taking into account the seed
photons originated both in the jet and from
external emission.

Figure C.18: The hard X-ray spectrum
of 0415+379 obtained by INTEGRAL
(Molina et al. 2008). The model is a cut-off
power law absorbed by Galactic and intrin-
sic NH column density, reflected by neu-
tral material plus a narrow Gaussian com-
ponent of the iron line.
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Figure C.19: The published broadband SED of 0420−014. Left: the archival SED col-
lected by Radecke et al. (1995). Right: the SED study by Abdo et al. (2010a). The quasi-
simultaneous data are represented as large filled red symbols, and the non-simultaneous
archival measurements are shown as small open grey points. The dashed lines represent
the best fit of a third degree polynomial to the quasi-simultaneous data.

Figure C.20: The synchrotron hump of
the SED on 0422+004 (Nieppola et al.
2006). The data are non-simultaneous,
and were collected from databases and
the literature. The dashed line denotes
the parabolic fit to the synchrotron com-
ponent of the SED.

Figure C.21: The published broadband SED of 0430+052. Left: the SED constructed by
Ogle et al. (2005). Panel a displays the observation of XMM-NEWTON in August 2003,
and panel b shows the flux points from the NED from 1967 to 2003. Right: the SED
study by Kataoka et al. (2007). The X-ray data were observed by Suzaku in March 2006,
and the other data are taken from the NED. The dashed line is the SED fit of an one-zone
homogeneous SSC model.
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Figure C.22: The SED of 0446+112 by
Celotti and Ghisellini (2008). The model
shown here was based on an one-zone lep-
tonic synchrotron and IC mechanism, tak-
ing into account of the seed photons orig-
inated both in the jet and from external
emission.

Figure C.23: The published broadband SED of PKS 0528+134. Left: the SED con-
structed by Ghisellini et al. (1999). Simultaneous observations are indicated by different
marks as labeled, and the solid lines are best fits to the 1995 and the 1997 spectra of a
homogeneous one-zone model. Right: the SED study by Abdo et al. (2010a). The quasi-
simultaneous data are represented as large filled red symbols, and the non-simultaneous
archival measurements are shown as small open grey points. The dashed lines represent
the best fit of a third degree polynomial to the quasi-simultaneous data.

Figure C.24: The radio spectrum of
0552+398 (Fey et al. 1985).
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Figure C.25: The radio and X-ray overlaid image of 0605−085 by Sambruna
et al. (2004). The white contour is the VLA 5 GHz observation, and the grey-
scale represents the Chandra image in the 0.5–8 keV energy range.

Figure C.26: Selected published broadband SED of 0716+714. Left: the SED con-
structed by Foschini et al. (2006a). The cross, points, and open squares represent simulta-
neous INTEGRAL data (Pian et al. 2005), XMM-Newton EPIC and OM data. The triangles
represent the radio to the X-ray observations in 1996 (Giommi et al. 1999). Right: the
SED study by Abdo et al. (2010a). The quasi-simultaneous data are represented as large
filled red symbols, and the non-simultaneous archival measurements are shown as small
open grey points. The dashed lines represent the best fit of a third degree polynomial to
the quasi-simultaneous data.

Figure C.27: The broadband SED of
0727−115 published by Abdo et al.
(2010a). The quasi-simultaneous data
are represented as large filled red sym-
bols, and the non-simultaneous archival
measurements are shown as small open
grey points. The dashed lines represent
the best fit of a third degree polynomial
to the quasi-simultaneous data.
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Figure C.28: The broadband SED of
0735+178 published by Nieppola et al.
(2006). The data are non-simultaneous, and
were collected from databases and the liter-
ature. The dashed line denotes the parabolic
fit to the synchrotron component of the SED.

Figure C.29: The SED in the radio band
of 0742+103 presented by Torniainen
et al. (2005). The dashed lines represent
the linear fit performed to derive dif-
ferent spectral indices separated by the
turn-over frequency.

Figure C.30: The SED in the radio band of
0748+126 presented by Torniainen et al.
(2005). The dashed lines represent the lin-
ear fit performed to derive different spec-
tral indices separated by the turn-over fre-
quency, which is 37 GHz in this case.

Figure C.31: The synchrotron hump of the
broadband SED of 0754+100 presented by
Giommi et al. (1995). The data presented
are taken from non-simultaneous archival
data.

Figure C.32: The broadband SED of
0804+499 presented by Celotti and Ghis-
ellini (2008). The model shown here was
based on an one-zone leptonic synchrotron
and IC mechanism, taking into account of
the seed photons originated both in the jet
and from external emission.
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Figure C.33: The published broadband SEDs of 0805−077. Left: the SED constructed
by Giommi et al. (2007). The Swift data taken at different dates are shown as filled stars
(22 May 2005), open circles (4 June 2005), and filled circles (25 September/October 1,
2005). Right: the SED study by Celotti and Ghisellini (2008). The model shown here
was based on an one-zone leptonic synchrotron and IC mechanism, taking into account
of the seed photons originated both in the jet and from external emission.

Figure C.34: The synchrotron
hump of the broadband SED of
0808+019 by Nieppola et al.
(2006). The data are non-
simultaneous, and were col-
lected from databases and the
literature. The dashed line de-
notes the parabolic fit to the
synchrotron component of the
SED.

Figure C.35: The published synchrotron part of the broadband SEDs on 0814+425. Left:
the SED constructed by Sambruna et al. (1996). The dashed line denotes the parabolic fit
to the synchrotron component of the SED. Right: the SED study by Nieppola et al. (2006).
The data are non-simultaneous, and were collected from databases and the literature. The
dashed line denotes the parabolic fit to the synchrotron component of the SED.
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Figure C.36: The published synchrotron part of the broadband SEDs on 0823+033.
Left: the SED constructed by Giommi et al. (1995). The data were compiled from non-
simultaneous archival data. Right: the SED study by Nieppola et al. (2006). The data are
non-simultaneous, and were collected from databases and the literature. The dashed line
denotes the parabolic fit to the synchrotron component of the SED.

Figure C.37: Left: the radio (contours, VLA image at 4.9 GHz) and X-ray (gray scale,
Chandra image at 0.2–8 keV) overlaid image of 0827+243 by Jorstad and Marscher
(2004). The images are convolved with the same Gaussian beam of FWHM 0.5��×0.5��.
Right: the broadband SED of 0827+243 by Celotti and Ghisellini (2008). The model
shown here was based on an one-zone leptonic synchrotron and IC mechanism, taking
into account of the seed photons originated both in the jet and from external emission.
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Figure C.38: The broadband SED of
0829+046 by Nieppola et al. (2006). The
data are non-simultaneous, and were col-
lected from databases and the literature. The
dashed line denotes the parabolic fit to the
synchrotron component of the SED.

