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Summary / Zusammenfassung
The discovery of TeV γ-ray emission of BL Lac objects gave new insights in the particle
acceleration and the emission processes of the highly relativistic jets. To shed light on the
conditions in the high energetic jets of the TeV γ-ray emitting BL Lac objects, I have studied
in great detail the spectral energy distribution (SED) of sources with different characteristics.
BL Lac objects with exceptional very high energy spectra (soft and hard spectra) and with
large differences in the emission peak frequencies, to cover the different classes of BL Lac
objects, have been chosen. The basic aim of this thesis was, to study with new, simultaneous
multi-wavelength (MWL) observations, if the emission processes of these extreme cases of
TeV BL Lac objects can be explained by the synchrotron Self-Compton (SSC) model which is
well established for the class of BL Lac objects at lower energies. We proposed MWL observations in the optical, UV and X-ray regime, to be conducted simultaneous to very high energy
observations with the H.E.S.S. experiment, to study the emission processes. Simultaneous
observations are crucial, since BL Lac objects are variable at all wavebands. I have analysed
the MWL observations and conducted detailed variability and spectral studies in each wavelength range. The different kind of absorption at each wavelength as well as the influence of
the host galaxy of the AGN has been considered to obtain the intrinsic jet spectrum. I have
then applied the commonly used theoretical jet model, the SSC model, to the SED.
I conducted a MWL campaign on a BL Lac object with the softest TeV spectrum, PKS
2005-489, during which it was observed in a very bright X-ray state. The good spectral coverage of the emission peaks allowed a detailed study of the SSC model. The extreme BL
Lac object 1ES 0229+200 exhibits a hard intrinsic TeV spectrum. With my MWL campaign
I found a clear cut-off in the optical range and therefore a high minimum Lorentz factor is
needed to describe the SSC emission. RGB J0152+017 has lower frequencies of the emission
peaks. In our MWL campaign during its TeV detection, we found intraday variability in the
optical range. A change of the synchrotron emission peak to very low frequencies within one
month was also detected during the MWL observations. TeV γ-ray emission was detected
from AP Librae, a BL Lac object with very low frequencies of the emission peaks, in 2010.
In my instantaneous study of MWL data, I detected a clear extended non-thermal X-ray jet.
A general conclusion in this project is, that the SSC model is a reasonable description for
the SED of TeV γ-ray emitting BL Lac objects with emission peaks at high frequencies. For
AP Librae instead, a multi-component or external Compton model is needed to represent the
broadband spectra. Due to the different characteristics and constraints of the sources, different SSC model resulted. Most SSC model are synchrotron dominated or with equal fluxes in
the synchrotron and IC emission peaks. No trend of peak luminosity with peak frequency, as
originally presented as blazar sequence, could be identified.
1

2

SUMMARY / ZUSAMMENFASSUNG

Zusammenfassung
Die Entdeckung von TeV Gamma-Strahlung von BL Lac Objekten ergab neue Einblicke in
die Teilchenbeschleunigung und die Emissionsprozesse der relativistischen Jets. Um die Konditionen in den hoch energetischen Jets von diesen TeV Gamma-Strahlung emittierenden BL
Lac Objekten zu beleuchten, habe ich die spektrale Energieverteilung von Quellen mit unterschiedlichen Characteristika im Detail untersucht. BL Lac Objekte mit aussergewöhnlichen
Hochenergie-Spektren (weiche und harte Spektren) und mit grossen Unterschieden in den
Frequenzen der Emissionsmaxima wurden ausgewählt, um die verschiedenen Klassen von BL
Lac Objekten abzudecken. Das Hauptziel dieser Doktorarbeit war die Untersuchung anhand
von neuen, simultanen Multifrequenz-Beobachtungen, ob die Emissionsprozesse dieser TeV
BL Lac Objekte mit dem Synchrotron Selbst-Compton (SSC) Modell, welches etabliert ist
für die Klasse der BL Lac Objekte bei niedrigeren Energien, erklärt werden kann. Wir haben
Multifrequenz-Beobachtungen im optischen, UV und Röntgenbereich beantragt, welche simultan mit Beobachtungen bei hohen Energien mit dem H.E.S.S. Experiment durchgeführt werden sollten, um die Emissionsprozesse zu studieren. Simultane Beobachtungen sind besonders
wichtig, da BL Lac Objekte in allen Wellenlängen variable sind. Ich habe die MultifrequenzBeobachtungen analysiert und detailierte Variations- und spektrale Studien in jedem Wellenlängen Bereich durchgeführt. Die verschiedenen Arten von Absorption in jeder Wellenlänge
sowie der Einfluss der Muttergalaxie der AGN wurden berücksichtigt, um das intrinsische Jet
Spektrum zu erhalten. Dann habe ich das gebräuchliche theoretische Jet Modell, das SSC
Modell auf die spektrale Energieverteilung angewendet.
Ich habe eine Multifrequenz-Kampagne eines BL Lac Objektes mit einem sehr weichen TeV
Spektrum, PKS 2005-489, durchgeführt. Die Quelle wurde in einem sehr hellen Röntgenstatus
beobachtet. Die gute spektrale Überdeckung der Emissionsmaxima erlaubt eine detailierte
Untersuchung des SSC Modells. Das extreme BL Lac Objekt 1ES 0229+200 weist ein
hartes intrinsisches TeV Spektrum auf. Mit meiner Multifrequenz-Kampagne, konnte ich
einen klar definierten Abbruch der Emission im optischen Bereich entdecken. Daher benötigt
man einen hohen minimalen Lorentz Faktor, um die SSC Emission zu beschreiben. RGB
J0152+017 hat Emissionsmaxima bei geringeren Frequenzen. In unserer MultifrequenzKampagne während der Entdeckung von TeV Gammastrahlung fanden wir Variationen der
optischen Strahlung auf einer Zeitskala von Stunden. Ebenso wurde eine Änderung der Synchrotronemission zu niedrigeren Frequenzen innerhalb eines Monats entdeckt während der
Multifrequenz- Beobachtungen. TeV Gammastrahlung von AP Librae, einem BL Lac Objekt
mit Emissionsmaxima bei sehr niedriegen Frequenzen, wurde in 2010 entdeckt. In meiner
unverzüglichen Untersuchung der Multifrequenz Daten entdeckte ich einen deutlichen, ausgedehnten, nicht-thermischen Röntgenjet.
Eine allgemeine Schlussfolgerung dieses Projektes ist, dass das SSC Modell eine vernünftige
Beschreibung der spektralen Energieverteilungen von TeV Gamma-Strahlung emittierenden
BL Lac Objekten mit Emissionmaxima bei hohen Frequenzen ist. Stattdessen, braucht man
für AP Librae ein mehrkomponenten oder ein externes Compton Modell, um die Breitbandspektren wiederzugeben. Durch die verschiedenen Charakteristika und Einschränkungen der
Quellen resultierten verschiedene SSC Modelle. Die meisten SSC Modelle sind Synchrotron
dominiert oder besitzen gleiche Helligkeiten in den Synchrotron und IC Maxima. Es konnte
keine Korrelation zwischen der Luminosität und der Frequenz der Emissionsmaxima, wie es
ursprünglich als Blazar-Sequenz presentiert wurde, ermittelt werden.

Chapter 1

Introduction
The study on the fascinating active galactic nuclei (AGN) has a long history but due to their
complex characteristics, there are still many open questions. In the 1940s, the first galaxies
with bright nuclei and optical spectra containing broadened emission lines were detected by
Seyfert (1943). Several years later, in the 1960s, star-like point sources which show high
activity but different photometric spectra than stars, the quasi stellar objects, named quasars
have been detected. In the following decades, the spectral characteristics of these and further
members of the class of AGN have been studied in details. These studies could be interpreted
in several unification models such that all these sources are the same kind of object which are
observed from different orientation angles.
The advent of high resolution radio observations revealed an insight in these peculiar
objects showing a jet in which the particles moves with relativistic velocities. With these and
other high resolution instruments at optical and X-ray wavelength, the morphology of the
high energetic jets could be determined. Several aspects of the formation and evolution of
the jets are not yet fully understood.
With the COS-B experiment, the first γ rays could be detected from the direction of the
AGN 3C273 (Swanenburg et al., 1978). With the advent of the Cherenkov technique, which
allows observations of very high energy γ-rays with ground based telescopes, AGN for which
this very high energy emission was predicted could be observed. And indeed some years after
the first γ-ray detection with COS-B, also the first very high γ-ray radiation could be observed
with Whipple in the AGN Mrk 421 (Punch et al., 1992) which verified the origin of very high
acceleration regions in the jet of AGN.
With the first detection of TeV γ-ray emission from AGN, the question of the origin of this
very high energy emission and the necessary acceleration process raised. Since the particles
in the jet, which produce this very high energy radiation, are accelerated to highly relativistic
velocities, especially this acceleration and the resulting emission processes are the main focus
of recent studies.
With the new generation of high energy (HE, 100 MeV > E > 100 GeV) and very high
energy (VHE, E > 100 GeV) instruments operating, as Fermi and AGILE in the HE and
H.E.S.S. (High Energy Stereoscopic System), MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkov Telescopes) and VERITAS (Very Energetic Radiation Imaging Telescope Array
System) in the VHE range, the sample of known γ-ray emitting AGN increased substancially
and provide good conditions to study new aspects of AGN.
Previously, the emission of the high energetic jet could be described well with the syn3

4

CHAPTER 1. INTRODUCTION

chrotron Self-Compton model. With the detection of very high energy radiation, it became
clear, that higher acceleration of the particles is needed. The question raised, if the AGN
with detected TeV γ-ray emission could fit in the unification model and if the generally used
synchrotron Self-Compton model could describe the measured spectral energy distribution.
To study the spectral energy distribution of the AGN with detected TeV γ-ray emission
in detail, it is crucial to obtain simultaneously multi-wavelength (MWL) observations to
understand the underlying emission processes.
In the following sections, the active galactic nuclei, especially the class of BL Lac objects
and their spectral energy distribution are introduced. The absorption of their radiation in
several wavebands will be discussed as well as the influence of the host galaxy to achieve
the original emission from the high relativistic jet. Since multi-wavelength observations are
necessary to study the emission processes, the instruments used to perform observations, are
also introduced. In chapter 2, the scope of this project is described in more detail. Chapter
3 contains information on the multi-wavelength data analysis performed in this thesis. The
radiation processes in the high energetic jets are introduced and described in detail in chapter
4. The chapters 5, 6, 7 and 8 contain all information on the performed complex multiwavelength observations, analysis and interpretation on four different BL Lac objects. The
different aspects of the emission processes in the jets of these different BL Lac objects are
discussed in detail. The last chapter summarizes the results of this MWL observations and
conclude on the new understanding of the presented BL Lac objects.

1.1

Active Galactic Nuclei

Active Galactic Nuclei (AGN) are luminous, variable objects in the center of a galaxy.
Over ten billion of galaxies exit in the Universe and their radiation represent the sum of
the radiation of their billions of stars (Robson, I., 1996). A small fraction of these galaxies
(< 1%) are very luminous compared to the other galaxies and they appear variable which is
exceptional for such giant structures. These galaxies are named active galaxies. A significant
fraction of their total luminosity is not attibuted to stellar radiation (Robson, I., 1996).
Since the activity originates in the central part of the galaxy, the name Active Galactic
Nuclei (AGN) was choosen to describe these objects. For decades, the AGN were unresolved
objects, but high resolution observations, e.g. with VLBI, could resolve several components
as described below.
Due to their high luminosity, the AGN can be detected up to very high redshifts. The
emitted radiation of AGN cover several decades of frequencies. Some of them can be detected
at highest eneregies, in the GeV and TeV γ-ray regime. In a recent study of Ackermann et al.
(2011) on the GeV γ-ray emission of AGN, 886 objects were detected in this energy range and
could be clearly identified as AGN. 395 of these objects could be classified as BL Lac objects
(see below for the definition of BL Lac objects). Comparing these numbers to a sample of
AGN as of Véron-Cetty & Véron (2010), which is a (non-complete) summary of known AGN
sample at different wavelength, yield a ratio of ∼ 1% of γ-ray loud AGN (and 30% of γ-ray
loud BL Lac objects).
The studies on AGN started in the 1940s with the detection of galaxies with bright nuclei
with optical spectra containing broadened emission lines by Seyfert (1943). Following this
detection, this class of galaxies have been named Seyfert galaxies. In the 1960s, several bright
radio emitter which show unresolved objects in the optical observations have been detected.
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Figure 1.1: Schematic representation of the standard model as illustrated in Urry & Padovani
(1995). The different components are described in the text. As modification, I included the
text to describe the different type of AGN dependent on the viewing angle of the observer.
Due to this characteristics, these objects were defined as quasars (quasi-stellar radio sources).
After this discovery, also objects with faint radio emission but similar characteristics to the
quasars were found and defined as quasi stellar objects (QSO). Nowadays the classification into
radio loud and radio quiet quasars is preferred and dependent on the spectral characteristics,
a further sub-classification is used as described below. Generally, the ratio between the radio
emission at 5 GHz (FR ) and the optical emission in the B band (FB ) is used to distinguish
between radio loud and quiet, e.g. Kellermann et al. (1989) used FR /FB ≥ 10 to define
radio-loud objects.
The standard model for AGN summarized from observational aspects by e.g. Urry &
Padovani (1995), is shown as a sketch in Fig. 1.1. In the center of the AGN exist a black
hole (BH) which accretes the surrounding mass. The accreted mass is loosing its angular
momentum due to friction. The friction force in the matter is much smaller than the gravitational force, therefore the angular velocity is independent from the radius and a uniform
rotating accretion disc is created. Due to the inner friction, the rotational velocity of the
particles decrease and they get closer to the black hole. This produces bright UV and low
energy X-ray emission. Intense and broad optical and UV emission lines are produced in the
gas clouds close to the black hole, which is called broad line region (BLR). Dependent on the
viewing angle, the line emission of this BLR is covered by a dusty torus, which is located
in the plane of the accretion disk. Further distant to the black hole, gas clouds exist which
produce narrow emission lines. This region is called narrow line region (NLR). Perpendicular
to the accretion disk, high energetic particles are ejected which form collimated radiation,
so called jets. The jets appear in both directions as jet and counter-jet. Their emission can
be detected mainly in the radio energy range, but can also be measured in high resolution
optical and X-ray observations. The jet continuum emission is dominated by non-thermal
emission. The particles in the jet are accelerated to relativistic velocities which result in a
beamed emission away from the black hole.
The first direct image (see Fig. 1.2) of the dusty torus was obtained by HST (Hubble Space
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Figure 1.2: Hubble Space Telescope and ground based optical and radio observations
of the radio galaxy NGC 4261 (HST/NASA/ESA). Clearly visible is the radio jet and
the host galaxy in the left image. The right image show the image made with the
HST on the gas distribution close to the black hole. It was the first direct view of
the obscuring gas torus surrounding the black hole (Jaffe et al., 1996). Taken from
http://hubblesite.org/newscenter/archive/releases/1992/27/image/.
Telescope) observations (Jaffe et al., 1996). In this figure a nuclear dust disk surrounding the
black hole and the accretion disk is visible as elliptical dark area. The optical depth of this
dust disk was found to be close to unity (Jaffe et al., 1996).
A very impressive image of the multi-wavelength emission from the jet is made with high
resolution observations by VLA (Very Large Array), HST and Chandra on the radio galaxy
M87 (see Fig. 1.3). In this image, the bright core of the AGN is visible. The jet consist of
several knots which could be interpreted as shock regions in which the particles are accelerated
to high energies.
Dependent on the viewing angle, different characteristics are detected in the observations of the AGN. Therefore the AGN have been ordered in the following classification as
summarized by Urry & Padovani (1995).
Type 1 AGN are all AGN with a broad continuum emission and broad emission lines
from hot gas with high velocities which can be found close to the black hole. Seyfert 1
galaxies are radio quiet members of this class with rather low luminosities. Also the QSO,
the radio quiet quasars are member of the Type 1 AGN. They have higher luminosities and
can therefore detect up to high distances. The radio loud members of this class are the broad
line radio galaxies (BLRG) with lower luminosities and the radio loud quasars with higher
luminosities. To distinguish the quasars with their higher luminosities to the other members
of this class, the limit of MV < −23 (absolute magnitude in the V band) was introduced, e.g.
Robson, I. (1996).
The Type 2 AGN have faint continuum radiation and narrow emission lines. This type
of AGN is seen edge-on towards the dusty torus (see Fig. 1.1), that most of the radiation
from the inner parts close to the black hole is absorbed. Since the NLR can be seen, narrow
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Figure 1.3: The core (left side) and the jet of M87 measured in three different bands. Top:
VLA radio image at 14.435 GHz. (shown in logarithmic scale) middle: Image of the HST with
the nomenclature of the visible knots as of Perlman et al. (2001). (shown in logarithmic scale)
bottom: Adaptively smoothed image of the X-ray emission obtained with Chandra shown in
linear scale. This image is taken from Marshall et al. (2002).
emission lines appear in the spectrum. The Seyfert 2 galaxies are the radio quiet members
and the narrow line radio galaxies (NLRG) the radio loud members of the Type 2 AGN.
The third class of AGN is called Type 0 AGN, since these AGN are detected at an
angle close to 0◦ between the rotational axis of the accretion disc and the line of sight of the
observer, hence in the direction of the jet (see Fig. 1.1). The BL Lacertae (BL Lac) objects
are members of this class, for which only few, faint or no absorption and emission lines exist.
These objects are named following the detection of BL Lacertae. BL Lacertae was the first
object for which this spectral characteristics with missing absorption and emission lines has
been observed. Some other objects that would belong in the class of Type 1 AGN are also
observed in the direction of the jet and should be therefore classified as Type 0 AGN. These
are, for example, the radio loud quasars with flat radio spectrum, the so called flat spectrum
radio quasars (FSRQ). These and the BL Lac objects are summarized under the expression
blazars.
The general continuum radiation of AGN in the X-ray regime can be described by a
power law since synchrotron and inverse Compton radiation (see chapter 4) are the dominant
emission processes for the continuum radiation. The accretion disk emission does result in
additional features in the spectrum. At low X-ray energies a so-called soft excess does appear
from the integration of black body radiation of different temperatures from the accretion
disk. The thermal emission of the accretion disk cover generally a broad energy range from
infrared to the X-ray domain and has its maximum in the UV which is also called big blue
bump. At energies around 1 keV an absorption edge from a so-called warm absorber, ionised
material mainly oxygen and neon, might be detected in the spectrum. In the range between
5 and 100 keV the so-called reflection component, a prominent Iron Kα line (at 6.4 keV) and
a broad reflection continuum, could be detectable. The reflection continuum appears when
the accretion disk increases the size close to the black hole. Due to the high temperatures,
the radiation pressure exceeds the gravitational force. Therefore the radiation from this inner
part of the accretion disk can hit the outer part of the accretion disk and get reflected. An
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Figure 1.4: Sketch of an X-ray spectrum from Fabian, A. C. ( 1998). The
explanation of the different features
can be found in chapter 1.1.

illustration of these features in the spectrum is shown in Fig. 1.4.
For the class of AGN studied within this thesis, the BL Lac objects, the non thermal
continuum radiation of the high energetic jet is dominant and the components from the
accretion disk should be suppressed.
Marscher (2005) created a cartoon sketch (see Fig. 1.5) of the quasar structure indicating
likely locations of the MWL emission based on observational characteristics. The collimated
jet host shock regions in which emission from radio up to γ-ray can be detected. The whole jet
structure can be mainly seen from radio to X-rays. As mentioned in Marscher (2005), the flux
variability time scales give constrains on the size of the emission region and cross-frequency
time lags can locate the sites of emission.
Observations of the radio galaxy M87 in 2008 reveal a strong TeV flare and a long term
increase of the radio and X-ray emission of the core region. The subtraction of the average
radio emission observed with VLBA (Very Long Baseline Array) from the observations during
the TeV flare show a brightning of a region very close to the core, suggesting an ejection of a
new component in the jet which extended up to ≈ 0.77mas (≈ 80RS ) (Acciari et al., 2009).
This was the first imaging evidence for the localization of the TeV emission to be in the
vicinity of the black hole.

1.2

Spectral energy distribution of BL Lac objects

The spectral energy distribution (SED) of AGN is commonly presented with νFν versus ν
plots which have been first used in the 1970s and which became standard for multiwaveband
studies in 1990s (Gehrels, 1997). νFν is the short way to describe the energy flux in a small
frequency band divided by the width of the frequency band, as explained in e.g. Gehrels
(1997),
dF
dF
νFν = ν
=
= Fln(ν)
(1.1)
dν
d(ln(ν))
This expression is directly related to the energy output in each frequency band. The luminosity can be calculated by νLν = 4πD2 νFν in which D is the distance to the object.
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Figure 1.5: Model for the location of emission at different wavelengths in an AGN by Marscher
(2005). The small black dot represent the black hole and the acreetion disk is shown vertical to
it with emission at higher frequencies closer to the black hole. Horizontal the jet is illustrated
with shock regions in which highest energy electrons are created. The high energy emission
is only found close to the location where the particles got accelerated since they loose energy
rapidly by radiation. Taken from http://www.bu.edu/blazars/research.html.
The SED of BL Lac objects shows two prominent peaks in the νFν presentation. These are
commonly explained by leptonic models (e.g. Marscher & Gear 1985, Maraschi et al. (1992))
as synchrotron and inverse Compton (IC) emission from a population of relativistic electrons
up-scattering their self-produced synchrotron photons (Synchrotron Self Compton models
(SSC)). The lower frequency peak in the optical-UV-X-ray regime can then be explained
by synchrotron emission and the higher frequency peak at keV-GeV-TeV frequencies results
from the inverse Compton emission. Also alternative models describing instead hadronic
interactions exist, e.g. Mannheim (1993). The radiation processes are described in detail in
chapter 4.
Depending on the location of the emission peaks in the spectral energy distribution, the BL
Lac objects are classified as high-energy, intermediate-energy and low-energy peaked. A good
indicator for this classification is the slope in the X-ray spectrum. For the high-energy peaked
BL Lac objects (HBL) the X-ray spectrum describes part of the synchrotron emission, while
for the intermediate-energy peaked (IBL) it is part of the synchrotron and inverse Compton
emission and represented by a flat spectrum in the SED (photon index around 2). For the lowenergy peaked BL Lac objects (LBL), the X-ray emission is dominated by inverse Compton
emission.
The observationally determined SED of BL Lac objects do not represent the original
emission process of the high energetic jet, but the SED as seen by the observer influenced
by Galactic extinction, photoelectric absorption, extragalactic background light (EBL) and
the host galaxy of the AGN. These influences and the possibilities to correct for them are
discussed in the following sections.

1.2.1

Host galaxy of AGN

The host galaxy of the AGN is prominent in the IR-optical-UV energy range. For BL Lac
objects generally the host galaxy light is less luminous than the emission of the active core.
But dependent on the orientation of the jet and the characteristics of the host galaxy it can
be of large influence and should be considered for any interpretation of the measured SED of
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Figure 1.6: Example of a SED of a high frequency peaked BL Lac object. This HBL PKS
2155-304 is the brightest TeV blazar of the southern hemisphere and was observed in July
2006 during a flaring phase (Aharonian et al., 2009a). The red data show the low state and
the blue the high state of this flare, observed simultaneously at X-ray and TeV energies. The
black data represent simultaneous observations in 2003. In grey, historical data are shown.
Taken from Aharonian et al. (2009a).
BL Lac objects.
Since the core appear point-like, the host galaxy is dominant in the outer regions, e.g.
in the tail, of the radial profiles. To determine information about the characteristics of the
host galaxy, deep observations in the optical to infrared are needed to determine a good
radial profile about the AGN and its host galaxy. The radial profile of the optical emission is
general fit with one point spread function (PSF) model to determine the core (dominated by
the AGN) characteristics, and a de Vaucouleurs model for the extended emission to describe
the host galaxy parameters (illustrated in Fig. 1.7).

Figure 1.7: Illustration of the radial
profile of the R-band observation on
AP Lib, taken from Pursimo et al.
(2002). The solid line represents the
total model, the blue line the PSF
model and the red line the de Vaucouleurs model.

The PSF model is different for each used instrument and described in the publications
about the radial profiles.
The de Vaucouleurs model describes the surface brightness profile for an elliptical galaxy,
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z
0
0.2

U-B
0.64
0.47

B-V
0.96
1.59

V-R
0.61
0.8
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R-I
0.70
0.77

Table 1.1: Galaxy colours for an elliptical galaxy for z=0 and z=0.2 from Fukugita et al.
(1995).
as determined by de Vaucouleurs (1948). It can be described by:



r 1/4
I(r) = Ie × exp −k ×
−1
re

(1.2)

where I is the surface brightness, Ie the surface brightness at the effective radius re and r
is the radius. The constant k is generally chosen such that re is the radius of the isophote
containing half of the total luminosity, therefore k = 7.67, as described in Caon et al. (1993).
Often observations of the host galaxy could only be performed in one optical band, mainly
the R-band, since deep observations and good seeing conditions are needed. To estimate the
brightness of the host galaxy in adjacent optical bands, one can use the colours for elliptical
galaxies for different redshifts from a template by Fukugita et al. (1995) determined from
observational characteristics of elliptical galaxies (see table 1.1).

1.2.2

Interstellar extinction and photoelectric absorption

In general, also the absorption of the initial radiation on the way to the observer has to be
taken into account. As can be seen below, the majority of the absorption effect by extinction
influence the emission measured in the optical-UV energy range.
Absorption describes the energy loss of a radiation of intensity Iν in an area of depth ds
with the absorption coefficient κν :
dIν /ds = −κν Iν

(1.3)

Since the intensity of the radiation is also reduced due to scattering off the line of sight to
the observer, the scattering coefficient σν is introduced. This and the absorption coefficient
give the extinction coefficient kν = κν + σν . Taking into account also the emission coefficient
jν , the general formula is
dIν /ds = −kν Iν + jν
(1.4)
The above introduced coefficients have the unit m−1 and are dependent from the frequency
and the characteristics of the matter. In case of a non-emitting area (jν = 0), then the change
of intensity with distance is:
Z s
−τν
kν ds
(1.5)
with τν =
Iν = Iν,0 × e
0

in which τν is called the optical depth (τ < 1 describe optical thin regions and τ > 1 optical
thick regions).
The extinction coefficient Aν can be defined as the change of the apparent magnitude with
and without absorption:
Aν = m − m0 = −2.5 log(Iν /Iν,0 ) = −2.5 log(e−τ ) = 1.086τν

(1.6)
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Figure 1.8: UV extinction Aλ /E(B − V ) shown as function of 1/λ with observations from the
OAO-2, Copernicus and TD-1 satellites. Taken from Seaton (1979).
The case Aν = 1 corresponds then to an optical depth of τ ≈ 1. Since the absorption
coefficient is frequency dependent, the absorption results in a color change. In the optical
range is τν ∝ ν, hence the blue light will be scattered and absorbed more than red light.
Therefore the extinction results in a reddening.
Trumpler (1930) found out in his study on open clusters, that the extinction results in a
color change of the radiation and determined for the first time a value for the extinction A.
In his study, he found a color excess of AV /RV ≈ 0.3 mag/kpc, which is representative for
the visual extinction in the Milky Way. RV = AV /E(B − V ) is the proportionality factor
between the extinction and the colour excess. The increase of the colour index (X − Y )
compared to the initial value can be expressed by E(X − Y ) = (X − Y ) − (X − Y )0 . In
measurements in the energy range ≈ 0.3 − 1 µm, Stebbins et al. (1939) found that the
interstellar extinction is proportional to 1/λ. For the interstellar gas, AV = (3.1±0.1)E(B−V )
result as average relation. But AV depends strongly on the characteristics of the dust. To
determine this relation for other wavebands, the determined relation by Seaton (1979) based
on observations using OAO-2, Copernicus and TD-1 satellites (see Fig. 1.8) can be taken.
Table 1.2 summarizes the extinction ratios for optical and UV filters of Swift UVOT based
Seaton (1979) and Giommi et al. (2006) for the UV and Zombeck (1990) for the optical filter.
With laboratory experiments and modelling, the broad absorption band in the UV at
λ = 220 nm can be allocated to graphite particles of small size.
For a complete review on the interstellar extinction, e.g. Schneider, P. ( 2005).
Photoelectric absorption of the X-ray radiation
The strength of the photoelectric absorption can be expressed by the hydrogen column density. Hydrogen and helium are the most numerous elements in the universe. The effective

1.2. SPECTRAL ENERGY DISTRIBUTION OF BL LAC OBJECTS

filter
R
V
B
U
UVW1
UVM2
UVW2

Aλ /E(B − V )
2.65
3.2
4.12
5.2
6.7
9.7
8.3
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Table 1.2: The extinction ratios for the
UV and optical filter used in Swift/UVOT,
XMM-Newton/OM and ATOM taken
from Giommi et al. (2006) based on
Seaton (1979) for the UV and Zombeck
(1990) for the optical filter. Values for
E(B − V ) can be found in the literature,
e.g. (Schlegel et al., 1998) and the absorption effect on the initial flux can be
calculated with A = −2.5 · log(Iν /Iν,0 ).

photoelectric cross section describes the cross section of one element normalized to the number of hydrogen atoms and is shown in Fig 1.9. Although the photoelectric cross section for
hydrogen and helium is lower than for other elements at first approximation it is correct to
use the hydrogen cross section since it is the most numerous element. A detailed description
of the photoelectric cross section can be found in Morrison & McCammon (1983) and Wilms
et al. (2000).
Since in the first approximation, the element abundance can be described by the metallicity, the column density of the atomic hydrogen is characteristic for the photoelectric absorption.
On the way to the observer, the X-ray radiation of AGN and other objects is partially
absorbed. Dependent on the viewing angle between the line of sight to the observer and the
rotation axes of the accretion disc, the dusty torus with a column density of NHI ≥ 1021 cm−2
is located between the observer and the active core. On the way through the intergalactic
medium exist only few obstacles, e.g. gas clouds with column densities of around NHI ∼
1016 cm−2 . In the Milky Way, dependent on the direction, the photons travel through gas
with column densities of around NHI ≥ 1020 cm−2 . For these absorption possibilities, the
photoelectric absorption has to be taken into account in the analysis of X-ray spectra.
The photoelectric cross section is inverse proportional to the energy: σ ∝ E −3 . Hence,
the high energetic X-ray photons can travel through larger parts of the absorbing gas than
the lower energy X-ray photons. This effect of absorption must be also considered in the
interpretation of X-ray spectra.
Several surveys exist to map the 21-cm emission from the Galactic neutral hydrogen
distribution in the whole sky, e.g. Dickey & Lockman (1990) and Kalberla et al. (2005). The
21 cm line is the transition within the ground state 1s2 S1/2 of HI between the hyperfine levels
with parallel spin F = 1 and antiparralel spin F = 0. The energy difference of 6 × 10−6 eV
correspond to a line at λ = 21.1 cm. The described transition is forbidden and has a small
probability. Kalberla et al. (2005) combined the Leiden/Dwingeloo Survey of the northern sky
with the Instituto Argentino de Radioastronomia Survey of the south and corrected for stray
light radiation at the Institute for Radioastronomy in Bonn to create the Leiden-ArgentineBonn (LAB) survey. The data cover the interval from −450 km s−1 to +400 km s−1 . The
LAB survey is the most sensitive Milky Way HI survey as stated in Kalberla et al. (2005),
e.g. the rms brightness-temperature noise is 0.07 − 0.09 K and the residual errors in the
HI profile wings are below 20 − 40 mK. The total HI column density are given integrated
over the range −400 km s−1 to +400 km s−1 under the assumption of optical transparency.
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Figure 1.9: The effective photoelectric cross section as a function of Xray energy. Taken from Morrison &
McCammon (1983).

The expected uncertainty is of the order of 2 − 3% as stated in1 . This LAB survey has been
therefore used to determine the Galactic neutral hydrogen column density (tool also available
on HEASARC2 ) (High Energy Astrophysics Science Archive Research Center) to interpret
the X-ray spectra of the AGN discussed within this thesis.
In the study by Schlegel et al. (1998) on the maps of dust infrared emission, the ratio between the dust temperature at 100 µm and the HI column density was found to
be 0.0122(MJy sr−1 )/(K km s−1 ) considering the HI gas from the velocity range −400 to
400 km s−1 of the Leiden-Dwingeloo map. Their information on the dust temperature result
from DIRBE observations at 100 and 240 µm.