Figure C.39: The broadband SED of
0836+710 by Sambruna et al. (2007b).
The filled circles denote Swift UVOT,
XRT, and BAT 9-month data. The open
circles represent archival data. The solid
line represents the best fit with a syn-
chrotron and IC model, and the dashed
line represents the contribution of the
disk.

Figure C.40: The published broadband SED of 0851+202. Left: the SED in the optical
and the X-ray band (BeppoSAX observations in 1997 and 2001; ASCA observations in
1994 and 1997) by Massaro et al. (2003). Right: the broadband SED by Abdo et al.
(2010a). The quasi-simultaneous data are represented as large filled red symbols, and
the non-simultaneous archival measurements are shown as small open grey points. The
dashed lines represent the best fits of third degree polynomials to the quasi-simultaneous
data.
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Figure C.41: The radio spec-
trum of 0923+392 (Marscher
et al. 1991).

Figure C.42: The broadband SED of 1055+018
(Abdo et al. 2010a). The quasi-simultaneous data
are represented as large filled red symbols, and the
non-simultaneous archival measurements are shown
as small open grey points. The dashed lines represent
the best fit of a third degree polynomial to the quasi-
simultaneous data.

Figure C.43: The broadband SED of
1127−145 (Błażejowski et al. 2004). The
curves are the applied model components:
SYN - synchrotron radiation, SSC - SSC ra-
diation, ERC - external radiation Compton
emission.

Figure C.44: The broadband SED of
1150+812 (Sambruna et al. 1996).
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Figure C.45: Left: The broadband SED of 1156+295 by Celotti and Ghisellini (2008).
The model shown here was based on an one-zone leptonic synchrotron and IC mecha-
nism, taking into account of the seed photons originated both in the jet and from external
emission. Right: The broadband SED of 1156+295 by Abdo et al. (2010a). The quasi-
simultaneous data are represented as large filled red symbols, and the non-simultaneous
archival measurements are shown as small open grey points. The dashed lines represent
the best fits of third degree polynomials to the quasi-simultaneous data.

Figure C.46: The broadband SED of
1213−172 by Giommi et al. (2007). The blue
points denote the Swift/XRT data obtained on
17 December 2005, and the black points are
archival data.

Figure C.47: The broadband SED of
1219+044 by de Rosa et al. (2008). The
data in the X-ray band were obtained
by XMM-Newton and INTEGRAL, and
the other data were taken from the NED
archive.
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Figure C.48: The broadband SED of 1222+216 published by Ghisellini et al. (1998) and
Celotti and Ghisellini (2008).

Figure C.49: The simultaneous broadband SED
of 1226+023 (3C 273) published by Pacciani
et al. (2009). These are the results from the
AGILE multiwavelength campaign spanning for
3 weeks in December 2007–January 2008. Up-
per panel: SED for the first week. Lower panel:
SED for the second week. Triangles denote AG-
ILE data, gray symbols refer to the XRT obser-
vations performed in the third week. The model
is composed of an one-zone SSC and an external
IC from the accretion disk.

Figure C.50: The average broad-
band SED of 1226+023 (3C 273)
spanning from 4 to 44 years of ob-
servations (Soldi et al. 2008). The
grey area represents the observed
range of variations.
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Figure C.51: The broadband SED of
1226+023 (3C 273) published by the
Fermi/LAT team (Abdo et al. 2010a). The
quasi-simultaneous data are represented
as large filled red symbols, and the non-
simultaneous archival measurements are
shown as small open grey points. The
dashed lines represent the best fit of a third
degree polynomial to the quasi-simultaneous
data.

Figure C.52: The broadband SED
of 1228+126 (M 87) published by the
Fermi/LAT team (Abdo et al. 2009c).
The simultaneous observations on 7 Jan-
uary 2009 are marked in red, the non-
simultaneous data are marked in light
brown, and historical measurements are
marked in black. The blue curve repre-
sents the one-zone SSC emission model.

Figure C.53: Selected broadband SED of 1253−055 (3C 279). Left: The broadband SED
presented by Abdo et al. (2010a). The quasi-simultaneous data are represented as large
filled red symbols, and the non-simultaneous archival measurements are shown as small
open grey points. The dashed lines represent the best fit of a third degree polynomial to the
quasi-simultaneous data. Right: The broadband SED at two different epochs presented by
Fermi-Lat Collaboration et al. (2010). The red points denote the epoch obtained during a
sharp γ-ray flare, and the blue points denote the epoch obtained around an isolated X-ray
flare.
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Figure C.54: The published broadband SED of 1308+326. Left: The broadband SED
presented by Watson et al. (2000). Right: The broadband SED presented by Abdo et al.
(2010a). The quasi-simultaneous data are represented as large filled red symbols, and
the non-simultaneous archival measurements are shown as small open grey points. The
dashed lines represent the best fit of a third degree polynomial to the quasi-simultaneous
data.

Figure C.55: The published broadband SED of 1334−127. Left: The non-simultaneous
broadband SED presented by Maraschi et al. (1995). Right: The broadband SED pre-
sented by Celotti and Ghisellini (2008). The model shown here was based on an one-zone
leptonic synchrotron and IC mechanism, taking into account of the seed photons origi-
nated both in the jet and from external emission.
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Figure C.56: The synchrotron hump of the broadband SED of 1413+135. Left: The
broadband SED presented by Giommi et al. (1995). The data were from non-simultaneous
archival data. Right: The broadband SED presented by Nieppola et al. (2006). The data
are non-simultaneous, and were collected from databases and the literature. The dashed
line denotes the parabolic fit to the synchrotron component of the SED.

Figure C.57: The broadband SED of 1502+106. Left: The broadband SED presented by
George et al. (1994); the X-ray spectra were obtained by ROSAT and ASCA, and the data
of other bands were compiled from the literature. The SED model is an inhomogeneous
SSC jet model. Right: The broadband SED presented by Abdo et al. (2010a). The quasi-
simultaneous data are represented as large filled red symbols, and the non-simultaneous
archival measurements are shown as small open grey points. The dashed lines represent
the best fit of a third degree polynomial to the quasi-simultaneous data.
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Figure C.58: The broadband SED of 1510−089. Left: The broadband SED presented by
Kataoka et al. (2008); the data obtained from a multiwavelength campaign are marked as
filled circles. Right: The broadband SED presented by Fermi-LAT Collaboration (2010).
The SED in the three panels show the multiwavelength campaign taken place in January
2009, March 2009, and May 2009. In each panel, data obtained in different time range
are marked in different colors, as denoted in upper-left corner of the plot.