1.2.3

Extragalactic background light

The extragalactic background light (EBL) is the background light in the universe, mainly
due to star formation, covering the frequency range from ultraviolet to infrared. For the
attenuation of the VHE γ-ray photons, the part of the EBL in the infrared, the so-called cosmic infrared background light (CIB) is mainly responsible. The direct measurement of this
background light at infrared wavelengths is difficult due to the bright foreground radiation,
the zodiacal light. Measurements of this radiation was conducted with the Cosmic Background Explorer (COBE) satellite (Wright (2001), Cambrésy et al. (2001)) and the infrared
telescope in space (IRTS) (Matsumoto et al., 2005). All direct measurements have a very
large systematic uncertainty due to the bright foreground radiation. Indirect assumptions on
the brightness of the infrared background light can be done due to the intergalactic absorption of the high energy spectra at TeV energies. The high energy gamma-rays are absorbed
due to the interaction with the diffuse photon field by photon-photon pair production. The
intrinsic spectrum of the TeV source and the density of the absorbing photon field have to be
modelled to receive the intrinsic spectrum of the infrared background light. The observations
with H.E.S.S. of the blazar H2356-309 (z=0.165) (Aharonian et al., 2006a), and 1ES 1101-232
(z=0.186) (Aharonian et al., 2007d) yield an upper limit for the infrared background light
at 1 µm (Aharonian et al., 2006c). With the blazar 1ES 0229+200 an upper limit on the
1
2

http://www.astro.uni-bonn.de/hisurvey/profile/
http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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Figure 1.10: Spectral energy distribution of the infrared background radiation at wavelengths
relevant for the TeV spectra, taken from Aharonian et al. (2007a). The upper axis show
the energy scale representing the maximum of the photon-photon cross section. The open
symbols are lower limits taken from the integrated light of the non-resolved sources with
Hubble data (Madau & Pozzetti, 2000), Spitzer (Fazio et al., 2004), (Dole et al., 2006) and
ISO data (Altieri et al., 1999), (Elbaz et al., 2002). The lines describe models for the infrared
background radiation of Stecker et al. (2006) the evolution and baseline model as dashed line,
model by Primack et al. (2005) as dashed-dotted line and the scaling of ×1.6 of this Primack
et al. (2005) model.
infrared background light can be obtained up to 10 µm, since this source has been detected
up to very high TeV energies and it has a very hard intrinsic spectrum (Aharonian et al.,
2007a).
As described in Hauser & Dwek (2001), the cross section for the pair production (γ +γb →
e+ + e− ) of a gamma-ray photon with energy Eγ and isotropically distributed background
photons of energy ǫb is peaked at ∼ 1.5 × 10−25 cm2 . The peak in the energy distribution
appears where Eγ ǫγ ≈ 4(me c2 ) ≈ 1 MeV2 or λb (µm) ≈ 1.24(Eγ /TeV). Therefore the attenuation of γ-rays with energies between 1-100 TeV occurs due to the interaction with infrared
photons. The observed attenuated flux is related to the intrinsic flux as
Fobs (Eγ ) = Fint (Eγ ) × e−τγγ (Eγ )

(1.7)

in which τγγ is the optical depth for the γ − γ interaction which is proportional to the number
density of the background photons.
Limits can be derived on the infrared background using very high energy γ-ray spectra,
when the intrinsic spectrum of the γ-ray source is known, when assuming that the attenuation
happens due to interaction with infrared background photons and not in the source itself or
its vicinity and when the spectral shape of the infrared background is known. A study by
Mazin & Raue (2007) was performed to determine limits on the density of the EBL from
known TeV blazars (see Fig. 1.11).
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Figure 1.11: Different limits on the EBL resulting from scans of the EBL shapes by Mazin &
Raue (2007) are shown. The thick solid black line is the realistic scan and the thick dashed
black line the extreme scan. Also different EBL models at z = 0 are shown for comparison as
blue curves: solid are high and low models from Kneiske et al. (2002), dashed lines from fast
and baseline evolution models of Stecker et al. (2006) and dashed-dotted the Primack et al.
(2005) model. Taken from Mazin & Raue (2007).

The energy distribution of the infrared background light has two peaks. The first peak
around 1 µm is produced by starlight and the second peak at ∼ 100 µm result from the
starlight that was absorbed and re-emitted by dust in galaxies. For the study by Mazin &
Raue (2007) a scan of different models for the EBL from lower and upper limits of the EBL
distribution were used. For the blazar spectra, the Fermi acceleration was assumed with a
slope of α = 2 which can become steeper due to faster cooling. Therefore the synchrotron
spectra for the blazars are assumed to have a photon index of Γ = (α+1)/2 = 1.5. The energy
spectrum in the inverse Compton has then the same photon index for Thompson scattering
or larger for the Klein-Nishina scattering. The same conclusion on the blazar spectra was
already established in Aharonian et al. (2006c).
Several model for the EBL absorption of TeV γ-rays exist, e.g. Franceschini et al. (2008)
or Aharonian et al. (2006c). In Aharonian et al. (2006c), they try to reproduce the shape
of the EBL SED with a curve describing the EBL as determined from galaxy counts. This
curve was labelled P1.0 and has been scaled with a free normalization to fit the TeV γ-ray
spectra of 1ES 1101-232 and H2356-309. The resulting normalization of 0.45 (model called
P0.45) was found to be the lowest possible limit. For this, the assumption, that the spectra
cannot be harder than Γint = 1.5 was taken, since, as described in Aharonian, the hardest
index for accelerated particles is s = 1.5 in shock acceleration models. This would result in
Γint = 1.25, but only if the Compton emission is in the Thomson limit, which is unlikely at
very high energies, and if the radiative cooling is not efficient. For Franceschini et al. (2008),
tables for different redshifts exist with the values for the optical depth given for approx.
50 distinct energies from ∼ 0.02 TeV to ∼ 170 TeV. To calculate the optical depth for the
energies of the bins used in our TeV spectra, one has to extrapolate between the distinct
energies (and between the values for different redshifts, in case the redshift differs from the
ones available). For simplicity, for the presented work, a power law shape have been assumed

1.3. INSTRUMENTS

17
1e+08
1e+07

100
1e+06

exp(tau(E))

tau(E)

1e+05

10

10000
1000
100
10

1

1

1

10
Energy [TeV]

100

1

10
Energy [TeV]

100

Figure 1.12: left: The optical depth for the redshift z = 0.14, taken from the provided table
by Franceschini et al. (2008). right: The exponential function of the optical depth to illustrate
the effect on the measured fluxes when correcting for the absorption due to EBL.
for the extrapolation. An example for the optical depth given in Franceschini et al. (2008),
the curve for the redshift z = 0.14 is given in Fig. 1.12.

1.3

Instruments

In the following section, the instruments are described which were used to obtain multiwavelength observations over a broad range (optical, UV, X-ray, GeV and TeV γ-ray range)
to cover well the SED for studies on the emission processes.

1.3.1

TeV γ-ray instrument H.E.S.S.

The High Energy Stereoscopic System (H.E.S.S.) experiment consists of four imaging atmospheric Cherenkov telescopes, located in the Khomas Highland near the Gamsberg, Namibia
(23◦ 16′ 18′′ South, 16◦ 30′ 00′′ East), at an elevation of 1800 m (Aharonian et al., 2006b).
The very high energy radiation (VHE, E > 100 GeV) cannot be measured directly on
earth due to the absorption of γ-rays in the atmosphere. Satellite based γ-ray detectors can
observe γ-rays up to an energy of around 100 GeV. To be able to detect much higher energies,
larger detection areas would be needed which is difficult to build for satellites. Therefore the
best technique for detecting very high energy γ-rays, is the ground based imaging atmospheric
Cherenkov technique (IACT). This technique bases on the detection of air shower products
from the interaction of the γ-rays with the atmosphere.
Air showers are created, when a γ-ray photon, an electron, a proton or a nucleus is hitting
a molecule in the atmosphere. In case of a γ-ray photon or electron, an electromagnetic air
shower is initiated. The electrons dominantly emit photons via Bremsstrahlung while being
deflected by nuclei. The γ-ray photons create pairs of electrons and positrons when interacting
with the atmosphere. A schematic view of this electromagnetic air shower created by a high
energy γ-ray photon is shown in Fig. 1.13. When the energy of the particles reach the critical
energy Ec ≈ 80 MeV, the energy loss is dominated by ionisation of air molecules rather than
Bremsstrahlung and the shower reached the maximum particle number. For the interaction
process, the mean free path length, also called radiation length X0 for the Bremsstrahlung, is
defined to be the mean distance after which the electrons have (1/e)E0 of the initial energy
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Figure 1.13: A schematic
view of the development
of the electromagnetic air
shower. Taken from Berge
(2006).

E0 left. The energy loss by Bremsstrahlung after a distance x is given as:


dE
E0
−
=
dt
X0

(1.8)

The radiation lengths is X0 = 37.2 g cm−2 in air. The spread of the secondary particles in
the shower is given by Compton scattering on nuclei, Bremsstrahlung and pair production.
For an electron that loose energy due to Bremsstrahlung, the resulting photon is emitted in
a cone with an opening angle of θ = 1/γ, where γ is the Lorentz factor. The largest spread
appears due to Compton scattering for which on average 90% of the energy of the shower is
contained in a cylinder around the shower axis with radius ≈ 80 m at sea level. Following the
model shown in Fig. 1.13, after n branchings, the number of particles is N (x) = 2n = 2x/X0
where x is the traveling distance in the atmosphere. The particles than have an energy of
E(x) = E0 × 2−x/X0 . The critical energy at which the maximum of the shower is reached can
then be defined as Ec = E0 × 2−Xmax /X0 which result in Nmax = 2Xmax /X0 = E0 /Ec . Hence,
the maximum number of particles is proportional to the initial energy of the γ-ray photon.
As an example, in Berge (2006) is given, that a γ-ray photon of E0 = 1TeV create an air
shower with its maximum at the atmospheric depth of Xmax ≈ 300 g cm−2 which corresponds
to a height of ≈ 10 km above sea level.
Hadronic air shower are produced, when a cosmic-ray nucleus hits the atmosphere and
scatter inelastically on nuclei in the atmosphere. Mesons like pions and kaons are created in
this process. The air shower has then an hadronic but also an electromagnetic component
due to the decay of neutral and charged mesons. The mean free path is around two times
larger than in the pure electromagnetic air shower, so that hadronic showers reach larger
distances in the atmosphere and hence the shower maximum is larger. The simulation shown
in Fig. 1.14 show the difference in electromagnetic and hadronic air showers, in which the
much larger extension of the hadronic air shower is visible.
Most of the created secondary particles in the air shower have highly-relativistic energies,
so that the velocity of these particles will be larger than the phase velocity of light in this
medium and therefore emit Cherenkov light which has its maximum in the blue waveband
range. In the direction of the emitted radiation, a light cone is produced. The half-angle of
this light cone θ is proportional to the velocity of the particle v = βc and the velocity of light
in the medium c′ = c × n with refraction index n:
cos θ =

c′
1
=
v
βn

(1.9)
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Figure 1.14: Monte Carlo
simulation of the air shower
development for the electromagnetic shower (left) and
hadronic shower (right).
Taken from Berge (2006).

The refraction index of air in the atmosphere varies with height, since the density of the
air varies continuously. The maximum in the Cherenkov light spectrum is in the ultraviolet,
but since the absorption effects in the atmosphere are stronger in this regime than in other
wavelength, the maximum in the Cherenkov light distribution that reaches the ground level
is in the blue waveband (around 330 nm).
This Cherenkov light is detected with the optical telescopes called Imaging Atmospheric
Cherenkov telescopes (IACT). Using at least two telescopes the stereoscopic observations can
be used for a good shower reconstruction to obtain the energy and direction of the initial
gamma-ray photon. Fig. 1.15 show how the shower is detected with the IACT as elliptical
image of the light cone.
The H.E.S.S. telescope array consist of four single telescopes in a square formation with
a side length of 120 m (which is a compromise between low threshold and good stereoscopic
operation). The above described technique of IACT is used to detect very high energy γray radiation (see Fig. 1.16). Each telescope (see Fig. 1.17) consist of 382 round mirrors
with 60cm diameter in a Davis-Cotton style hexagonal arrangement with a diameter of 13
m (Aharonian et al., 2006b). The resulting effective area is 107 m2 (see Fig. 1.18). Each
mirror can be adjusted to receive an optimal alignment onto the focal plane. The camera in
each telescope is in 15 m distance to the mirrors and consist of 960 photomultiplier tubes.
Each tube has a Winston cone to collect all light, so that no emission get lost between the
photomultiplier tubes. The 960 tubes are blocked in 60 drawers. The total field of view of
the detector is 5◦ in diameter. In stereo mode, at least two telescopes must trigger a signal
within 80 nanoseconds before it is stored in the database. For this system each single trigger
is stored for 126ns in two analogue ring sampler circuits. The first telescope of the H.E.S.S.
array was operational in June 2002 and the full array in December 2003. The sensitivity curve
is shown in Fig. 1.18 which represent that a source must be bright to be detected in short
time, e.g. it takes around 25 hours to detect a point source with a flux of 1% of the flux of the
Crab nebula and only around 30 s to detect the Crab nebula itself or a source with similar
brightness (Aharonian et al., 2006b). Within the years of operation, the optical efficiency
of the mirrors decreased resulting in a lower sensitivity and higher energy threshold. As
discussed in H.E.S.S. Collaboration (2010), this effect already decreased the optical efficiency
in 2004 by ≈ 20% and lower the flux normalization of the obtained spectra. Thefore in 2010
a big campaign to replace the mirrors by newly re-coated mirrors of the H.E.S.S. array has
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Figure 1.15: left: Sketch of the Cherenkov light cone. The geometry of the measured light cone
on ground level depends on the cone opening angle θz and the distance d that the Cherenkov
light travel. Taken from Berge (2006). right: Principle of the detection of Cherenkov light
cones with an IACT. The Cherenkov light emission is reflected on the mirrors and produce
an elliptical image on the focal plane of the telescope. Taken from Berge (2006).
been started.

1.3.2

GeV γ-ray instrument - Fermi

The Fermi gamma-ray space telescope (formally called GLAST) is a satellite with two main
detectors: the Fermi Large Area Telescope (LAT) which detect gamma-rays in the energy
range ≈ 20 MeV to ≈ 300 GeV and the Glast Burst Monitor (GBM) in the energy range
8 keV to 30 MeV. The Fermi satellite has been launched by NASA on June 11, 2008 and the
instruments began nominal science operations on August 4, 2008.
The main goal for the GBM is to detect gamma-ray bursts (GRB). The GBM was built
such, that it can view the entire sky excluding the earth. This is reached with 12 detectors
made of sodium iodide to detect the X-ray and low-energy γ-ray radiation and two detectors
of bismuth germanate to detect the higher energy γ-rays.
The Fermi Large Area Telescope (LAT) is a pair-conversion gamma-ray detector sensitive
to photons in the energy range from below 20 MeV to more than 300 GeV (Atwood et al.,
2009). Its field of view is 2.4 sr and in scanning mode, the whole sky can be monitored
within three hours. Its effective area is very large, 9500 cm2 (see Fig. 1.19). The LAT
consists of 16 towers of particle detectors, each have a tracker and a calorimeter unit. The
tracker unit consists of several layers of silicon tracking detectors and thin tungsten converter
foils. In the tracker unit, the γ-ray photon undergoes pair production and the track of the
resulting electron and positron can be measured. In the attached calorimeter, the energy
of the subsequent electromagnetic shower can be obtained. A surrounding anticoincident
shield around the 16 towers identify charged particles, which are five orders of magnitude
more abundant than γ-rays. The shield put a veto on the detected signals of these charged

1.3. INSTRUMENTS

21

Figure 1.16: Sketch of the detection of the very high energy gamma-rays creating air showers
in the atmosphere. The Cherenkov light cone of an air shower created at an altitude of
∼ 10 km is visible, which reaches an area of around 120 m in radius on ground. The four
IACT of H.E.S.S. cover this area and can detect the shower. Taken from H.E.S.S. experiment
(MPI-K) website (http://www.mpi-hd.mpg.de/hfm/HESS/pages/about/telescopes).

Figure 1.17: left: One of the four H.E.S.S. telescope with the dish of 382 mirrors and the
camera mounted in the focal point at the end of the steel structure. right: The ATOM 75-cm
telescope also located in Namibia.
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Figure 1.18: left: The effective area of the full H.E.S.S. array for three different zenith angles
(20◦ , 45◦ and 60◦ ) as marked with different symbols. The shown energy is the energy of the
detected shower obtained by comparison with Monte Carlo simulations. The vertical lines
represent the energy threshold for each zenith angle (solid for 20◦ , dashed for 45◦ and dotted
for 60◦ ). right: The sensitivity curve for the full H.E.S.S. array showing the time needed to
detect a signal at the 5σ level. The source flux is given in Crab units and a spectral slope
similar to the one of the Crab nebula is assumed. This curves is valid for observations at 20◦
zenith angle and 0.5◦ offset from the source. The different line shapes represent the standard,
hard and loose cuts. Both images taken from Aharonian et al. (2006b).
particles and these signals are directly removed.
The most relevant instrument for the studies presented here is the Fermi-LAT due to its
higher sensitivity compared to GMB and due to its monitoring mode, in which the whole sky
is covered every 3 hours.

1.3.3

X-ray instruments

X-ray photons cannot be focused in the same way than optical photons, since they pass
through optical mirrors due to their high energy. One option to focus X-ray photons is to use
mirrors on which the X-ray photons reflect with a very low angle to the reflection plane. The
mirrors need to be adjusted parallel and the surface must be very plane to receive the best
focussing. The refraction index in matter is smaller than one for X-ray radiation and can be
calculated by
n=1−δ+i·β
(1.10)
in which the imaginary part β is much smaller than δ, so that it is negligible. Since the
refraction index in metal is lower than the one for air (n = 1), the metal is an optically thiner
medium for X-rays than air, so that on the border between air and metal a total reflexion
appear. With the Snellius refraction law, the refraction index and the definition for δ one can
calculate the proportionalities for the critical angle for the total reflection:
√
√
√
Z
(1.11)
θc = 2 × δ ∝ λ × Z ∝
E
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Figure 1.19: left: Artistic view of the Fermi satellite (NASA/GSFC). middle: The effective
area of Fermi for three different analysis classes as discussed in Atwood et al. (2009). right:
The differential sensitivity curve for Fermi for a detection at 5σ level in one year of observations assuming a photon index of 2 for the source. The dotted line represent the sensitivity
for sources at high Galactic latitude and the dashed, solid one for sources close to and on
the Galactic plane, respectively. The middle and right image are taken from Atwood et al.
(2009).

Hence, a material with high atomic number Z has a higher critical angle for each energy.
Most X-ray telescopes use metal with a layer of gold as mirror since gold has a high atomic
number of Z = 79. Therefore the critical angle is around 1◦ at an energy of 1 keV. If the metal
mirror has a parabolic form, all X-rays that fall nearly parallel to the optical axes are focused
in one point. But all photons with an angle different to zero are focused in an asymmetric
halo around the focal point. This aberration is called coma and is higher as larger the angle is.
To reduce this aberration effect, Wolter (1952) showed that two reflections in a conical and
coaxial mirror are necessary. Wolter created three different combinations of one parabolic
and one hyperbolic area. One of these, the type I is shown in Fig. 1.20. The advantage
of this combination is the short focal length which is helpful for building X-ray telescopes.
To increase the effective area of the telescope, several mirror systems are interleaved since
every single mirror can only reflect few photons that have the angle of incidence equal the
critical angle. One disadvantage of this mirror system is the chromatic aberration effect that
the critical angle is dependent on the energy of the X-ray photons. Since the critical angle
for high-energy photons is smaller than for low energy photons, the high energy photons are
reflected more efficient at the inner mirrors and the low energy photons on the outer mirrors.
Hence the high energy photons appear as a halo around a core of low energy photons in the
focal length, since the high energy photons have an angle of incidence different to the critical
value for the outer mirrors and are not reflected in the focus. For XMM-Newton this effect
can be illustrated in the difference of the full width half maximumm (FWHM) of 5′′ for a
monochromatic radiation and a half energy width (HEW) of 15′′ .
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Figure 1.20:
Wolter type I Xray mirror system as a combination
of parabolic and hyperbolic mirrors
(GSFC/NASA).

Chandra
XMMNewton
Swift
RXTE

detector energy range energy resolution
time
angular
effective
field of view
E/∆E d
resolution
resolution
area d
ACIS-S 0.3 − 10 keV
∼ 35
3.2 s
1′′
200 cm2
17′ b
a
′′
2
MOS 0.15 − 12 keV
∼ 45
2.6 s, 1.5 ms
5
200 cm
15′ c
PN
0.15 − 15 keV
∼ 45
0.2 s, 0.03 msa
6′′
300 cm2
30′ c
e
f
′′
2 e
2 f
XRT
0.2 − 10 keV
∼ 43
1.8 ms , 2.5 s
∼7
120 cm , 100 cm
23.6′ b
◦
2
PCA
2 − 60 keV
∼5
1
5000 cm
1◦, c

a: timing mode, b: quadratic field of view, c: circular field of view, given is radius, d: at 6 keV, e: wt mode, f: pc mode

Table 1.3: Summary of the important detector characteristics of the four X-ray satellites
Chandra, XMM-Newton, Swift and RXTE for standard observations.

Charged Coupled Device (CCD)
Charged coupled devices (CCD) are an array of semiconductors. Due to the photoelectric
interaction of the X-rays with the silicium of the semiconductors electron-hole pairs are created. The voltage on the semiconductors are high enough to store the electrons. After the
readout time, e.g. 3.2s for Chandra, the charge of each pixel is serially shifted by increasing
the voltage at the next electrode while the one on the electrode above the charge package is
decreased. At the edge of the CCD chips the charges are read out with an amplifier. During
the read out, the semiconductors are put back to the initial conditions to be ready again for
new electron-hole pairs. There exist two different arrangements for CCD chips. The frontside
illuminated (FI) chips, in which the photons reach the semiconductor at the side with the
electrodes and the backside illuminated (BI) in which the photons reach the photo sensitive
substrate. The advantage of the BI chips is the very large efficiency of 80% in the energy
range 0.8 − 6.5 keV while this efficiency is only reached between 3 and 5 keV for the FI chips,
since a lot of photons are absorbed by the electrode material. The advantage of the FI chips
is the better energy resolution.

Figure 1.21: Illustration of different pixel pattern. Black illustrate the pixel with the strongest
signal and grey the neighbouring pixel which received part of the initial signal of the center
pixel.
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Figure 1.22: Pileup effect at an energy of 1.49 keV (Al Kα) as a function of intensity of the source. The single pixel signals are close to the energy of the Al Kα line,
while two and more pixel signals appear at the double, triple and quadruple line energy. This data were taken from the calibration of Chandra before the start and the
figure is taken from the Chandra proposers observatory guide (version 14.0 of 2011),
http://cxc.harvard.edu/proposer/POG/html/index.html.
Most incoming photons create one-pixel signals, but sometimes the neighbouring pixel
detect part of this radiation. In this cases, the signal is stored with a number describing the
pixel pattern (see Fig. 1.21). In case that two, three or four pixel are illuminated at the
same time, their charge is summed and saved at the position of the brightest pixel. The pixel
pattern of the first four shown pattern can be used for the analysis of the data while the
others should be excluded from it. The fifth shown pixel pattern can appear due to cosmic
rays or the pileup effect. If in case of pileup the previous discussed pattern are excluded from
the analysis this can cause a depression of the detected light in the core region of an image
of a very bright source.
The so-called pileup describes the arrival of more than one X-ray photon in one pixel or
in neighbouring pixel as described above, before the chip is read out. Therefore the number
of electron-hole pairs are not proportional any more to the energy of the incoming X-ray
photon. Due to this effect several low energy photons are summed up and appear as more
high energy photons (as can be seen in Fig. 1.22). With higher photon rate, the intensity of
the detection at double, triple and quadruple line energy increased. Due to this effect, the
PSF and the spectrum are influenced, e.g. the spectrum seems more flat due to the detection
of more high-energy signals.
Proportional counter
Another technique to detect X-ray emission is the proportional counter as used e.g. in the
RXTE satellite. In general a proportional counter is a box filled with gas with a cathode
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Figure 1.23: Artistic view of the four X-ray satellites: left top: XMM-Newton satellite
(NASA/GSFC) right top: Chandra satellite (NASA/CXC/SAO) left bottom: Swift satellite
(NASA/GSFC) right bottom: RXTE satellite (NASA/GSFC)
and anode using a direct current. The incoming X-ray photons free electrons from the atoms
of the gas via photoelectric effect and the electrons get accelerated in the direction of the
anode. Proportional counter have generally a very high voltage, so that more electrons get
free due to collision of the free electron with the atoms in the gas which created an electron
avalanche. The measured signal on the anode is proportional to the energy of the incoming
X-ray photon.
Chandra
The name Chandra was chosen in memory to Subrahmanyan Chandrasekhar, an indianamerican nobel price winner who was known under the name Chandra. The name Chandra
also means moon or brilliant in sanskrit.
The X-ray satellite Chandra was launched on July 23 1999. Its orbit is strongly elliptical,
so that the satellite pass only for 25% of its time in the ring of charged particles around the
earth. This is a big advantage compared to other X-ray satellites since only few measurements
are hence influenced by the charged particles.
The telescope consist of four mirrors build as Wolter type I system. The mirrors are
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Figure 1.24: CCD chips of the ACIS detector on-board Chandra. The row of
6 chips is called ACIS-S and the four
chips in a 2x2 array is named ACIS-I.
(NASA/CSC/SAO)

inleaved, rotational symmetric, 0.8 m long and have diameters between 0.6 and 1.2 m. The
surface has been smoothed and coated with iridium. Chandra has two detectors, the Advanced
CCD Imaging spectrometer (ACIS) and the High Resolution Camera (HRC) which are located
in the focal plane of the mirror system and two spectrometer, the Low Energy Transmission
Grating Spectrometer (LETG) and High Energy Transmission Grating Spectrometer (HETG)
which can be placed in the radiation path of the X-ray photons. The spectrometer consist of
some hundred transmission grates made of gold which deflect the X-ray photons dependent on
their energy and focus them on the ACIS-S chips. Therefore they can only detect the energy
of the photons, but have a very high energy resolution. The ACIS and HRC instead can
measure the position and the energy of the incoming X-ray photons. The LETG is sensitive
for the energy range 0.08 to 2 keV and the HETG with a more fine structure of 0.2 µm of the
grates for the High Energy Grating (HEG) and with 0.4 µm for the Middle Energy Grating
(MEG) cover the energy range 0.4 − 10 keV. To distinguish between the two different grating
in the HETG, they are shifted such that an X structure appears on the ACIS-S.
The HRC consist of one photo-cathode in which the incoming photons extract electrons.
These electrons extract a series of electrons in the glas tubes of lead oxide behind the cathode
and the signal get amplified. The position of the signal is then precisely determined on a
grate made of wire.
The ACIS detector is an array of CCD chips (see Fig. 1.24). It is separated in ACIS-S, a
row of six chips and ACIS-I, an array of 4 chips, but also different combination of chips can
be used for observations. The CCD chips detect simultaneous the position and the energy of
the incoming X-ray photon. Each chip consist of 1024 × 1024 pixel where each has a size of
24µm corresponding to 0.492′′ . The effective area of two chips is shown in Fig. 1.25 which
also illustrate the energy range of 0.3 − 10 keV for this detector.

Information about the X-ray satellite Chandra can be found on the Chandra3 and Chandra
X-ray center4 websites.

3
4

http://chandra.harvard.edu
http://asc.harvard.edu
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Figure 1.25: Effective are for two chips of
the ACIS detector. As example for a backside illuminated chip is shown the ACISS3 chip (solid line) and for a frontside
illuminated chip the ACIS-I3 chip (dashed
line). Taken from the Chandra proposers
observatory guide (version 14.0 of 2011),
http://cxc.harvard.edu/proposer/POG/
html/index.html.

XMM-Newton
The satellite XMM-Newton (X-ray Multi-Mirror Mission) was launched in December 19, 1999.
Three Wolter type I X-ray telescopes are mounted parallel and focus the X-ray emission on
the European Photon Imaging Camera (EPIC) which consist of three CCD detector and two
Reflection Grating Spectrometer (RGS). In addition one 30 cm optical/UV telescope with
CCD chips in its focus is on-board XMM-Newton and is called Optical Monitor (OM). Therefore strict simultaneous observations can be obtained with XMM-Newton in the optical/UV
and X-ray energy range. The three X-ray telescopes consist of 58 concentric, thin (0.5 - 1
mm) mirrors each, which are coated with gold and are mounted in the Wolter type I system.
The diameter of each X-ray telescope is 70 cm. Information about the satellite XMM-Newton
can be found in the XMM-Newton Users Handbook5 .
Due to the high accuracy of the mirror surface, an angular resolution of 5′′ (FWHM) and
′′
15 (HEW) is reached. As can be seen in the effective area for the XMM-Newton detectors
in Fig. 1.26, the mirrors are most efficient in the energy range 0.1 − 10 keV with a maximum
at 1.5 keV. Also prominent is the M-absorption edge of gold from the coating of the X-ray
mirrors around 2 keV.
Two of the three EPIC detectors are so-called MOS (Metal Oxide Semi-conductor) CCD
arrays. They consist of 7 identical CCD chips and are shifted by 90◦ , so that the gaps between
the single chips are covered by the chips of the second MOS detector. The middle chip is
mounted below the outer CCD chips. The MOS chips have a pixel size of 40 µm which
correspond to 1.1′′ . The third EPIC detector is called PN detector and can reach a time
resolution of 0.03 ms in the timing mode. It consist of 12 identical CCD chips and the pixel
size is 150 µm which correspond to 4.1′′ . Due to the geometry of the chip array, the complete
array is placed a bit offset from the optical axis of the X-ray telescope so that > 90% of the
signal of an on axis point source is covered by one PN chip and few signal get lost in the chip
boundaries. In Fig. 1.27, the sketch of both detectors are shown together with the field of
view of the telescopes.
5

http://xmm.esac.esa.int/external/xmm user support/documentation/uhb/index.html
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Figure 1.26: The effective area of the MOS (left) and PN detector (right) for three
different filters. Taken from the XMM-Newton Users Handbook, Issue 2.10 of 2012
(http://xmm.esac.esa.int/external/xmm user support/documentation/uhb/index.html).
The readout time for the PN detector is quicker than for the MOS detectors, since each
pixel column has its own amplifier. For the MOS detectors, each pixel of a chip is read out
serial since each chip has only one amplifier. The MOS CCD chips are front side illuminated
and the PN CCD chips are backside illuminated.
In front of the EPIC detectors filters made of aluminium are mounted which are transparent for X-ray radiation in the energy range 0.15 − 15 keV. These filters are necessary, since
the CCD chips are also sensitive for radiation in the IR, optical and UV range. Since the thick
filter also block low energy X-ray photons (as can be seen in Fig. 1.26), three different kind
of filters exist (thin, medium and thick). The correct choice of the filters has to be considered
for an observation proposal dependent on the brightness of the stars in the field of view of
XMM-Newton.
The two reflection grating spectrometer (RGS) are located in front of the two MOS detectors. Approximately 40% of the photons are focused directly on the MOS detectors, while
≈ 60% of the photons are scattered on the grating and are detected at the focus of the
spectrometer with CCD chips.
The big advantage of the XMM-Newton X-ray instruments is the very large effective area
compared to other X-ray satellites. All three X-ray telescopes together have a geometrical
effective area of ≈ 1500 cm2 at 1.5 keV. The effective areas of the MOS detectors are lower
than the one of the PN detector, since part of the incoming photons are scattered on the
grating and enter the reflection grating spectrometer.
In March 9, 2005 a bright flash of light on the detector MOS1 caused an overflow in the
data buffer6 . Already in 2000, 2001 and 2002 similar events, but less energetic, appeared on
the MOS and PN detectors which arised from impacts of micro-meteoroids, in which cases the
appearing hot or defect pixel are mapped and masked out. For the event in 2005 it happened,
that in the CCD6 of MOS1 the signal of the pixel were saturated and the whole CCD chip
could not receive signals. Therefore this CCD chip of the MOS1 detector has been disabled.
Unfortunately, in the first weeks and month of XMM-Newton operation, each RGS had
problems with one chip, each due to electronic failures. First the CCD4 in the RGS2 detector,
which cover the frequency range 20 − 24.1 Å, failed and after in September 2000 the CCD7
6

http://xmm.esac.esa.int/external/xmm news/items/MOS1-CCD6/
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Figure 1.27:
Sketch of the EPIC detector MOS (left) and PN (right).
The
grey circles represent the field of view of the telescope with a diameter of
30′ .
The MOS detector consist of seven CCD chips and the PN detector of 12
CCD chips.
Taken from the XMM-Newton Users Handbook, Issue 2.10 of 2012
(http://xmm.esac.esa.int/external/xmm user support/documentation/uhb/index.html).
of RGS1 which cover the frequency range 10.6 − 13.8 Å. Therefore both RGS detector should
be used to get a complete spectrum.
Swift
The Swift satellite was launched on November 20, 2004 and was originally called Swift Gamma
Ray Burst Explorer. It is the first autonomous rapid-slewing satellite for transient astronomy
(Gehrels et al., 2004). It is predestinated for GRB studies due to its fast re-pointing and
the simultaneous observations in the X-ray and UV/optical energy band. The Swift satellite consists of three instruments: The Burst Alert Telescope (BAT) operates in the energy
range 15 − 150 keV, the X-Ray Telescope (XRT) for the energy range 0.3 − 10 keV and the
UV/Optical Telescope (UVOT) has filters covering the range 170 − 600 nm.
The BAT instrument (see Gehrels et al. (2004)) has a large field of view of 1.4 sr and is a
coded-mask instrument. It has been designed for a quick detection and localization of GRBs
and within ∼ 10 s the position of the GRB can be send to the spacecraft for re-positioning.
The BAT instrument consist of a detector of 1.2 × 0.6 m made of 32768 pieces of CdZnTe.
A D-shaped coded mask made of ∼ 54000 lead tiles is located 1 m above the detector. The
coded mask is made with 50% open and 50% closed pattern distributed in a random way
on an area of 2.7 m2 . To reduce the background from the cosmic diffuse flux and the Earth
albedo, the detector and the mask is surrounded by a graded-Z fringe shield. Details can be
found in Gehrels et al. (2004).
The X-ray telescope (XRT) has a Wolter type I mirror system and one CCD chip to detect
the X-ray radiation. The XRT uses the mirror set which was built as spare set for the JET-X
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Figure 1.28: The effective area of the Swift XRT in the window timing (WT) mode and in
the photon counting (PC) mode. Taken from Romano et al. (2005).
program. It consist of 12 concentric gold coated mirrors. The field of view of the XRT is
23.6′ × 23.6′ and it has a point spread function of 18′′ half-energy width at 1.5 keV. The
effective are is > 120 cm2 at 1.5 keV and is shown for two different operating modes in Fig.
1.28. The CCD detector consist of 600 × 600 pixel in which each pixel has a size of 40 µm
corresponding to 2.36′′ per pixel. The XRT detector can be operated in different modes,
here described the most common used. The photon counting mode (PC) in which the full
CCD chip is read out every 2.5 seconds. This mode provides full imaging and spectroscopic
resolution. It should be used for sources that have below 1 count/second. The window timing
(WT) mode use a subwindow of the CCD which is 200 column broad and cover the central 8′ of
the field of view. Therefore the time resolution is low with 1.8 ms, but no spatial information
are stored. This mode should be used for sources with a countrate above 1 count/second. In
the automatic mode, the detector can switch between the different modes dependent on the
X-ray flux of the source to reduce the pileup and optimize the spectral and timing analysis
results. These and further information about the Swift XRT can be found in Burrows et al.
(2005).
RXTE
The X-ray Timing Explorer (XTE) has been launched in December 30, 1995. It was renamed
to Rossi X-ray Timing Explorer (RXTE) in February 1996 to honour Bruno B. Rossi who
discovered Scorpius X-1, the first non-solar X-ray source.
The RXTE consist of three instruments, the Proportional Counter Array (PCA) sensitive
for the energy range 2 − 60 keV, the High Energy X-ray Timing Experiment (HEXTE)
observe in the energy range 15 − 250 keV and the All Sky Monitor (ASM) in the energy range
1.5 − 12 keV. The ASM scan most of the sky every 1.5 h while the PCA and HEXTE are
pointing instruments and have a field of view of 1 degree radius.
The PCA has five proportional counter units (PCU) which are surrounded by an anti-
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Figure 1.29: Sketch of one proportional counter in the PCA detector (left) and the HEXTE
detector (right). Taken from Bradt et al. (1993).
coincidence shield. The array of five detectors cover an area of 1.4 × 1.8 m2 . A sketch of
the configuration is shown in Fig. 1.29. Each proportional counter unit has a collimator
and several layers divided by Mylar windows and filled with gas at the end of the collimator.
The first layer is filled with propane gas, the second part with xenon (90%) and methane
(10%) (defined as three signal layers). The anodes are placed in this gas and are grouped
into six signal chains while there are separate signal chains for the propane layer. The PCA
is continuously checked with an americum radioactive source which is used for calibration.
The High Energy X-ray Timing Experiment (HEXTE) consist of two cluster (cluster A,B).
Each cluster has an array of four detectors with each having a collimator, a phoswich detector
and a photomultiplier (see Fig. 1.29). The total collection effective area of four detectors
is 1600 cm2 . Phoswich is an acronym for phosphor sandwich. It consist of a layer of NaI
(3mm thick) and a layer of CsI (38 mm thick). The photons or charged particles which can
be detected with the phoswich detector can be grouped in three kind of signals. The first
scintillation signal appear in the NaI region which is created by an X-ray photon of energy
15 − 250 keV. The second kind appear in the CsI area and the third kind takes part in both
detectors. To distinguish between these kind of signals, the decay time is measured which is
∼ 0.25 µs for the NaI region and 0.6 and 7 µs for the other two events, respectively. Therefore
the NaI area is the X-ray detector, while the CsI region is used as active shield to discriminate
the signals. The HEXTE cluster work in rocking mode in which they change between an on
and off source position every 16 to 128 s. The off source position is generally 1.5◦ or 3◦ far
away from the source position. A radioactive source Am241 is used to regular monitor and
the calibration of the detector.
These and further information about the RXTE satellite can be found in Bradt et al.
(1993). After several elongations of the operation time of RXTE, the RXTE team stopped
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Figure 1.30: The effective area of the PCA
detector using all five detectors together
(shown as black line). The dashed line
represents the effective are using only the
first layer and all five detectors. The absorption edge around 34 keV is due to
Xenon. Taken from Jahoda et al. (1996).