Figure C.59: The synchrotron hump of the broadband SED of 1538+149. Left: The syn-
chrotron hump of the SED presented by Sambruna et al. (1996). Right: The synchrotron
hump of the SED presented by Nieppola et al. (2006). The data are non-simultaneous, and
were collected from databases and the literature. The dashed line denotes the parabolic fit
to the synchrotron component of the SED.
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Figure C.60: The radio spectrum of
1546+027 by Torniainen et al. (2005). The
dashed lines represent the linear fit per-
formed to derive different spectral indices
separated by the turn-over frequency.

Figure C.61: The broadband SED of
1548+056 by Giommi et al. (2007). The
blue data points denote Swift UVOT and
XRT observations obtained on 15 Septem-
ber 2005.

Figure C.62: The broadband SED of
1606+106 by Celotti and Ghisellini
(2008). The model shown here was based
on an one-zone leptonic synchrotron and
IC mechanism, taking into account of the
seed photons originated both in the jet and
from external emission.

Figure C.63: The broadband SED of
1611+343 by Celotti and Ghisellini
(2008). The model shown here was based
on an one-zone leptonic synchrotron and
IC mechanism, taking into account of the
seed photons originated both in the jet and
from external emission.
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Figure C.64: The broadband SED of 1633+382. Left: the SED presented by Mattox et al.
(1993). The γ-ray data were obtained by CGRO/EGRET, the X-ray data were obtained
by the Einstein Observatory, and the rest were archival data. Right: the SED presented by
Celotti and Ghisellini (2008). The model shown here was based on an one-zone leptonic
synchrotron and IC mechanism, taking into account of the seed photons originated both
in the jet and from external emission.

Figure C.65: Left: the overlaid plot of 1641+399 with Chandra (0.5–8 keV; grey scale)
and VLA (5 GHz; white contour) images (Sambruna et al. 2004). Right: the broadband
SED of 1641+399 presented by Tavecchio et al. (2002). The data in the plot include
the X-ray data obtained by BeppoSAX (0.1–200 keV; filled circles), together with archival
data (open circles). The solid line represents the best fit of the SED using a model of SSC
plus IC from external radiation field.
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Figure C.66: The broadband SED of 1730−130. Left: the SED published by (Ghisellini
et al. 1998). The data points (open circles) were collected from the literature. The solid
line represents the best-fit SED model of SSC and EC mechanism. Right: the broadband
SED presented by Foschini et al. (2006a). The X-ray data were obtained by ROSAT,
Einstein, and HEAO-1; the γ-ray data were obtained by CGRO/EGRET; the blue cross
represents the INTEGRAL IBIS/ISGRI data; the rest of the data were from the literature.

Figure C.67: The broadband SED of 1739+522. Left: the SED presented by Ghisellini
et al. (1998). The open circles denote the archival data, and the solid line represents the
SED model of SSC and EC. Right: the SED presented by Celotti and Ghisellini (2008).
The open circles denote the archival data, and the solid line represents the SED model of
SSC and EC.
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Figure C.68: The broadband SED of 1741−038. Left: the SED presented by Ghisellini
et al. (1998). The open circles denote the archival data, and the solid line represents the
SED model of SSC and EC. Right: the SED presented by Celotti and Ghisellini (2008).
The open circles denote the archival data, and the solid line represents the SED model of
SSC and EC.

Figure C.69: The broadband SED of 1749+096. Left: the SED presented by Sambruna
et al. (1999). The filled symbols denote the quasi-simultaneous data obtained by the
authors in September 1995, while the open symbols are literature data. The solid line
is the best fit to the data with a homogeneous one-zone SSC model; the dashed line is
the contribution to the radio spectrum from a more extended region. Right: the SED
presented by Abdo et al. (2010a). The quasi-simultaneous data are represented as large
filled red symbols, and the non-simultaneous archival measurements are shown as small
open grey points. The dashed lines represent the best fit of a third degree polynomial to
the quasi-simultaneous data.
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Figure C.70: Published SED of 1803+784. Left: the SED presented by Nesci et al.
(2002). Open squares: the NED data; filled squares: radio monitoring obtained by the
antennas in Medicina and Noto; filled triangles: simultaneous optical data; open tri-
angles: simultaneous near infrared/optical data; filled circles: maximum and minimum
value measured from the optical monitoring of 1803+784; crosses: BeppoSAX X-ray
data. Right: the synchrotron hump of SED presented by Nieppola et al. (2006). The data
are non-simultaneous, and were collected from databases and the literature. The dashed
line denotes the parabolic fit to the synchrotron component of the SED.

Figure C.71: The synchrotron hump of the broadband SED of 1807+698. Left: SED
presented by Giommi et al. (1995). The data were from non-simultaneous archival
data. Right: the SED presented by Nieppola et al. (2006). Shown data include non-
simultaneous archival measurements. The dashed line denotes the parabolic fit to the
synchrotron component of the SED.
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Figure C.72: The synchrotron hump of the broadband SED of 1823+568. Left: the
SED presented by Sambruna et al. (1996). The data were non-simultaneous archival data
from the NED, and the dashed line denotes a parabolic fit. X-axis: Log ν (Hz); y-axis:
Log νLν (erg s−1). Right: the SED presented by Nieppola et al. (2006). The data are
non-simultaneous, and were collected from databases and the literature. The dashed line
denotes the parabolic fit to the synchrotron component of the SED.

Figure C.73: The broadband SED of
1849+670 presented by Abdo et al.
(2010a). The quasi-simultaneous data are
represented as large filled red symbols,
and the non-simultaneous archival mea-
surements are shown as small open grey
points. The dashed lines represent the
best fit of a third degree polynomial to the
quasi-simultaneous data.

Figure C.74: The broadband SED of 1928+738. Left: the synchrotron hump of the SED
presented by Sambruna et al. (1996). The data were non-simultaneous archival data from
the NED, and the dashed line denotes a second-degree parabolic fit. X-axis: Log ν (Hz);
y-axis: Log νLν (erg s−1). Right: the optical to X-ray SED presented by Yuan et al.
(2000). The optical data were obtained by HST, the open circles are the ROSAT data, and
the filled circles are the ASCA data.
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Figure C.75: The radio spectrum of
1936−155 published by Torniainen et al.
(2005). The dashed lines represent the lin-
ear fit performed to derive different spec-
tral indices separated by the turn-over fre-
quency.

Figure C.76: The radio spectrum of
2008−159 published by Torniainen et al.
(2005). The dashed lines represent the lin-
ear fit performed to derive different spec-
tral indices separated by the turn-over fre-
quency.

Figure C.77: The radio spectrum of
2021+614 published by Torniainen et al.
(2005). The dashed lines represent the lin-
ear fit performed to derive different spec-
tral indices separated by the turn-over fre-
quency.

Figure C.78: The radio spectrum of
2121+053 published by Torniainen et al.
(2005). The dashed lines represent the lin-
ear fit performed to derive different spec-
tral indices separated by the turn-over fre-
quency.
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Figure C.79: The radio spectrum of
2128−123 published by Torniainen et al.
(2005). The dashed lines represent the
linear fit performed to derive different
spectral indices separated by the turn-
over frequency.

Figure C.80: The broadband SED of 2131−021. Left: the synchrotron hump of the SED
presented by Giommi et al. (1995). The data are from non-simultaneous archival data.
Right: the synchrotron hump of the SED presented by Nieppola et al. (2006). The data
are non-simultaneous, and were collected from databases and the literature. The dashed
line denotes the parabolic fit to the synchrotron component of the SED.

Figure C.81: The radio spectrum of
2134+004 published by Torniainen et al.
(2005). The dashed lines represent the
linear fit performed to derive different
spectral indices separated by the turn-
over frequency.
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Figure C.82: The radio spectrum of
2136+141 published by Torniainen et al.
(2005). The dashed lines represent the lin-
ear fit performed to derive different spec-
tral indices separated by the turn-over fre-
quency.

Figure C.83: The radio spectrum of
2145+067 published by Torniainen et al.
(2005). The dashed lines represent the lin-
ear fit performed to derive different spec-
tral indices separated by the turn-over fre-
quency.

Figure C.84: The broadband SED of 2200+420. Left: the results presented by Albert
et al. (2007). The black filled circles represent simultaneous 2005 dat of KVA, MAGIC
and UMRAO; the gray symbols denote old measurements. The solid line represents a
one-zone SSC model for the 1994 data; the dashed line is produced with SSC and EC
components for the data of the 1997 flare. Right: the SED presented by Abdo et al.
(2010a). The quasi-simultaneous data are represented as large filled red symbols, and
the non-simultaneous archival measurements are shown as small open grey points. The
dashed lines represent the best fit of a third degree polynomial to the quasi-simultaneous
data.
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Figure C.85: The radio spectrum of
2216−038 published by Torniainen et al.
(2005). The dashed lines represent the
linear fit performed to derive different
spectral indices separated by the turn-
over frequency.

Figure C.86: The SED of 2223−052 at the
synchrotron hump by Nieppola et al. (2006).
The data are non-simultaneous, and were
collected from databases and the literature.
The dashed line denotes the parabolic fit to
the synchrotron component of the SED.

Figure C.87: The broadband SED of
2227−088 by Giommi et al. (2007). The
blue points denote Swift UVOT and XRT ob-
servations obtained in June 2006.

Figure C.88: The broadband SED of
2230+114 by Celotti and Ghisellini
(2008). The model shown here was based
on an one-zone leptonic synchrotron and
IC mechanism, taking into account of the
seed photons originated both in the jet
and from external emission.
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Figure C.89: The broadband SED of
2243−123 presented by Tavecchio et al.
(2002). The X-axis is frequency in Hz,
and the Y-axis is luminosity in erg s−1.
The data in the plot include the X-
ray data obtained by BeppoSAX (0.1–
200 keV; filled circles), together with
archival data (open circles). The solid
line represents the best fit of the SED us-
ing a model of SSC plus IC from external
radiation field.

Figure C.90: The broadband SED of 2251+158. Left: the results presented by Ghisellini
et al. (2007). Top panel: the SED in 2000 obtained by BeppoSAX (Tavecchio et al. 2002),
and the other points are not simultaneous; mid panel: the SED during an optical flare in
2005 (Pian et al. 2006, Giommi et al. 2006), and different colors denote different sets
of simultaneous data; bottom panel: the SED obtained by Ghisellini et al. (2007) using
AGILE and Swift. The solid line is the best-fit model, and the dotted line denotes the
contribution from the accretion disk. Right: the SED presented by Abdo et al. (2010a).
The quasi-simultaneous data are represented as large filled red symbols, and the non-
simultaneous archival measurements are shown as small open grey points. The dashed
lines represent the best fit of a third degree polynomial to the quasi-simultaneous data.
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D Glossary of Acronyms

• ALMA – The Atacama Large Millimeter/submillimeter Array.
• APEX – The Atacama Pathfinder EXperiment (APEX)
• ASCA – The Advanced Satellite for Cosmology and Astrophysics. Japan’s cosmic

X-ray astronomy mission (Tanaka et al. 1994).
• ATCA – Australia Telescope Compact Array
• AGN – Active Galactic Nuclei
• BAT – Burst Alert Telescope onboard Swift.
• BeppoSAX – Italian/Dutch X-ray astronomy mission.
• Chandra – NASA space X-ray observatory
• CGRO – Compton Gamma Ray Observatory
• DEC – Declination.
• EC – External Compton.
• EGRET – The Energetic Gamma Ray Experiment Telescope onboard CGRO.
• Einstein – NASA space X-ray observatory.
• ERC – External Radiation Compton, see Section 1.2.3.
• EVN – European VLBI Network
• FGAMMA – Fermi-GST AGN Multi-frequency Monitoring Alliance.
• FITS – Flexible Image Transport System
• GPS – Gigahertz Peaked Spectrum
• HBL – High-frequency peaked BL Lac object
• HEASARC – High Energy Astrophysics Science Archive Research Center
• HESS – High Energy Stereoscopic System
• HFP – High Frequency Peaker
• HST – Hubble Space Telescope
• IBL – Intermediate-frequency peaked BL Lac object
• IC – Inverse Compton
• IRAM – Institut de RadioAstronomie Millimétrique
• LAT – Large Area Telescope onboard Fermi.
• LBA – Australian Long Baseline Array
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• LBAS – Fermi LAT Bright AGN Sample
• LBL – Low-frequency peaked BL Lac object
• LINER – Low-Ionization Nuclear Emission-line Region
• MERLIN – Multi-Element Radio Linked Interferometer Network
• MOJAVE – Monitoring Of Jets in Active galactic nuclei with VLBA Experiments
• NED – NASA/IPAC Extragalactic Database
• OVV – Optically Violent Variable
• RA – Right Ascension.
• ROSAT – From the German word Röntgensatellit. German/British/US X-ray ob-