after 16 years the science operation on January 3, 2012.

1.3.4

UV-optical instruments

XMM-Newton - OM (optical monitor)
The Optical Monitor (OM) on-board XMM-Newton is a Ritchey-Chretien telescope which
has a hyperbolic primary and secondary mirror. The filter wheel has six filters for the optical
and UV bands, one white filter, two grisms and one closure serving as a shutter. The six
optical and UV filter are as follows with their central wavelengths given in brackets: UVW2
(212 nm), UVM2 (231 nm), UVW1 (291 nm), U (344 nm), B (450 nm) and V (543 nm).
The OM detector consist of a photo cathode, two micro-channel plates, a phosphor screen
and a CCD. The incoming photons hit the photo cathode which is optimized for UV and
blue light, sensitive from 180 to 600 nm, and the resulting electrons are amplified by the
micro-channel plates. Then the electrons hit a phosphor screen in which they get converted
to photons. In a fibre taper the photons arrived from the phosphor screen to the smaller sized
CCD. The CCD has a very quick read out of 11 ms for the full CCD.
The field of view of the OM is 17′ × 17′ and cover the central part of the field of view of
the EPIC detectors. But also smaller windows can be defined for observations. Mainly two
different observation mode exist for the OM detector: the image mode and the fast mode.
The image mode provides good spatial information. In the fast mode good timing information
is given, but only a small window of 22x23 pixel is used reducing the spatial information.
Detailed information about the optical monitor on-board XMM-Newton can be found in
Mason et al. (2001) and in the XMM-Newton user handbook7 .
Swift - UVOT (UV-optical telescope)
The UVOT (UV/optical Telescope) on-board Swift is similar to the optical monitor on-board
XMM-Newton. It has a Ritchey-Chretien telescope with a 30 cm primary mirror. The detector
consist, as for the OM, of a photo cathode, micro-channel plates and a CCD. The field of
view is 17′ × 17′ . The six optical and UV filter are (central wavelengths given in brackets):
UVW2 (188 nm), UVM2 (217 nm), UVW1 (251 nm), U (345 nm), B (439 nm), V (544 nm).
Further and more detailed information are given in Roming et al. (2005).
7

http://xmm.esac.esa.int/external/xmm user support/documentation/uhb 2.5/node65.html
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optical instrument - ATOM

The ATOM (Automatic Telescope for Optical Monitoring for H.E.S.S.telescope) is a 75 cm
optical telescope located at the H.E.S.S. site in Namibia. ATOM stands for Automatic Telescope for Optical Monitoring for H.E.S.S. and is used mainly for regular monitoring of variable
TeV γ-ray sources and potential TeV candidates. In case of the detection of a high optical
flux or a strong increase in optical flux these information are used to trigger observations with
the H.E.S.S. telescopes.
The ATOM telescope has a main mirror of 75cm diameter, a secondary mirror of 32.5 cm,
and a focal length of 600 cm. The field of view of the CCD camera is 8′ × 8′ . It can monitor
the flux in four different filters mounted on a filter wheel: B (440 nm), V (550 nm), R (640
nm) and I (790 nm) according to Bessell (1990). A guiding camera with a field of view of
4.1′ × 2.8′ is mounted to guarantee guiding of each object using known reference stars. It
is a new designed version of a telescope that was build in the late 1970s as a prototype for
computer controlled azimuthal telescope and operated for decades at the Landessternwarte
in Heidelberg. In 2005 it was transported to Namibia and upgraded to the technical status
of 2005.
These and more information can be found in the ATOM user manual (not public) and in
Hauser (2011).

Chapter 2

Description of the project
The project of this thesis is based on the discovery of TeV γ-ray emission of several blazars
for which few studies had been applied on the emission processes of their highly relativistic
jets. While the first generation of Cherenkov telescopes detected only some very bright TeV
sources, the new generation of IACT allowed us to increase the number of TeV sources to
more than 100 with around 30 − 40% of AGN. The majority of AGN detected at TeV energies
belong to the class of blazars. The basic aim of this thesis is to study if the emission processes
of these TeV BL Lac objects can be explained by the SSC model which is well established for
the class of BL Lac objects at lower energies.
As described in the previous chapter, the SED of BL Lac objects can be explained by synchrotron emission which peaks in the optical-UV-X-ray regime and inverse Compton emission
from a population of relativistic electrons which up-scatter their own synchrotron photons in
the X-ray-GeV-TeV regime. This model is commonly described as Synchrotron Self-Compton
(SSC) model. A complete and simultaneous coverage of the synchrotron and inverse Compton
peak region obtained by observations in the optical, UV, X-ray and GeV, TeV γ-ray regime,
respectively, is crucial to determine the particle distribution function and macroscopic parameters in the jets of active galactic nuclei.
Since decades the unification model of AGN, as introduced in the previous chapter, is
supported by multi-wavelengths observations. Following this unification model, the AGN
classified as blazar are observed in the direction of the high energetic jet. Therefore the contribution of the accretion disk, dusty torus, narrow line and broad line regions are suppresed
under the dominant emission of the highly relativistic particles accelerated in the jet. For
some blazar, the emission of the high energetic jet can be detected up to TeV energies and we
want to study what are the conditions in the jet to produce this very high energy emission.
Most blazar detected at TeV energies can be identified as BL Lac objects and only few as
FSRQ (until 2011, only three FSRQ could be detected: 3C279, PKS 1510-089 and 4C +21.35).
Therefore we base our study on the BL Lac objects detected at TeV energies. To shed light
on the conditions in the high energetic jets of this TeV BL Lac objects, I have studied in
great detail the spectral energy distribution of different class of BL Lac objects (HBL and
LBL) as well as BL Lac objects with exceptional TeV spectra (soft and hard spectra).
Blazar are known to be very variable in all detected wavebands. This is another crucial
reason to obtain simultaneous observations over a broad range, preferably over the whole
range of emission to study the underlying emission processes. Due to the variability, every set
of simultaneous observations give only a short inside in the actual state of the source. We pro35
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posed multi-wavelength observations in the optical, UV and X-ray regime for several blazars
to be conducted simultaneous to very high energy observations by the H.E.S.S. experiment.
The brightest blazar at TeV energies in the southern hemisphere is PKS 2155-304. During
a flaring state in 2006, PKS 2155-304 was detected on time scale of minutes with an average
flux of 7 times the Crab nebula flux and variation on time scales of minutes have been found
in its TeV γ-ray emission (Aharonian et al., 2007c). For most other blazars, that have been
detected at TeV energies, longer exposure observations are needed to measure fluxes acurately,
e.g. the second brightest blazar of H.E.S.S. PKS 2005-489 has been ∼ 6 times fainter than the
low state flux of PKS 2155-304 and ∼ 10 hours are generally needed to detect the TeV emission
of this source (H.E.S.S. Collaboration, 2010). Therefore monitoring observations with multiwavelength instruments should be conducted during the time of H.E.S.S. observations instead
of only one observation, to follow the variability behaviour in the other wavebands.
For most blazars detected at TeV energies, no or only few simultaneous observations have
been obtained and therefore the determination of the parameters for the emission models,
e.g. SSC models, has been rather uncertain.
The sample of known TeV blazars comprised 18 at the beginning of this project. Of these
TeV blazars, 9 have been detected or observed with the H.E.S.S. experiment and at the end
of 2007, the blazar RGB J0152+017 was newly discovered as TeV emitter by the H.E.S.S.
experiment. The collection of H.E.S.S. observed TeV blazar is shown in table 2.1 together
with the information for which of these blazar simultaneous MWL observations existed. As
can be seen in this table, only for some sources, the broadband spectra have been obtained
simultaneously in all wavebands to achieve the most accurate model for the emission of the
jet.
At the end of 2011, the number of known TeV blazar increased to 41. Several of the new
detections after mid of 2008 are based on information in the GeV energy range. Since the
launch of Fermi, the activity of GeV bright sources could be monitored. This gave the good
opportunity to identify good candidates for TeV observations, based on the determined GeV
spectral information and their brightness, e.g. several new discovered TeV blazar have been
found in a very high, flaring state in the GeV γ-ray range with Fermi shortly before the TeV
discovery.
Indeed, from the 41 known TeV blazars 12 were detected by Fermi within the first 11
months and are mentioned in the first Fermi catalogue (Abdo et al., 2010). The remaining
known TeV blazars, but of five (1ES 0229+200, SHBL J001355.9-185406, 1ES 0347-121, PKS
0548-322 and 1ES 1312-423) have been detected by Fermi after 24 months of observations
and are therefore listed in the second Fermi catalogue (Nolan et al., 2012).
We identified good candidates, as described in the following items, for simultaneous multiwavelength observations over a broad range to study different aspects of the TeV blazars.
Then we proposed these observations for the most reasonable instruments. This also adds
a necessary step to complete the list for simultaneous multi-wavelength observations of the
TeV blazars detected by the H.E.S.S. experiment. Since the majority of TeV blazars belong
to the high frequency peaked BL Lac objects (HBL), we choose to study two of them with
extreme TeV spectra (soft and hard spectra). This allow to shed light on the differences and
similarities in their spectral energy distributions. To study also the different class of BL Lac
objects, the IBL and LBL, we used the opportunity of the detection of new sources that was
originally classified as IBL and LBL.
In the following, the sources which have been chosen to conduct a broad band multiwavelength campaign, are introduced in more detail:
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source
RGB J0152+017
1ES 0229+200
1ES 0347-121
PKS 0548-322
1ES 1101-232
Mrk 421
PG 1553+113
PKS 2005-489
PKS 2155-304
H 2356-309

reference
1
2
3
4
5
6
7
8
9
10

optical
X
X
X
X
X
X
X
X
X

UV
X
X
X
X
X
-

X-ray
X
X
X
X
X
X
X
X
X

HE γ-rays by Fermi
-

VHE γ-rays by H.E.S.S.
X
X
X
X
X
X
X
X
X
X

Table 2.1: List of TeV blazars detected or observed before the end of 2007 with the H.E.S.S.
experiment. The red X mark observations in different wavebands obtained simultaneously to
the H.E.S.S. observations. References: 1) Nedbal et al. (2007), 2) Aharonian et al. (2007a), 3)
Aharonian et al. (2007b), 4) Superina et al. (2008), 5) Aharonian et al. (2007d), 6) Aharonian
et al. (2005b), 7) Benbow et al. (2007), 8) Aharonian et al. (2005a), 9) Aharonian et al.
(2005c), 10) Aharonian et al. (2006a). The black X present available data in these energy
ranges which are not obtained simultaneously.
• PKS 2005-489:
In 2008, a successful multifrequency campaign with simultaneous observations of RXTE,
Fermi/LAT and H.E.S.S. on the brightest TeV blazar in the southern hemisphere, PKS
2155-304, was performed. This provided the first simultaneous measured SED with
observations in the optical, X-ray, GeV and TeV γ-ray regime for a source with a
typical TeV spectrum. The question raised how the spectra in a SED with observations
in the optical, UV, X-ray, GeV and TeV γ-ray range are connected for an exceptional
TeV spectrum. Sources with soft TeV spectra (intrinsic photon index Γ > 2) can be
detected simultaneously by Cherenkov telescopes and by Fermi/LAT on time-scales of
weeks, assuming that the GeV and TeV spectra are dominated by IC emission and the
peak of the IC emission in the SED (in νFν ) is located in the GeV γ-ray range. For these
rather short time scales, these sources with soft TeV spectra are promising candidates,
while for sources with hard TeV spectra (intrinsic photon index Γ < 2) the detection
with Fermi/LAT could last one year or more, considering the extrapolation from the
TeV to the GeV ranges as assumption for the expected GeV spectrum.
Therefore I proposed and coordinated a multi-frequency campaign on the best candidate, the bright TeV blazar PKS 2005-489, which shows the softest TeV spectrum ever
measured with a photon index of Γ = 4 (Aharonian et al., 2005a) and is detectable
simultaneously in GeV and TeV on rather short time scales of ∼ 10 days. Under the
assumption that the GeV and TeV spectra result from IC emission, the measured spectra will cover the IC emission peak in the SED (in νFν ) which allow detailed analysis of
the IC emission process. As mentioned in Aharonian et al. (2005a), it is rather unlikely,
that the soft spectrum results from large absorption due to the EBL since PKS 2005-489
is located rather close and has a redshift of z = 0.071.
Due to the short time scale for a detection in the GeV and TeV range, a dense monitoring
campaign with low energy instruments was proposed and could be conducted. For PKS
2005-489 these simultaneous multi-wavelength observations are crucial, since historical
X-ray flux variations on time scales of weeks have been discovered.
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• 1ES 0229+200:
As mentioned before, we searched for a second HBL with an extreme, in this case
hard intrinsic TeV spectrum. 1ES 0229+200 was detected as TeV blazar in 2006 with
emission up to 10 TeV (Aharonian et al., 2007a). 1ES 0229+200 is the only source beside
1ES 1426+428 (Aharonian et al., 2003) with redshift of z > 0.1 that was measured
up to this high energy and has a very hard intrinsic VHE spectrum. It is therefore
well suited for EBL studies (e.g. Aharonian et al. (2007a), Kneiske & Dole (2010)).
Due to the hard intrinsic TeV spectrum, the peak of the inverse Compton emission
is expected to be at very high energies. I have initiated and coordinated a multiwavelength monitoring of the source with coverage in the optical, UV, X-ray and TeV
γ-ray range. The improved angular resolution of the new X-ray observation (compared
to previous BeppoSAX observations) will permit to investigate the surroundings of the
nucleus and the much better time resolution of XMM-Newton will provide detail studies
of the X-ray variability of 1ES 0229+200.
• RGB J0152+017:
In 2007, TeV emission of RGB J0152+017 was detected with the H.E.S.S. experiment.
This source was claimed to be an IBL by Laurent-Muehleisen et al. (1999) based on
its spectral indices from the radio-to-optical and the optical-to-X-ray regime. But this
assumption was based on very little spectral information in the different energy ranges
(using only one flux point for each waveband). To measure the broadband SED from
optical to TeV energies with simultaneous observations for the first time, immediatetly
following the TeV discovery, ToO (Target of Opportunity) observations in the X-ray
and UV band has been performed while the source was continued to be monitored in
the optical and TeV range. I have conducted spectral and variability studies on these
and following multi-wavelength observations.
• AP Lib:
AP Lib was the best target to enlarge the study of BL Lac objects to the class of
LBL. This source was discovered as TeV emitter in 2010 with the H.E.S.S. experiment.
For each new H.E.S.S. detection of blazars, I have searched for the available multiwavelength data and especially analysed the X-ray observations. Interestingly, in the
case of AP Lib this resulted in the detection of an X-ray jet as discussed in chapter 8.
This finding yield to a detailed and complex analysis of the available X-ray observations.
The morphological and spectral characteristics of AP Lib were studied in great detail.