servatory.
• RXTE – Rossi X-ray Timing Explorer
• SED – Spectral Energy Distribution.
• SMBH – Super Massive Black Hole
• SSC – Synchrotron Self-Compton, see Section 1.2.3.
• TANAMI – Tracking Active Galactic Nuclei with Austral Milliarcsecond Interferometry
• ToO – Target of Opportunity
• UMRAO – University of Michigan Radio Astronomy Observatory
• UVOT – UV/Optical Telescope
• VHE – Very High Energy
• VLA – Very Large Array
• VLBA – Very Long Baseline Array
• VLBI – Very Long Baseline Interferometry
• VSOP – VLBI Space Observatory Program
• XMM-Newton – X-ray Multi-Mirror Mission. ESA X-ray observatory.
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P., Gómez, J. L., Gargano, F., Gasparrini, D., Gehrels, N., Germani, S., Giebels, B.,
Giglietto, N., Giommi, P., Giordano, F., Giuliani, A., Glanzman, T., Godfrey, G., Gre-
nier, I. A., Gronwall, C., Grove, J. E., Guillemot, L., Guiriec, S., Gurwell, M. A.,
Hadasch, D., Hanabata, Y., Harding, A. K., Hayashida, M., Hays, E., Healey, S. E.,
Heidt, J., Hiriart, D., Horan, D., Hoversten, E. A., Hughes, R. E., Itoh, R., Jackson,
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Cheung, C. C., Chiang, J., Cillis, A. N., Ciprini, S., Claus, R., Cohen-Tanugi, J., Con-
rad, J., Corbet, R., Davis, D. S., DeKlotz, M., den Hartog, P. R., Dermer, C. D., de
Angelis, A., de Luca, A., de Palma, F., Digel, S. W., Dormody, M., Silva, E. d. C. e.,
Drell, P. S., Dubois, R., Dumora, D., Fabiani, D., Farnier, C., Favuzzi, C., Fegan, S. J.,
Ferrara, E. C., Focke, W. B., Fortin, P., Frailis, M., Fukazawa, Y., Funk, S., Fusco, P.,
Gargano, F., Gasparrini, D., Gehrels, N., Germani, S., Giavitto, G., Giebels, B., Gigli-
etto, N., Giommi, P., Giordano, F., Giroletti, M., Glanzman, T., Godfrey, G., Grenier,
I. A., Grondin, M., Grove, J. E., Guillemot, L., Guiriec, S., Gustafsson, M., Hadasch,
D., Hanabata, Y., Harding, A. K., Hayashida, M., Hays, E., Healey, S. E., Hill, A. B.,
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Scargle, J. D., Sgrò, C., Shaw, M. S., Siskind, E. J., Smith, P. D., Spandre, G., Spinelli,
P., Starck, J., Stawarz, Ł., Strickman, M. S., Suson, D. J., Tajima, H., Takahashi, H.,
Takahashi, T., Tanaka, T., Taylor, G. B., Thayer, J. B., Thayer, J. G., Thompson, D. J.,
Tibaldo, L., Torres, D. F., Tosti, G., Tramacere, A., Ubertini, P., Uchiyama, Y., Usher,
T. L., Vasileiou, V., Vilchez, N., Villata, M., Vitale, V., Waite, A. P., Wallace, E., Wang,
P., Winer, B. L., Wood, K. S., Yang, Z., Ylinen, T., and Ziegler, M. (2010c). The
First Catalog of Active Galactic Nuclei Detected by the Fermi Large Area Telescope.
Astrophysical Journal, 715:429–457.

Abdo, A. A., Ackermann, M., Ajello, M., Asano, K., Baldini, L., Ballet, J., Barbiellini,
G., Bastieri, D., Baughman, B. M., Bechtol, K., Bellazzini, R., Blandford, R. D.,
Bloom, E. D., Bonamente, E., Borgland, A. W., Bregeon, J., Brez, A., Brigida, M.,
Bruel, P., Burnett, T. H., Caliandro, G. A., Cameron, R. A., Caraveo, P. A., Casandjian,
J. M., Cavazzuti, E., Cecchi, C., Celotti, A., Chekhtman, A., Cheung, C. C., Chiang, J.,
Ciprini, S., Claus, R., Cohen-Tanugi, J., Colafrancesco, S., Cominsky, L. R., Conrad,
J., Costamante, L., Dermer, C. D., de Angelis, A., de Palma, F., Digel, S. W., Donato,
D., do Couto e Silva, E., Drell, P. S., Dubois, R., Dumora, D., Farnier, C., Favuzzi,
C., Finke, J., Focke, W. B., Frailis, M., Fukazawa, Y., Funk, S., Fusco, P., Gargano, F.,
Georganopoulos, M., Germani, S., Giebels, B., Giglietto, N., Giordano, F., Glanzman,

225



Bibliography

T., Grenier, I. A., Grondin, M., Grove, J. E., Guillemot, L., Guiriec, S., Hanabata, Y.,
Harding, A. K., Hartman, R. C., Hayashida, M., Hays, E., Hughes, R. E., Jóhannesson,
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R. E., Jóhannesson, G., Johnson, A. S., Johnson, R. P., Johnson, W. N., Kadler, M., Ka-
mae, T., Katagiri, H., Kataoka, J., Kerr, M., Knödlseder, J., Kocian, M. L., Kuehn, F.,
Kuss, M., Lande, J., Latronico, L., Lemoine-Goumard, M., Longo, F., Loparco, F., Lott,
B., Lovellette, M. N., Lubrano, P., Madejski, G. M., Makeev, A., Marelli, M., Massaro,
E., Max-Moerbeck, W., Mazziotta, M. N., McConville, W., McEnery, J. E., Meurer, C.,
Michelson, P. F., Mitthumsiri, W., Mizuno, T., Moiseev, A. A., Monte, C., Monzani,
M. E., Morselli, A., Moskalenko, I. V., Murgia, S., Nolan, P. L., Norris, J. P., Nuss, E.,
Ohsugi, T., Omodei, N., Orlando, E., Ormes, J. F., Ozaki, M., Paneque, D., Panetta,
J. H., Parent, D., Pavlidou, V., Pearson, T. J., Pelassa, V., Pepe, M., Pesce-Rollins,
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A. B., Horan, D., Hughes, R. E., Jóhannesson, G., Johnson, A. S., Johnson, W. N.,
Kamae, T., Katagiri, H., Kataoka, J., Kawai, N., Knödlseder, J., Kuss, M., Lande,
J., Larsson, S., Latronico, L., Lemoine-Goumard, M., Llena Garde, M., Longo, F.,
Loparco, F., Lott, B., Lovellette, M. N., Lubrano, P., Madejski, G. M., Makeev, A.,

228



Bibliography

Mansutti, O., Massaro, E., Mazziotta, M. N., McConville, W., McEnery, J. E., Meurer,
C., Michelson, P. F., Mitthumsiri, W., Mizuno, T., Moiseev, A. A., Monte, C., Monzani,
M. E., Morselli, A., Moskalenko, I. V., Murgia, S., Nolan, P. L., Norris, J. P., Nuss, E.,
Ohsugi, T., Omodei, N., Orlando, E., Ormes, J. F., Paneque, D., Panetta, J. H., Pelassa,
V., Pepe, M., Pesce-Rollins, M., Piron, F., Porter, T. A., Rainò, S., Rando, R., Razzano,
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R., Mücke, A., Nolan, P. L., Pohl, M., Reimer, O., Schneid, E. J., Thompson, D. J., and
Tompkins, W. F. (1999). EGRET Spectral Index and the Low-Energy Peak Position in
the Spectral Energy Distribution of EGRET-detected Blazars. Astrophysical Journal,
525:191–194.

Linfield, R. and Perley, R. (1984). 3C 111 - A luminous radio galaxy with a highly
collimated jet. Astrophysical Journal, 279:60–73.

Lister, M. L. (2001). Parsec-Scale Jet Polarization Properties of a Complete Sample of
Active Galactic Nuclei at 43 GHz. Astrophysical Journal, 562:208–232.

Lister, M. L. (2010). Parsec-scale jet properties of Fermi-detected AGN. Proceedings of
the Workshop ”Fermi meets Jansky - AGN in Radio and Gamma-Rays”, Savolainen,
T., Ros, E., Porcas, R.W. and Zensus, J.A. (eds.), MPIfR, Bonn, June 21-23 2010, page
159.

Lister, M. L., Aller, H. D., Aller, M. F., Cohen, M. H., Homan, D. C., Kadler, M., Keller-
mann, K. I., Kovalev, Y. Y., Ros, E., Savolainen, T., Zensus, J. A., and Vermeulen,
R. C. (2009a). MOJAVE: Monitoring of Jets in Active Galactic Nuclei with VLBA
Experiments. V. Multi-Epoch VLBA Images. Astronomical Journal, 137:3718–3729.

Lister, M. L., Cohen, M. H., Homan, D. C., Kadler, M., Kellermann, K. I., Kovalev,
Y. Y., Ros, E., Savolainen, T., and Zensus, J. A. (2009b). MOJAVE: Monitoring of
Jets in Active Galactic Nuclei with VLBA Experiments. VI. Kinematics Analysis of a
Complete Sample of Blazar Jets. Astronomical Journal, 138:1874–1892.

252



Bibliography

Lister, M. L. and Homan, D. C. (2005). MOJAVE: Monitoring of Jets in Active Galactic
Nuclei with VLBA Experiments. I. First-Epoch 15 GHz Linear Polarization Images.
Astronomical Journal, 130:1389–1417.

Lister, M. L., Homan, D. C., Kadler, M., Kellermann, K. I., Kovalev, Y. Y., Ros, E.,
Savolainen, T., and Zensus, J. A. (2009c). A Connection Between Apparent VLBA Jet
Speeds and Initial Active Galactic Nucleus Detections Made by the Fermi Gamma-Ray
Observatory. The Astrophysical Journal Letters, 696:L22–L26.

Liu, Y., Jiang, D. R., and Gu, M. F. (2006). The Jet Power, Radio Loudness, and Black
Hole Mass in Radio-loud Active Galactic Nuclei. Astrophysical Journal, 637:669–681.

Lobanov, A. P. (1998). Ultracompact jets in active galactic nuclei. Astronomy and Astro-
physics, 330:79–89.

Lobanov, A. P., Krichbaum, T. P., Witzel, A., Kraus, A., Zensus, J. A., Britzen, S., Otter-
bein, K., Hummel, C. A., and Johnston, K. (1998). VSOP imaging of S5 0836+710: a
close-up on plasma instabilities in the jet. Astronomy and Astrophysics, 340:L60–L64.

Lobanov, A. P. and Roland, J. (2005). A supermassive binary black hole in the quasar 3C
345. , 431:831–846.

Lu, J. and Zhou, B. (2005). Observational Evidence of Jet Precession in Galactic Nuclei
Caused by Accretion Disks. Astrophysical Journal, 635:L17–L20.

Ly, C., Walker, R. C., and Junor, W. (2007). High-Frequency VLBI Imaging of the Jet
Base of M87. Astrophysical Journal, 660:200–205.

MacDonell, D. G. and Bridle, A. H. (1971). Variable radio sources-Studies of DW
0224+67, DA 193 and DW 0727-11. Nature, 234:88.

Madrid, J. P. (2009). Hubble Space Telescope Observations of an Extraordinary Flare in
the M87 Jet. Astronomical Journal, 137:3864–3868.

Maraschi, L., Ciapi, A., Fossati, G., Tagliafferi, G., and Treves, A. (1995). ROSAT
observations of the two radio-selected blazars PKS 1034-293 and PKS 1335-127. As-
trophysical Journal, 443:29–34.

Maraschi, L., Ghisellini, G., Tanzi, E. G., and Treves, A. (1986). Spectral Properties of
Blazars. II. an X-Ray Observed Sample. Astrophysical Journal, 310:325.

Marecki, A., Falcke, H., Niezgoda, J., Garrington, S. T., and Patnaik, A. R. (1999). Gi-
gahertz Peaked Spectrum sources from the Jodrell Bank-VLA Astrometric Survey. I.
Sources in the region 35degr = delta = 75degr. Astrophysical Journal Supplement Se-
ries, 135:273–289.

Marscher, A. P. (2008). The Core of a Blazar Jet. In Rector, T. A. and De Young,
D. S., editors, Extragalactic Jets: Theory and Observation from Radio to Gamma Ray,
volume 386 of Astronomical Society of the Pacific Conference Series, pages 437–443.

253



Bibliography

Marscher, A. P. and Broderick, J. J. (1981). X-ray and VLBI radio observations of the
quasars NRAO 140 and NRAO 530. Astrophysical Journal, 249:406–414.

Marscher, A. P. and Broderick, J. J. (1983). VLBI observations of the quasars CTD20
(0234+285), OJ248 (0827+243), and 4C19.44 (1354+195), and the millimeter-X-ray
connection. Astronomical Journal, 88:759–763.