For the above mentioned TeV blazar, we have proposed and coordinated MWL observations to obtain simultaneous monitoring of these sources from optical to TeV energies. The
conducted observations have been analysed as well as previous multi-wavelength observations
of these sources and detailed variability and spectral analysis has been conducted in each
waveband range. To obtain the intrinsic emission spectra in the different energy bands of the
high energy jet of the TeV blazar, it is important to consider precisely the following absorptions: dust extinction for the optical, UV range, NH absorption for the X-ray range and pair
creation (EBL) absorption in the very high energy range. Also the influence of the host galaxy
of the AGN has to be considered for the optical and UV fluxes to obtain the jet spectrum.
I have taken into account these corrections to obtain the intrinsic SED of the blazar. The
commonly used theoretical jet model, the synchrotron Self-Compton model, was then applied
to the SED to study if this model can appropriate describe the emission processes in these
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blazar. The characteristic macro- and microscopic parameters describing the emission of the
high energetic jet could be determined by this application of the model to the intrinsic SED.
Before 2007 there was a lack (since 2000) of good spectral information in the GeV γ-ray
regime for TeV blazar which made detailed studies on the emission processes rather uncertain. With the launch of the AGILE (Astrorivelatore Gamma a Immagini LEggero) satellite
in 2007 and the Fermi satellite in 2008 with their higher sensitivity instruments than EGRET
(Energetic Gamma Ray Experiment Telescope)onboard Compton Gamma Ray Observatory
(CGRO) (deorbited in June 2000), more precise spectral information could be obtained. The
big advantage of the Fermi satellite is the opportunity for simultaneous GeV γ-ray observations, since the Fermi-LAT instrument scan the whole sky within three hours. Therefore a
good monitoring of all bright GeV sources is secured and MWL variability studies can be
conducted. Similar to the observations in the TeV γ-ray range, long exposure observations
(from days to weeks for bright GeV sources and months to years for faint GeV sources) are
needed to detect sources and to perform good spectral analysis. These new spectral information in the GeV energy range could be used for the before mentioned sources to study in
more detail the IC emission and restrict the parameter range for the SSC models.
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Chapter 3

Multi-wavelength data analysis
In this chapter, the details for the data analysis of the multi-wavelength observations for each
instrument used within this work are described.

3.1

TeV γ-ray data analysis with H.E.S.S.

The observations with the H.E.S.S. experiment have an exposure of 28 min and are called
runs. First, the obtained observation runs have to be checked for their data quality. All runs,
which were taken when technical problems, e.g. hardware problems, appeared and when bad
weather influenced the observed data are marked as bad quality data and should be excluded
from the data analysis to improve the signal to noise of the data, which is important for new
detections. For variability and spectral studies, some of these runs can be considered. As bad
weather conditions generally clouds and dust in the atmosphere are meant, since they can
result in absorption of the Cherenkov light and therefore to a reduced signal and fluctuations
of the signal. Therefore a cut on the trigger rate is applied, e.g. when the mean trigger
rate is less than 70% of the predicted value or when the fluctuation of the trigger rate is
above 10%. The predicted trigger rate is determined from the average value of the trigger
rate corrected for zenith angle of the recent observations, since it decreases over time. Due
to the decrease, the HV (high voltage) is adjusted from time to time to increase the trigger
rate level to achieve similar values for the trigger rate. To determine the fluctuations of the
trigger rate, the so-called ”delta2”, the root mean square (rms) of the single values to the
average trigger rate value over the time of the run is calculated.
After applying the quality cuts, the resulting exposure has to be corrected for the deadtime of the system (time when the system is not sensitive to air showers) to receive the
so-called live-time of the observation.
To reduce the amount of night sky background (NSB) in the images, the images are cleaned
such that only pixel are considered with at least 5 p.e. (photoelectrons) and for which the
neighbouring pixel is above 10 p.e. and vice versa. The images of the γ-ray showers appear
then as ellipse and hadronic showers appear more wide and uneven and are considered as
background. For each γ- ray like event, the Hillas parameters are calculated. Each image
with elliptical shape is characterised by the major and minor axis of the ellipse, the Hillas
parameter width and length. The pixel amplitude in photoelectrons is described by the Hillas
parameter size and the orientation angle of the ellipse is also stored. The mean scale width
and length is determined by the comparison of the values for an event p with expected values
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Figure 3.1: Definition of the Hillas parameters taken from Aharonian et al. (2006b). The
camera images of two telescopes are shown as approximate ellipses. The width, length and
distance can be determined and from the superposition of both major axes, the direction of
the γ-ray signal can be reconstructed. Θ is defined as angular offset between the reconstructed
and the true position.
based on simulations for different amplitude of the shower image and impact parameters by
pscale = (p− < p >)/σp . To distinguish between γ-ray and hadronic showers, the width and
length is used, as described in Berge (2006) and Aharonian et al. (2006b). In this method, a
cut (minimum and maximum) on the mean reduced scale width and length has to be applied.
In addition, a cut on the Hillas parameter size, the image amplitude, is applied at 80 p.e. for
so-called “standard cuts“ and 200 p.e. for so-called “hard cuts“. The complete set of cuts
are√optimised to achieve the highest significance. The standard cuts achieve a maximum of
σ/ t (defined such, since the significance increase with the square root of observing time in
background influenced observations) for a flux of 10% of the Crab flux and a similar spectrum
than obtained from the Crab Nebula. The hard cuts are optimised for faint sources with flux
of 1% of the Crab flux and a spectrum with photon index 2.
In stereo mode when at least two telescopes observe a shower, the arrival direction of the
γ-rays can be determine by calculating the cross point of the ellipse major axes. The distance
between the reconstructed and the true position of the γ-ray source is defined as Θ. A further
cut on the distribution of Θ is applied to avoid camera edge effects.
The distribution of background events is not azimuthally symmetric due to zenith angle
dependent effects or variations in the NSB level as described in Aharonian et al. (2006b).
Therefore an average over background regions in different directions has to be taken. Two
different methods are described in Aharonian et al. (2006b). For the so-called ”reflected
background model”, several background regions equidistant to the observation position are
defined. Each background region has the same size than the source region (see Fig. 3.2).
The events of all background regions represent well the background for the source region
scaled by the area. Since the observations are obtained in wobble mode, the background
counts do not have to be acceptance corrected since the background regions are taken in all
four directions from the source position. This method is best suited for flux and spectral
measurement.
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Figure 3.2: Illustration of the background
regions for the two methods described in
the text. The image is taken from Aharonian et al. (2006b). The cross marks
the observation position and the target
position is marked by a x. The region
around the x is the source region for both
methods. The ring background region is
marked with horizontal lines and the reflected background regions with diagonal
lines.

In the so-called ”ring background model”, the background photons are obtained in a ring
shaped region around the source region. As described in Aharonian et al. (2006b), the inner
and outer radius of this ring region are chosen such that the ratio of the background and
source region is close to seven. This method is better to use to determine the sky images
of the source, but should not be used for spectral analysis, since the background acceptance
may not be constant with different energies.
The significance of a signal is a necessary information to define a detection. In the TeV
domain, the background fluctuations are of the order of 3σ, so that a clear detection is defined
for ≥ 5σ. To calculate the significance of a signal of a source region, the formula 17 from Li
& Ma (1983) is taken:
S=

√





1+α
2 × NON × ln
α



NON
NON + NOFF





+ NOFF × ln (1 + α)

NOFF
NON + NOFF

1/2

in which NON are the counts determined from the source region, NOFF are the counts calculated for the background regions and α the ratio between the exposures of the source region
and the background regions.

3.2

X-ray data analysis

The general steps for the data analysis of imaging instruments with CCD chips are:
1. Calibration of the data with the most recent calibration information
2. Determination of an appropriate region around the source to extract the X-ray spectrum
and light curves
3. Determination of an appropriate region characteristic for the X-ray background
4. Production of a Redistribution Matrix File (RMF)
5. Production of an Auxiliary Response File (ARF)
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The RMF calculate the correct energy for each detector channel. If the detector would be
perfect and would have a high energy resolution, then this matrix would only have diagonal
values. Since the detector cannot be perfect and the energy resolution depends on the energy,
several non-diagonal values enter this matrix. The ARF contain the information about the
number of detected signals for each incoming photon as a function of energy and the effective
area of the detector which summarise the geometrical area, the reflectivity and other effects
of the detector and the mirrors.
For the determination of the background region it is important to place the region close
to the source region on the same CCD chip if possible, since non-uniform instrumental background could influence the spectrum. For example, in XMM-Newton strong fluorescence lines
of e.g. silicium and aluminium exist which are non-uniform distributed, e.g. the silicium line
appear stronger on the inner chips and the aluminium line stronger at the outer chips of the
detector.
In the following some specific information for the data analysis of the different X-ray
satellites are given.

3.2.1

XMM-Newton

For the analysis of XMM-Newton data, the software SAS (Science Analysis Subsystem) version
9.0. The data from the X-ray instruments have been reprocessed as described in the SAS
user-guide1 .
The raw data (ODF, observation data file) have to be calibrated. For this process, a CIF
(CCF Index File) is created to refer to the necessary files from the current calibration file
(CCF). In addition, an ODF summary file has to be created. With the tools epchain and
emchain, the data are then calibrated automatically. From the calibrated data, images of
the observation can be obtained. All pixel with a pixel pattern (see Fig. 1.21) similar to
pileup or cosmic radiation have to be excluded from the analysis. For XMM-Newton data, it
is important to check for the influence of soft proton flares. For this, one has to produce a
light curve of the high emission from the whole detector, 10 − 12 keV for PN and > 10 keV
for MOS detectors. In case a soft proton flare is seen, normally as very high count rates of
the emission at the high energies, the good time intervals have to be determined. For this a
cut at 0.4 cts/s for PN and 0.35 cts/s for MOS (recommended by the XMM-Newton team)
for the high energy count rate is applied.
The circular region around the source should be chosen such that all counts from the
source are contained, e.g. with a radius of 30′′ for the PN (80′′ for MOS) for the data analysis
of 1ES 0229+200. To determine the background counts, a region with the same radius of the
source region is chosen close to the source region. The background region should be place on
the same chip due to non-uniform instrumental background. The instrumental background
is dominated by emission lines of elements from the detector. They are produced by high
energetic particles that interact with the material of the detectors. Most prominent lines for
the MOS detectors are silicium (Si-K 1.7 keV) and aluminium (Al-K 1.5 keV). This line
emission is not uniform distributed, e.g. the silicium line appears stronger on the inner chips
and the aluminium line stronger at the outer chips of the detector. For the PN detector, the
copper, nickel and zinc K-lines in the energy range around 8 keV and the aluminium K-line
at 1.5 keV are visible. Since the position and the intensity can vary, the influence by these
1

http://xmm.esac.esa.int/external/xmm user support/documentation/sas usg/USG/
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lines cannot be account for in the ARF. A detailed description of this effect can be found in
Lumb et al. (2002).
The influence of pileup can be checked with the tool epatplot, which show the single,
double, triple and quadruple pattern (see Fig. 1.21) fraction as a function of energy. Especially
the single and double pattern fraction are influenced in case of pileup and the results of a
spectral analysis would be affected.
The source and background spectra are extracted with the tool evselect and the possible
different size of the regions is taking into account. The RMF and ARF are calculated for each
spectrum using the tools rmfgen and arfgen.
For the XMM-Newton spectra, the energy ranges were restricted to 0.1 − 10 keV for MOS
and 0.2 − 15 keV for PN following the suggestion of the calibration information2 .

3.2.2

Chandra

The analysis of the Chandra observation data is performed with the program CIAO v4.13
provided by the Chandra team. The data have to be calibrated. For recently observation
data, there is also the option to use the pre-calibrated data from the archive, but for older
data sets it is necessary to perform the calibration of the data, which I have done with the
use of the calibration database CALDB. From the calibrated data, images of the observation
can be obtained. From the CCD images, the pixel which follow a specific pixel pattern (see
Fig. 1.21) resulting from pileup or cosmic radiation, are excluded. On the chip ACIS-S4 often
streak events appear, pixel with very high count rates, which occur due to the serial readout
of the chip. These hot columns have to be excluded in the data analysis.
To extract the source counts, a circular region around the source position is taken. This
region should have at lest a radius of 1′′ in which theoretically 90% of the source photons
are located. Since the angular resolution can be described with a FWHM of 1′′ , in a region
with radius 0.5′′ should be 68% and in a 2σ region with radius 1′′ should be 90% of the
source photons. It should also be considered, that for the pileup effect the spectrum should
be obtained from a region in which the innermost pixel are excluded to test the pileup model.
Therefore the region should be a bit larger than 1′′ .
Since the angular resolution of 1′′ FWHM is only valid for monochromatic radiation and
since mirror effects, e.g. broadening due to chromatic aberration, are not considered, the
resulting PSF could be larger. In addition, for off axis sources the PSF is broadened which
has to be considered for the analysis. Therefore it is good to obtain first a radial profile
and to compare it with the PSF to identify if a source is point like or extended. Then the
appropriate region size to extract the source spectrum can be obtained by the analysis of
this radial profile. A circular region of appropriate size close-by to the source, but without
contamination by source photons, is taken to determine the background spectrum. To check
for any contamination of the data, the light curve of the background region is determined.
If this curve is not significantly variable and the background level is much lower than the
average source count rate, the observation is not contaminated. Otherwise, the time range of
high background events should be excluded from the analysis.
With the tool dmextract, the spectra of the source and the background regions are determined. With mkrmf the response files and with asphist and mkarf the ARF are created.
2
3

XMM-SOC-CAL-TN-0018: http://xmm.vilspa.esa.es/docs/documents/CAL-TN-0018.pdf
http://cxc.harvard.edu/ciao

46

CHAPTER 3. MULTI-WAVELENGTH DATA ANALYSIS

3.2.3

Swift

For the Swift/XRT data analysis, the general steps described above are made and the software
package HEASoft4 was used. In addition to the general steps, it is important to generate
exposure maps to account for some bad CCD columns. In May 2005, the XRT CCD was
hit by a micro-meteoroid. This event produced some hot columns on the detector that are
masked out on-board since they cannot be used for further data analysis. Therefore a black
stripe appear on some event files. To remove the black columns for the data analysis it is
necessary to produce XRT exposure maps when processing the data. These exposure maps
have further to be taken into account for the ARF files when using xrtmkarf. With the tool
xrtlccorr one can correct the light curves for this effect.
Spectra and light curves are extracted with xselect v2.4. For the PC mode, a circular
region with a radius of 20 pixel (∼ 0.8′ ) around the position of the source is taken. This
region contains 90% of the PSF at 1.5 keV. In case of pileup, an annulus region should be
taken in which the innermost pixel influenced by the pileup are excluded. For example, in the
data analysis of the PKS 2005-489 data, an annulus region with inner radius of ∼ 0.1′ and
outer radius of ∼ 0.8′ has been taken. An appropriate background for the PC mode analysis
is extracted from a circular region nearby the source with radius of 80 pixels (3.2′ ). For the
WT-mode, appropriate boxes (∼ 1.6′ × 0.3′ ) covering the region with source photons and a
background region with similar size should be used to extract the spectra.
The auxiliary response files were created with xrtmkarf and the response matrices were
taken from the Swift package of the calibration database caldb 4.1.35 (caldb 3.4.1 for
analysis of RGB J0152+017 data).

3.2.4

RXTE

RXTE/PCA and HEXTE are non-imaging instruments and and no sub-area of the detector
is taken into account. For the data analysis the software package HEASoft6 was used.
For the RXTE/PCA data analysis only data of PCU2 and the top layer 1 were taken into
account to obtain the best signal-to-noise ratio. The data were filtered to account for the
influence of the South Atlantic Anomaly, tracking offsets, and electron contamination using
the standard criteria recommended by the RXTE Guest Observer Facility (GOF).
For a total count rate of < 40 cts/s, the faint background model provided by the RXTE
GOF should be used to generate the background spectrum with pcabackest. For sources
with higher total count rate, the bright background model should be taken.
For general production data, the script Rex can be used for the data analysis of the PCA
and HEXTE data. First, this script check that the right position was observed and produce a
filter file in which the values for several instrumental parameters are stored. Then background
data will be modeled with pcabackest and a list of Good Time Intervals (GTI), depending
on the filter criteria mentioned above will be produced. Spectra and light curves are extracted
for the source and background files. In some cases it was necessary to operate separately each
single step. The necessary response matrices are created with pcarsp.
The energy range from 2-3 keV and 20-30 keV were excluded from the spectral analysis,
because of instrumental features (e.g. spikes in the background files, see website7 ).
4

http://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/caldb intro.html
6
http://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
7
http://www.universe.nasa.gov/xrays/programs/RXTE/pca/doc/bkg/bkg-2009-spikes/
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UV data analysis
Swift/UVOT

The instrument UVOT on-board Swift measures the UV and optical emission in the bands
(central wavelengths): uvw2 (188 nm), uvm2 (217 nm), uvw1 (251 nm), u (345 nm), b
(439 nm) and v (544 nm). The instrumental magnitudes and the corresponding flux (conversion factors see Poole et al. (2008)) are calculated with uvotmaghist taking into account all
photons from a circular region with radius 5′′ (standard aperture for all filters). An appropriate background was determined from a circular region with radius 40′′ near the source region
without contamination of any sources. Additionally, the UVOT data can be used for spectral
fitting using the tool uvot2pha and taking the ancillary response files (ARFs) and response
matrix files (RMFs) which are provided within the calibration database.
The presentation of the UVOT spectral points in the fitting program is based on the
response matrix. But, using uvot2pha and xspec, the wavelength for the UV bands uvw2,
uvm2 and uvw1 differs from the real peak of the energy distribution of this filter (Instead of
the peak wavelength 188, 217 and 251 nm, the following wavelength were given: 211, 221.9
and 222.1 nm). Therefore the energy for this filter has been corrected for the presentation in
the SED.