Marscher, A. P., Jorstad, S. G., Aller, M. F., McHardy, I., Balonek, T. J., Teräsranta, H.,
and Tosti, G. (2004). Relative Timing of Variability of Blazars at X-Ray and Lower
Frequencies. In P. Kaaret, F. K. Lamb, & J. H. Swank, editor, X-ray Timing 2003:
Rossi and Beyond, volume 714 of American Institute of Physics Conference Series,
pages 167–173.

Marscher, A. P., Jorstad, S. G., Gómez, J., Aller, M. F., Teräsranta, H., Lister, M. L., and
Stirling, A. M. (2002a). Observational evidence for the accretion-disk origin for a radio
jet in an active galaxy. Nature, 417:625–627.
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Ojha, R., Kadler, M., Böck, M., Hungwe, F., Müller, C., Wilms, J., and Ros, E. (2010b).
The TANAMI Program. Proceedings of the Workshop ”Fermi meets Jansky - AGN in
Radio and Gamma-Rays”, Savolainen, T., Ros, E., Porcas, R.W. and Zensus, J.A. (eds.),
MPIfR, Bonn, June 21-23 2010, page 179.

Orienti, M., Dallacasa, D., and Stanghellini, C. (2007). Constraining the nature of high
frequency peakers. The spectral variability. Astronomy and Astrophysics, 475:813–820.

Orienti, M., Dallacasa, D., Tinti, S., and Stanghellini, C. (2006). VLBA images of high
frequency peakers. Astronomy and Astrophysics, 450:959–970.

Osterbrock, D. E. (1989). Astrophysics of gaseous nebulae and active galactic nuclei.

Otterbein, K., Krichbaum, T. P., Kraus, A., Lobanov, A. P., Witzel, A., Wagner, S. J., and
Zensus, J. A. (1998). Gamma-ray to radio activity and ejection of a VLBI component
in the jet of the S5-quasar 0836+710. Astronomy and Astrophysics, 334:489–497.

Pacciani, L., Donnarumma, I., Vittorini, V., D’Ammando, F., Fiocchi, M. T., Impiombato,
D., Stratta, G., Verrecchia, F., Bulgarelli, A., Chen, A. W., Giuliani, A., Longo, F.,
Pucella, G., Vercellone, S., Tavani, M., Argan, A., Barbiellini, G., Boffelli, F., Caraveo,
P. A., Cattaneo, P. W., Cocco, V., Costa, E., Del Monte, E., Di Cocco, G., Evangelista,
Y., Feroci, M., Froysland, T., Fuschino, F., Galli, M., Gianotti, F., Labanti, C., Lapshov,
I., Lazzarotto, F., Lipari, P., Marisaldi, M., Mereghetti, S., Morselli, A., Pellizzoni, A.,
Perotti, F., Picozza, P., Prest, M., Rapisarda, M., Soffitta, P., Trifoglio, M., Tosti, G.,
Trois, A., Vallazza, E., Zanello, D., Antonelli, L. A., Colafrancesco, S., Cutini, S.,
Gasparrini, D., Giommi, P., Pittori, C., and Salotti, L. (2009). High energy variability
of 3C 273 during the AGILE multiwavelength campaign of December 2007-January
2008. Astronomy and Astrophysics, 494:49–61.

Padovani, P. and Giommi, P. (1995). The connection between x-ray- and radio-selected
BL Lacertae objects. Astrophysical Journal, 444:567–581.

Paltani, S., Walter, R., McHardy, I. M., Dwelly, T., Steiner, C., and Courvoisier, T. (2008).
A deep INTEGRAL hard X-ray survey of the 3C 273/Coma region. Astronomy and
Astrophysics, 485:707–718.

Papadakis, I. E., Villata, M., and Raiteri, C. M. (2007). The long-term optical spectral
variability of BL Lacertae. Astronomy and Astrophysics, 470:857–863.

Papageorgiou, A., Cawthorne, T. V., Stirling, A., Gabuzda, D., and Polatidis, A. G.
(2006). Space very long baseline interferometry observations of polarization in the
jet of 3C380. Monthly Notices of the Royal Astronomical Society, 373:449–456.

258



Bibliography

Pearson, T. J. and Readhead, A. C. S. (1981). The milli-arcsecond structure of a com-
plete sample of radio sources. I - VLBI maps of seven sources. Astrophysical Journal,
248:61–81.

Pearson, T. J. and Readhead, A. C. S. (1988). The milliarcsecond structure of a com-
plete sample of radio sources. II - First-epoch maps at 5 GHz. Astrophysical Journal,
328:114–142.

Peng, B. (2002). Variability investigation of quasars 4C38.41 and 3C345 at 92cm: addi-
tional 14 observations. Monthly Notices of the Royal Astronomical Society, 330:344–
348.

Peng, B., Kraus, A., Krichbaum, T. P., and Witzel, A. (2000). Long-term monitoring of
selected radio sources. Astronomy and Astrophysics Supplement Series, 145:1–10.

Peng, B., Wu, J., and Zhou, X. (2003). Optical monitoring of the quasar 4C 38.41.
Monthly Notices of the Royal Astronomical Society, 346:483–488.

Penzias, A. A. and Wilson, R. W. (1965). A Measurement of Excess Antenna Temperature
at 4080 Mc/s. Astrophysical Journal, 142:419–421.

Perlman, E. S., Carilli, C. L., Stocke, J. T., and Conway, J. (1996). Multifrequency VLBI
Observations of PKS 1413+135: A Very Young Radio Galaxy. Astronomical Journal,
111:1839.

Perlman, E. S., Stocke, J. T., Carilli, C. L., Sugiho, M., Tashiro, M., Madejski, G., Wang,
Q. D., and Conway, J. (2002). The Apparent Host Galaxy of PKS 1413+135: Hubble
Space Telescope, ASCA, and Very Long Baseline Array Observations. Astronomical
Journal, 124:2401–2412.

Perucho, M. and Lobanov, A. P. (2007). Physical properties of the jet in ¡AS-
TROBJ¿0836+710¡/ASTROBJ¿ revealed by its transversal structure. Astronomy and
Astrophysics, 469:L23–L26.

Pesce, J. E., Sambruna, R. M., Tavecchio, F., Maraschi, L., Cheung, C. C., Urry, C. M.,
and Scarpa, R. (2001). Detection of an X-Ray Jet in 3C 371 with Chandra. Astrophys-
ical Journal, 556:L79–L82.

Petrov, L., Gordon, D., Gipson, J., MacMillan, D., Ma, C., Fomalont, E., Walker, R. C.,
and Carabajal, C. (2009). Precise geodesy with the Very Long Baseline Array. Journal
of Geodesy, 83:859–876.