3.3.2

XMM-Newton/OM

The optical monitor (OM) on-board XMM-Newton observed in the filter UVW2 (212 nm),
UVM2 (231 nm), UVW1 (291 nm), U (344 nm), B (450 nm) and V (543 nm) simultaneous to
the X-ray telescope. The analysis of these data was performed as described in the webpage8 :
As first step, the tracking data has to be checked and the count rates of the tracking stars
are obtained. Any bad pixels of the CCD chip are masked out and a flat field is generated
which is applied to the observation data. In addition, the so-called modulo-8 fixed pattern
has to be removed. This patter appear since the physical size of the detector is 256 × 256
pixel, but the centroid algorithm centroids the incoming photons to one eighth of a pixel.
Since the algorithm distributes the photons unevenly, a map has to be taken to account for
this. With the search algorithm omdetect, all sources are identified and aperture photometry
is perfored on all sources. The conversion from count rates to magnitudes is applied with the
program ommag for all detected sources. To determine the correct coordinates for all sources,
astrometry corrections have to be applied.
For the conversion of the detected count rate from the XMM-Newton OM observations
to fluxes, we used the conversion factors (see table 3.1) based on observations of white dwarf
standard stars (count rate × conversion factor × wavelength)9 .

3.4

Optical data analysis with ATOM

In general, for the analysis of optical CCD observations by ATOM, a circular region around
the source with radius of 4′′ is used to extract the source counts. A ring shaped area around
this region is used to determine the appropriate background counts. The ring shaped area is
8
9

http://xmm.esac.esa.int/sas/current/documentation/threads/omi stepbystep.shtml
http://xmm.esa.int/sas/7.0.0/watchout/Evergreen tips and tricks/uvflux.shtml
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Filter
V
B
U
UVW1
UVM2
UVW2

Effective wavelength [nm]
543
450
344
291
231
212

Conversion factor [erg/cm2/A/cnt]
2.49E-16
1.29E-16
1.94E-16
4.76E-16
2.20E-15
5.71E-15

Table 3.1: Conversion factors based on observations of white dwarf standard stars, to calculate
the fluxes from the measured countrates for the XMM-Newton OM observations. (taken from
http://xmm.esa.int/sas/7.0.0/watchout/Evergreen tips and tricks/uvflux.shtml)
filter
I
R
V
B

wavelength
nm
790
640
550
440

wavelength
Hz
3.79 × 1014
4.68 × 1014
5.45 × 1014
6.814 × 1014

zero fluxes Izero
Jy
2550
3080
3640
4260

Izero
erg cm−2 s−1
9.66 × 10−6
1.44 × 10−5
1.98 × 10−5
2.9 × 10−5

Table 3.2: Bessel filter used during ATOM observations giving the central wavelength and
the zero fluxes (taken from http://www.astro.umd.edu/ ssm/ASTR620/mags.html), which
are used to convert the measured magnitudes to the energy fluxes.

placed such that an area between the source region and this area is left free to avoid influence
by the PSF wings of the source. The same procedure is applied on the reference stars.
For the analysis of the optical data from ATOM two different methods can be used, the
differential and absolute photometry. In the absolute photometry, observations of non-variable
stars with well determined magnitude, well suited for calibration at the same air mass than
the observation of the source, are taken to calibrate the data and to achieve the magnitude of
the source. A lot of observation time would be needed for these calibration stars, since they
would have to be taken timely close to the observation of the target. Therefore more often
the differential photometry is used. In the differential photometry, reference stars with known
magnitude located in the same FoV are taken to determine the magnitude of the target. Since
the reference stars are not variable, from the comparison of the source to the reference star
counts, the magnitude can be obtained. To achieve better statistics, several reference stars
are taken and the average magnitude from this comparison is taken as measured magnitude
for the source.
An analysis pipeline by M. Hauser described in Hauser (2011) exists for standard analysis
with differential photometry to simplify the analysis of large amount of observations. In some
cases, a re-analysis of single observation frames is necessary. And in case of problematic
datasets, like observations with tracking problems or de-focusing, a successive analysis with
the program MIDAS10 was performed on each single observation frame.
To calculate fluxes from the measured magnitudes, the zero point fluxes for each filter has
to be known (see table 3.2) and we used the standard equation Iobs = 10−mobs /2.5 ∗ Izero .
10

http://www.eso.org/sci/software/esomidas/
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Fit of the spectra

The X-ray spectra are normally binned such, that at least 25 photons are added per bin to
obtain at least a significance of 5σ in each bin. This can be done with the program grppha
in which also the necessary background, RMF and ARF files can be added to the header of
the spectrum file so that they are used in the fit program. The background spectrum is automatically subtracted from the source spectrum and the channels are transformed in energies
within the fit program xspec. For the spectral analysis, only the energy ranges are considered
for each instrument, for which good calibration information are available (mentioned for each
instrument in the sections above).
In case of simultaneous fit of different spectra, e.g. from two detectors like for XMMNewton or from two satellites, a normalisation factor should be used to account for the
different normalisation of the instruments or detectors. The spectrum of the more sensitive
instrument/detector should get a normalisation of one.

3.5.1

Spectral model

Summary of the model used for the spectral fit:
• power law
N (E) = N0 × E −Γ

(3.1)

with N0 the normalisation at 1 keV with a unit of keV−1 cm−2 s−1 (for TeV spectra:
normalisation at 1 TeV with a unit of TeV−1 cm−2 s−1 )and Γ the photon index of the
power law
• broken power law
N (E) = N0 × E −Γ1

−Γ2
E
Γ2 −Γ1
N (E) = N0 × Ebreak
×
1keV

for E < Ebreak

(3.2)

for E > Ebreak

(3.3)

• absorption
For the absorption considered for the X-ray spectra, the model wabs from xspec has
been used which gives the photo-electric absorption based on Wisconsin cross sections
(Morrison and McCammon, ApJ, 270, 119).
M (E) = e[−NH σ(E)]

(3.4)

The combined model power law, Galactic absorption and additional absorption can be
expressed with
M (E) = N0 × E −Γ × e[−NH,gal σ(E)] × e[−NH σ(E(1+z))]

(3.5)

Since the photoelectric cross section is inverse proportional to the energy (σ(E) ∝ E −3 ),
the absorption terms influence the spectrum for close-by sources (z < 1) only until an
energy of around 1 keV because they converge quick to one at higher energies.
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• power law with exponential cut-off
N (E) = N0 ×



E
E0

−Γ



E
× exp −
Ecut

(3.6)

in which N0 is the normalisation, Γ the photon index of the power law and Ecut is the
cut-off energy.
• log-parabolic model
F (E) = K(E/1 keV)−(a+b log(E/1 keV))

(3.7)

where a is the photon index of a power law at 1 keV and b is the curvature parameter.

3.5.2

χ2 statistic

The detectors measure the number of photons C in channel I and the measured spectrum
is the combination of the real spectrum of the source f (E) and the characteristics of the
detector, represented by R(I, E) which contains the ARF and RMF.
Z ∞
f (E) × R(I, E)dE
(3.8)
C(I) =
0

R(I, E) describe the probability that the incoming photon of energy E is detected in the
channel I. To determine the real spectrum of the source, a model is needed to calculate the
number of events in each channel Cp (I) which will be compared to the measured spectrum.
In the χ2 statistics, the calculated χ2 value is minimised to obtain a maximal possible overlap
of the model to the measured data. The χ2 value is calculated with
χ2 =

X (C(I) − Cp (I))2
I

(3.9)

(σ(I)2 )

p
in which σ(I) = C(I) is the uncertainty of the channel I.
The χ2 statistic can only be used if at least one photon is detected in a channel. With a
binning of at lest 25 photons per bin, at least 5σ can be obtained in each bin which is more
appropriate to use for the χ2 statistics.
The goodness of fit can be calculated with the χ2 distribution (see Stöcker, H. (1995))
which is defined as
Fχ2 =

Z

∞
χ2

1
p(Y |ν) dY =
2·Γ
2

ν
2



Z

∞

χ2

Y2
2

 ν2 −1

· e−

Y2
2

dY

(3.10)

The probability that a value Y 2 result for a given ν, is represented by p(Y 2 |ν). The number of
degrees of freedom (dof) ν is defined as difference of the number of channels and the number of
model parameters. The expectation value√of the χ2 distribution is the degrees of freedom and
the standard deviation is defined as σ = 2 · ν. For the use of the χ2 statistic it is important
to notice, that the assumption is made that the uncertainties are Gaussian distributed. The
value Fχ2 can be compared with tables in statistic books. If this value is small, the model
does not fit well to the data. If the value is close to one, then it is even too good, which
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appears when the uncertainties on the measured data are overestimated or when the data are
not χ2 distributed.
For a quicker comparison of different fit and their goodnesses, the reduced χ2 , which is
the ratio between the χ2 and the degrees of freedom, can be taken. Since the expectation
value of the χ2 distribution is the degrees of freedom, the reduced χ2 should be close to one
if the model fit well the data.
The program xspec v12 has been used for the fit of models to the measured spectra with
χ2 statistics. In this statistic no uncertainties, but confidence intervals are given for each
fitted model parameter. To determine the confidence interval, all model parameter, but of
one, are fixed. This one parameter is changed such that the minimal χ2 is changed by a
factor of ∆χ2 = 2.71, e.g. χ2 = χ2min + ∆χ2 to achieve the value with a 90% probability. The
resulting values represent the upper and lower limit of the confidence intervals.

3.5.3

Weighting methods

Normally along the thesis, the χ2 statistics has been used. This assumes that the spectral
channels are Gaussian distributed. For a small number of counts, the weighting
√ can be
changed to provide a better estimate of the variance. The standard√weighting use N where
N is the number of counts. The weighting by Gehrels (1986) uses 1+ N + 0.75 and is a better
approximation for small number of counts. The weighting by Churazov et al. (1996) calculate
the average counts in surrounding channel to estimate the weight for a given channel. Also an
alternative statistics, the C-statistics (Cash, 1979) can be used, which provide a goodness of
fit in case enough counts are available. All the above is such described in the xspec manual
11 .

3.6

Correlation coefficient

The correlation coefficient (also known as Pearson’s correlation) can be expressed as
s
PN
(xi yi − N x̄ȳ)2
.
(3.11)
c = P 2 i=0 2 P 2
(xi − N x̄ ) (yi − N ȳ 2 )

in which x and y are the data to compare, x̄ and ȳ their average values and N the number of
data points. A clear positive or negative correlation exist, when this coefficient is +1 or -1,
while for c=0, no correlation is detected.

11

http://heasarc.nasa.gov/xanadu/xspec/XspecManual.pdf
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Chapter 4

Radiation processes in high
energetic jets
Dominant emission processes in BL Lac objects are non-thermal processes from the high
energetic jets. The spectral energy distribution is characterized by two emission peaks. These
are commonly explained by leptonic models, e.g. Maraschi et al. (1992), as synchrotron and
inverse Compton emission. Also alternative hadronic models exist, e.g. Mannheim (1993) as
described later.

4.1

Synchrotron radiation

The following information are mainly based on Longair, M. S. (1994), Weekes, T. C. (2003)
and Rybicki, G. B. and Lightman, A. P. (1979).
Synchrotron emission is produced by charged particles which move on a helical path in a
magnetic field and are therefore accelerated via the Lorentz force.
The energy loss rate of an accelerated charged particle is:


dE
q 2 |~r¨|2
−
(4.1)
=
dt
6πǫ0 c3
with q being the charge of the particle, c the speed of light, ~r¨ = ~a the acceleration and ǫ0
the vacuum permittivity. A high energy charged particle moves in a uniform magnetic field
on a spiral path at a pitch angle θ (see Fig. 4.2). The velocity along the magnetic field lines

Figure 4.1: left: Dipole radiation pattern for a non-relativistic particle in the reference frame
of the particle. right: Radiation pattern in the laboratory frame for a particle with relativistic
velocities in which the emission is beamed into a cone in the direction of the movement of the
particle. The forward beaming result in an opening angle of ∆θ ≈ γ −1 . Taken from Rybicki,
G. B. and Lightman, A. P. (1979).
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Figure 4.2: left: Helical motion of a charged particle in a magnetic field. Image taken from
Rybicki, G. B. and Lightman, A. P. (1979). right: Illustration of the cones of emission from
the accelerated particles along the helical path. The cone represent the radiation pattern of
a relativistic particle. Taken from Rybicki, G. B. and Lightman, A. P. (1979).
is constant, but the particle gyrates about a magnetic field direction at the relativistic gyro
frequency
eB
νg =
(4.2)
2πγme
with γ being the Lorentz factor, B the magnetic field strength, e the elementary charge and
me the mass of the electron. The charged particle is accelerated towards the guiding center
of its orbit during this motion. Since the acceleration is perpendicular to the velocity vector
of the particle, a|| = 0,


dE
γ 4 e2
−
|a⊥ |2
(4.3)
=
dt
6πǫ0 c3

v
evB sin θ
The acceleration can be expressed1 as a = d~
and the equation can be rewritten as
dt =
γm0



 
dE
e4
v 2 B2 2 2
−
c
γ sin θ
(4.4)
= 2
dt
6πǫ0 c4 m2e
c
2ν0


 v 2
dE
cUB γ 2 sin2 θ
(4.5)
= 2σT
⇒−
dt
c

where σT is the Thompson cross section and UB the energy density of the magnetic field:
UB = B 2 /(2ν0 ). Assuming an isotropic distribution of pitch angles, P (θ)dθ = 1/2 sin θdθ and
hence,


Z π
 v 2
dE
21
⇒−
cUB γ
sin3 θdθ
(4.6)
= 2σT
dt
c
2 0


dE
4  v 2
cUB γ 2
(4.7)
⇒−
σT
=
dt
3
c
This is the average loss rate for an individual particle of energy E.
1

~ = e|~v ||B|
~ sin θ
based on γm0 (d~v /dt) = e(~v × B)
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Figure 4.3: The total emission spectrum
of the first 20 harmonics of a mildly relativistic synchrotron radiation. Taken from
Longair, M. S. (1994).

In the non-relativistic limit, the radiation is emitted at the gyro-frequency. At relativistic
energies, the radiation is more complex, since the radiation is beamed into a cone of angle
θ ≈ me c2 /E. As an observer one can only detect this radiation when the cone is pointing in
the direction of the observer (see Fig. 4.2). The observed polar diagram of the radiation can
decomposed with Fourier analysis in the sum of equivalent dipoles radiating at harmonics of
the gyrofrequency νr = νg /γ. Therefore the emission line of a given harmonic is broadened
and together with the higher harmonics, the emission spectrum becomes continuous (see Fig.
4.3).
The calculation to determine the spectrum of the synchrotron radiation can be found in
detail in Longair, M. S. (1994). The so-called critical frequency νc is introduced such that
x = ν/νc :
3
νc = γ 2 νg sin α ⇒ ν ≈ γ 2 νg
2

(4.8)

in which α is the pitch angle to which the plane of the particles orbit is inclined to the
magnetic field. The total emissivity (energy emitted in one period of the electron in its orbit)
of the synchrotron emission of a single electron can be described by:
√ 3
3e B sin α
j(ω) = j⊥ (ω) + jk (ω) =
F (x)
(4.9)
8π 2 ǫ0 cme
R∞
where F (x) = x x K5/3 (z)dz. K5/3 is a modified Bessel function as defined in e.g. Kostroun
(1980), ω is the angular frequency and x = 2ωa/3cγ 3 . The resulting spectrum can be seen in
Fig. 4.4. The maximum of this spectrum occurs at ν ≈ 0.29νc (e.g. Ginzburg & Syrovatskii
(1965)).
For high frequencies, the emissivity is dominated by exponential cut-off at ν >> νc :
j(ν) ∝ ν 1/2 exp(−ν/νc )

(4.10)

And for low frequencies it can be described by a spectral index of 1/3:
j(ν) ∝ ν 1/3

(4.11)
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Figure 4.4: The spectrum of the synchrotron emission from a single electron with linear (left)
and logarithmic (right) axes in which x = ν/νc with νc being the critical frequency as defined
in the text. Taken from Longair, M. S. (1994).