Petrov, L., Kovalev, Y. Y., Fomalont, E. B., and Gordon, D. (2008). The Sixth VLBA
Calibrator Survey: VCS6. Astronomical Journal, 136:580–585.

Pian, E., Foschini, L., Beckmann, V., Sillanpää, A., Soldi, S., Tagliaferri, G., Takalo,
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tanidze, O. M., Lähteenmäki, A., Nilsson, K., Volvach, A., Aller, H. D., Arkharov,
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Lähteenmäki, A., McHardy, I. M., Robson, E. I., Staubert, R., Tornikoski, M., Walter,
R., and Courvoisier, T. (2008). The multiwavelength variability of 3C 273. Astronomy
and Astrophysics, 486:411–425.

Sowards-Emmerd, D., Romani, R. W., and Michelson, P. F. (2003). The Gamma-Ray
Blazar Content of the Northern Sky. Astrophysical Journal, 590:109–122.

265



Bibliography

Spangler, S. R., Mutel, R. L., and Benson, J. M. (1983). VLBI observations of the radio
sources 0552 + 398 and 1848 + 283 - Measurements of the departure from equipartition.
Astrophysical Journal, 271:44–50.

Stalin, C. S., Gopal-Krishna, Sagar, R., Wiita, P. J., Mohan, V., and Pandey, A. K. (2006).
Multiband optical monitoring of the blazars S5 0716+714 and BL Lacertae. Monthly
Notices of the Royal Astronomical Society, 366:1337–1345.

Standke, K. J., Quirrenbach, A., Krichbaum, T. P., Witzel, A., Otterbein, K., Alef, W.,
Eckart, A., Alberdi, A., Marcaide, J. M., Ros, E., Lesch, H., Steffen, W., Kraus, A.,
and Zensus, J. A. (1996). The intraday variable quasar 0917+624: VLBI and X-ray
observations. Astronomy and Astrophysics, 306:27.

Stanghellini, C., O’Dea, C. P., Dallacasa, D., Baum, S. A., Fanti, R., and Fanti, C. (1998).
A complete sample of GHz-peaked-spectrum radio sources and its radio properties.
Astron. Astrophys. Suppl., 131:303–315.

Stawarz, Ł., Aharonian, F., Kataoka, J., Ostrowski, M., Siemiginowska, A., and Sikora,
M. (2006). Dynamics and high-energy emission of the flaring HST-1 knot in the M 87
jet. Monthly Notices of the RAS, 370:981–992.

Stawarz, Ł., Cheung, C. C., Harris, D. E., and Ostrowski, M. (2007). The Electron En-
ergy Distribution in the Hotspots of Cygnus A: Filling the Gap with the Spitzer Space
Telescope. Astrophysical Journal, 662:213–223.

Stevens, J. A., Litchfield, S. J., Robson, E. I., Gear, W. K., Terasranta, H., and Valtaoja,
E. (1995). The Spectral Evolution of High-Frequency Radio Outbursts in the Blazar
PKS:0420-014. Monthly Notices of the Royal Astronomical Society, 275:1146.

Stickel, M., Padovani, P., Urry, C. M., Fried, J. W., and Kuehr, H. (1991). The com-
plete sample of 1 Jansky BL Lacertae objects. I - Summary properties. Astrophysical
Journal, 374:431–439.

Stocke, J. T., Wurtz, R., Wang, Q., Elston, R., and Jannuzi, B. T. (1992). The BL Lacertae
object PKS 1413 + 135 - Is it within or behind a spiral galaxy? Astrophysical Journal,
400:L17–L20.

Tanaka, Y., Inoue, H., and Holt, S. S. (1994). The X-ray astronomy satellite ASCA. Publ.
of the Astronomical Society of Japan, 46:L37–L41.

Tavecchio, F., Cerutti, R., Maraschi, L., Sambruna, R. M., Gambill, J. K., Cheung, C. C.,
and Urry, C. M. (2005). X-Ray and Optical Emission from Radio Hot Spots of Powerful
Quasars. Astrophysical Journal, 630:721–728.

Tavecchio, F., Maraschi, L., Ghisellini, G., Celotti, A., Chiappetti, L., Comastri, A., Fos-
sati, G., Grandi, P., Pian, E., Tagliaferri, G., Treves, A., and Sambruna, R. (2002). Spec-
tral Energy Distributions of Flat-Spectrum Radio Quasars Observed with BeppoSAX.
Astrophysical Journal, 575:137–144.

266



Bibliography

Tavecchio, F., Maraschi, L., Wolter, A., Cheung, C. C., Sambruna, R. M., and Urry, C. M.
(2007). Chandra and Hubble Space Telescope Observations of Gamma-Ray Blazars:
Comparing Jet Emission at Small and Large Scales. Astrophysical Journal, 662:900–
908.

Teshima, M. and The MAGIC Collaboration (2008). MAGIC discovers VHE gamma ray
emission from the blazar S50716+714. The Astronomer’s Telegram, 1500:1.

Thompson, A. R. (1999). Fundamentals of Radio Interferometry. In G. B. Taylor,
C. L. Carilli, & R. A. Perley, editor, Synthesis Imaging in Radio Astronomy II, vol-
ume 180 of Astronomical Society of the Pacific Conference Series, page 11.

Thompson, D. J., Bertsch, D. L., Dingus, B. L., Esposito, J. A., Etienne, A., Fichtel,
C. E., Friedlander, D. P., Hartman, R. C., Hunter, S. D., Kendig, D. J., Mattox, J. R.,
McDonald, L. M., von Montigny, C., Mukherjee, R., Ramanamurthy, P. V., Sreekumar,
P., Fierro, J. M., Lin, Y. C., Michelson, P. F., Nolan, P. L., Shriver, S. K., Willis, T. D.,
Kanbach, G., Mayer-Hasselwander, H. A., Merck, M., Radecke, H., Kniffen, D. A.,
and Schneid, E. J. (1995). The Second EGRET Catalog of High-Energy Gamma-Ray
Sources. Astrophysical Journal Supplement Series, 101:259.

Thompson, D. J., Bertsch, D. L., Dingus, B. L., Fichtel, C. E., Hartman, R. C., Hunter,
S. D., Kanbach, G., Kniffen, D. A., Lin, Y. C., Mattox, J. R., Mayer-Hasselwander,
H. A., Michelson, P. F., von Montigny, C., Nolan, P. L., Schneid, E. J., and Sreekumar,
P. (1993). EGRET observations of active galactic nuclei - 0836 + 710, 0454 - 234,
0804 + 499, 0906 + 430, 1510-089, and 2356 + 196. Astrophysical Journal, Letters,
415:L13–L16.
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