4.1.1

Synchrotron radiation from a power law distribution of electrons

The distribution of the electrons is assumed to have a power law form: N (E)dE = κE −s dE.
As shown in Fig. 4.4, the spectrum for an electron with energy E is peaked rather sharp close
to the critical frequency and more narrow than the electron energy spectrum, therefore:
ν ≈ νc ≈ γ 2 νg = (

E 2
) νg
me c2

(4.12)

Using dE/dt ∝ B 2 E 2 , the synchrotron emission:
I(ν)dν = N (E)dE
With ν ∝ E 2 follows:

dE
∝ E −s E 2 dE
dt

(4.13)

ν −0.5
dν ∝ ν (1−s)/2
(4.14)
2
This can be expressed in terms of the emitted electromagnetic radiation spectral index α:
I(ν)dν ∝ ν α . Therefore it follows:
I(ν)dν ∝ ν −s/2 ν

ν α = ν (1−s)/2 ⇒ α =

4.1.2

1−s
⇒ s = 1 − 2α
2

(4.15)

Synchrotron Self absorption

Since every emission process has a corresponding absorption process, in the following is described the Synchrotron self absorption assuming a synchrotron radiation of power law form,
introduced above, S(ν) ∝ ν −α .
Commonly used by radio astronomers is the brighness temperature Tb . It is defined with
Iν =

2hν 3
1
2
c exp(hν/kTb ) − 1

(4.16)
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Figure 4.5: The spectrum resulting
from synchrotron emission which is
self absorbed at lower frequencies.
Taken from Longair, M. S. (1994).

for a source of intensity Iν using the expression for the intensity of the black body radiation, see
e.g. Longair, M. S. (1992). Very often, the Rayleight-Jeans approximation for the brightness
temperature is used, because hν << kT :
Iν = 2kTb /λ2

(4.17)

For a source of radiation which has the same size at all wavelength, the brightness temperature Tb = (λ2 /2k)(Sν /Ω), where Sν is the flux density and Ω the angle to the observer,
is proportional to ν −(2+α) . Therefore self absorption effects are expected at low frequencies,
where the brightness temperature of the radiation approach the kinetic temperature of the
electrons, since the brightness temperature cannot be higher than the kinetic temperature of
the electrons. The kinetic energy is E = (3/2)kTe , since a relativistic gas is considered with
the ratio of specific heat γsh = 4/3, the thermal energy density of the gas is u = N kt/(γsh −1).
γme c2 = 3kTe
With
γ≈



ν
νg

(1/2)

⇒ Te ≈



me c2
3k

(4.18)



ν
νg

(1/2)

(4.19)

The self absorption effect becomes important when the kinetic temperature is equal to the
brightness temperature Te = Tb and using the Rayleigh-Jeans limit, it result
Sν =

2me
2kT
Ω = 1/2 Ων 5/2
2
λ
3νg

(4.20)

Therefore, the spectrum of the frequency range, in which self absorption occurs, is a power
law with Sν ∝ ν 5/2 (see Fig. 4.5).

4.1.3

Acceleration mechanism - Fermi acceleration

The following information is mainly based on Longair, M. S. (1994).
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Figure 4.6: Illustration of the Fermi acceleration showing the shock front with two gas regions
with density ρ, pressure p and temperature T . The shock wave propagates with supersonic
velocity U (a). (b) The shock front is at rest and the respective movement from the two gas
regions is shown. (c) In the view of the upstream gas at rest, the upstream gas is stationary
and the velocity distribution of the high energy particles is isotropic. (d) The downstream
gas is stationary and the high energy particles is isotropic. Taken from Longair, M. S. (1994).
The acceleration mechanism first proposed by Fermi in 1949 describes the acceleration of
particles to high energies, due to their collision with clouds in the interstellar medium. The
clouds were considered as ”magnetic mirrors” associated with irregularities in the Galactic
magnetic field. This version of Fermi’s theory is known as second order Fermi acceleration,
in which ∆E/E ∝ (2V /c)2 (where V is the velocity of the moving cloud).
The case considering only head-on collisions, in which ∆E/E ∝ 2V /c is, is known as first
order Fermi acceleration. In this case, a strong shock propagating through the interstellar
medium and a high energy particle population in front and behind the shock front is assumed.
The charged particles travel through the shock front and due to the different magnetic field
they can be reflected back through the shock at increased velocity. Multiple reflections will
increase the energy of the particles.
The general expression for the acceleration of a charged particle in an electric and magnetic
field is
d
~ + ~v × B)
~
(γm~v ) = e(E
(4.21)
dt
Considering the average energy of a particle after collision to be E = βE0 and the probability
that the particle remains within the acceleration region after one collision is P , then after k
collisions, there are N = N0 P k particles with energies E = E0 β k and therefore
 ln P/ ln β
E
N
=
(4.22)
N0
E0
This value can be interpreted as N (≥ E) since this number of particles reach at least the
energy E and even to higher energies due to collision:
N (E)dE = constants × E−1+ln P/ ln β dE

(4.23)

The Fig 4.6 (b) describes the situation considering the shock front at rest. Due to mass
conservation, ρ1 v1 = ρ2 v2 (ρ is the density and v the velocity). In the case of a strong shock,
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ρ2 /ρ1 = (γ + 1)/(γ − 1) where γ is the ratio of the specific heats of the gas. For fully ionized
gas, γ = 5/3. Therefore ρ2 /ρ1 = 4 → v2 = (1/4)v1 .
Considering the gas on one side at rest Fig. 4.6 (c,d), then the velocity of the gas on the
other side is (3/4)U . When the particle cross the shock front, its energy increase of the order
∆E/E ∼ U/c. After averaging over all angles of the particles to the shock front, resulting in a
factor 2/3 and considering that the velocity of the material behind the shock is V = (3/4)U ,
the average increase in energy for a double passing is ∆E/E = (4/3)(V /c) = U/c. The
probability that the particles are lost is:
P =1−

(1/4)U N
U
flux behind shock
=1−
=1−
particles passing shock
(1/4)N c
c

(4.24)

The number of particles that cross the shock is (1/4)N c, following the kinetic theory, where
N is the number density of particles. From the previously determined v2 = (1/4)v1 it can
be seen, that the particles are removed from the region of the shock at N V = (1/4)N U .
Therefore one can determine:
4V
4V
U
U
U
ln β = ln(1 +
)=
= , ln P = ln(1 − ) = − ⇒ ln P/ ln β = −1 (4.25)
3c
3c
c
c
c
−1+ln P/ ln β
−2
⇒ N (E)dE = constants × E
dE = E dE
(4.26)
The predicted spectrum of the accelerated electrons has a power law form with index of −2.
One problem of this process is the injection problem. Since only particles with a higher
energy than the thermal energy can cross the shock and can be accelerated, it is unclear how
these particles initially reach the needed high energy.
The cooling time is defined as:
tcool =

3me c
4σT ( vc )2 UB γ

(4.27)

using E = γme c2 in the energy loss rate −(dE/dt). As mentioned in Inoue & Takahara
(1996), ∂N (γ)/∂t = ∂/∂γ[γ/tcool N (γ)] which can be approximated with


γ −1
−Γ
N (γ) = Kγ
1+
(4.28)
γb
for γ < γb ⇒ N (γ) = Kγ −Γ

for γ > γb ⇒ N (γ) = Kγ

−Γ−1

(4.29)

(4.30)

where γb is the break Lorentz factor.
Therefore, assuming Fermi acceleration and a self consistent model for the Synchrotron
radiation taking into account the cooling, the electron distribution is expected to have a
1
= 0.5 and α2 = 1
broken power law shape with Γ1 = 2 and Γ2 = 3. This results in α1 = 1−Γ
2
for the synchrotron spectrum.

4.2

Inverse Compton radiation

The inverse Compton mechanism describes the scattering of a low energy photon on a highly
relativistic electron, in which the photon gains energy. The cross section can be described by
the Thompson cross section
σT =

8π 2
r = 0.665 × 10−24 cm2
3 0

(4.31)
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when the energy of the photon is smaller than me c2 (hν ′ << me c2 in the rest frame of the
electrons).
For the Thompson scattering, the energy loss rate is


dE ′
′
−
= σT cUrad
(4.32)
dt
in the rest frame of the electrons, in which Urad is the energy density of the radiation. The
number density of the photons in the rest frame of electrons compared to the laboratory
frame2 γ[1 + (v/c) cos θ] and therefore
′
Urad
= [γ[1 + (v/c) cos θ]]2 Urad
(4.33)
Rπ 2
The integration over the angle 0 γ [1 + (v/c) cos θ]2 12 sin θdθ = 43 (γ 2 − 14 ). Including this in
the energy loss rate, the following result




dE
4
1
dE ′
=
= σT cUrad (γ 2 − )
(4.34)
dt
dt
3
4

which is the energy gained by the photon field due to the scattering of the low energy photons.
To achieve the total energy gain to the photon field, the contribution of the energy of these
photons has to be subtracted. Together with (γ 2 − 1) = (v 2 /c2 )γ 2 result this in:




 v 2
dE
4
4
1
2
⇒
= σT cUrad γ −
− σT cUrad = σT cUrad
γ2
(4.35)
dt
3
4
3
c

The result is similar for the inverse Compton and synchrotron radiation using the energy
density of the radiation and magnetic fields, respectively.
The emissivity of the inverse Compton radiation is proportional to the frequency I(ν) ∝ ν
and reaches its maximum at (~w)max = ~wγ 2 (1 + vc )2 .
At relativistic energies hν ≥ 0.511 MeV (hν >> me c2 ), the Klein-Nishina cross section
has to be used to calculate the inverse Compton radiation, which is defined as:


π 2 re2
1
σKN =
ln(2hν) +
(4.36)
hν
2

Since the cross section is ∝ (hν)−1 , the higher energy inverse Compton radiation is reduced
compared to the calculation with the Thompson cross section.
Inverse Compton Catastrophe:
The inverse Compton Catastrophe describes the case of the SSC radiation, when the number
density of the low energy photons is large, and therefore most of the energy is lost by synchrotron Self-Compton rather than synchrotron radiation. The ratio of the loss of energy for
inverse Compton and synchrotron radiation is
η=

Urad
(dE/dt)IC
= 2
(dE/dt)sy
B /2ν0

(4.37)

When this ratio is larger than one, the Inverse Compton Catastrophe occurs.
These and further information on the inverse Compton radiation can be found in Longair,
M. S. (1992).
2

When the energy of the photon is ~ω and the angle of incidence θ, then in the rest frame of the electrons
is ~ω ′ = γ~ω[1 + (v/c) cos θ]
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Figure 4.7: Illustration to explain the superluminal motion. One component of the source
moves with the velocity v under an angle φ in
the direction of the observer. After the time te ,
the component moved further in the direction
of the observer so that the travel time of its
radiation gets smaller. Taken from Schneider,
P. ( 2005) and added english text.

4.3

Jet motion and beaming effect

With VLBI observations, the jet can be detected down to sub-parsec scales and the core can
be resolved. Thus, several distinct blobs of radio emission could be detected. With multiyear observations the movement of the blobs could be studied in detail and several times
super-luminal motion was detected.
For AGN which are observed with very small viewing angle to the jet, it is more difficult
to identify seperat blobs and they appear more as an extension of the jet in one direction
rather than distinct blobs.
The special geometry cause this superluminal motion as can be seen in Fig. 4.7. When a
blob moves along a jet which is seen at small angle to the line of sight, the light emitted by
the blob moves reaches the observer just a short time later than the light of the blob at the
initial posistion since the blob moves with v ≈ c in the direction almost towards the observer.
When the particles move at relativistic velocities towards the observer, their emission is
amplified by relativistic time dilation. The Doppler boosting factor is given by
D = [γ(1 − β cos θ)]−1 → ν = Dν ′

(4.38)

where γ = (1 − β 2 )−1/2 is the bulk Lorentz factor, β = v/c and θ is the viewing angle (angle
between the jet axis and the line of sight to the observer). The observed intensity of the
emission I(ν) is boosted compared to the initial emission I ′ (ν ′ ) by I(ν) = D3 I ′ (ν ′ ). This can
be explained with I(ν)/ν 3 being Lorentz invariant. Therefore,
ν3 ′ ′
I (ν ) ⇒ I(ν) = D3 I ′ (ν ′ )
(4.39)
ν ′3
The flux is proportional to the intensity when the source is spherically symmetric and transforms in the same way. The above relation does not take into account the spectral distribution
of the emission. Considering a source with a power law distribution, the flux can be expressed
by F (ν) ∝ ν −α and the transformation has to be adjusted such that
I(ν)/ν 3 = I ′ (ν ′ )/ν ′3 ⇒ I(ν) =

F (ν) = D(3+α) F ′ (ν ′ )

(4.40)
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For a source at redshift z, the above transformation has to be adjusted with ν = Dν ′ /(1 + z)
and result in

(3+α)
D
F (ν) =
F ′ (ν ′ )
(4.41)
1+z

4.4

Synchrotron Self-Compton model

In Synchrotron Self-Compton (SSC) models the synchrotron emission from a population of
accelerated relativistic electrons is considered. The inverse Compton (IC) emission appears
from the same population of electrons which up-scatter their self-produced synchrotron photons. The SSC model is commonly used to describe the SED blazars and is described in
e.g. Jones et al. (1974), Maraschi et al. (1992). This emission processes result in the same
two peak structure of the SED which is observed in blazars (see section 1.2), in which one
peak in the optical-UV-X-ray regime originates from synchrotron radiation and one peak at
keV-GeV-TeV from inverse Compton emission. In a code by Krawczynski et al. (2004), a
population of electrons with a distribution which follows a broken power law with a sharp
minimum and maximum energy and break energy at which the photon index change, is taken
as assumption. This electron population is assumed to be located in a spherical emission volume of radius R moving with a bulk Doppler factor D towards the observer and a magnetic
field B is assumed. The bulk Doppler factor D is connected with the bulk Lorentz factor δ
by δ = [D(1 − β cos θ)]−1 where β = v/c the velocity of the emission region and θ the angle
between the jet axis and the line of sight to the observer.
The variability time scale ∆t is a good indicator for the size of the emission region.
Following Wagner & Witzel (1995), the maximum radius of the emitting region should be
R < ∆t × D × c.

4.5

Other Models

The Synchrotron Self-Compton model, explained in the previous section 4.4, which is a leptonic scenario that is commonly used to describe the SED of blazars. Another possible
leptonic process is the Compton scattering at external (outside of the jet) photon fields, external Compton (EC) emission, additional to the SSC emission described e.g. in Sikora et al.
(1994), Böttcher et al. (1997) and Dermer & Schlickeiser (2002). As described in Sikora et al.
(1994), one source of seed photons is the radiation from a portion of the accretion flow which
is scattered by material through which the jet is passing. Another source of seed photons is
the cosmic microwave background as discussed in Böttcher et al. (2008). The fraction of high
energy emission of the Compton scattering on external photon fields is low for the TeV blazars
in which the SSC emission is dominant, since these objects are observed in the direction of
the jet and the influence of the inverse Compton at the photon fields is smaller.
Also alternative hadronic models exist which can reproduce the measured spectral shape
of the SED, e.g. Mannheim (1993), Pohl & Schlickeiser (2000), Aharonian (2000) and Mücke
& Protheroe (2001). In the hadronic models it is assumed that the acceleration mechanism
also accelerates protons in addition to the electrons. These accelerated protons would emit
synchrotron radiation. In interaction with the ambient gas, pions are produced in protonproton interactions and the neutral pion decay in two gamma-ray photons (π0 → γ + γ).
The produced secondary electrons also emit synchrotron and inverse Compton radiation. As
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described in Mannheim (1993), this hadronic process can produce emission from X-ray to the
γ-ray range, if the protons are accelerated up to high energies (E > 1018 eV) where the energy
loss rate of the protons is equal to the electron energy loss rate. For a high rate of secondary
electrons due to the interaction of the protons with the ambient gas, a large density of the
thermal plasma and very high proton acceleration is needed.
A consistent model would be a combined leptonic-hadronic model, since the electromagnetic acceleration of charged particles should also influence the protons and not only the
electrons. The synchrotron emission of the protons would be suppressed compared to the
synchrotron emission of the electrons due to the higher mass of the protons, but the synchrotron emission of the secondary electrons would give a considerable contribution. Studies
on realistic leptonic-hadronic models are currently initiated, e.g. by Weidinger & Spanier
(2011). There exist also self consistent models with accelerated protons, leptonic cascades
and the synchrotron emission from secondary electrons by Mücke & Protheroe (2001).
The hadronic models are not considered in this work since no self-consistent leptonichadronic combination model, in the sense of a combination of leptonic SSC, hadronic proton
synchrotron and secondary electrons, exist yet.
Several multi-zone models exist in which zones with different characteristics within the
jet are assumed. One example is the spine-layer model presented by Ghisellini et al. (2005),
which was also applied to several TeV BL Lac objects and radio galaxies in their work. This
model consider two regions in the jet with different velocities, the spine (inner part of the jet)
and the layer (surface of the jet surrounding the spine). Both regions emitt via SSC and the
interaction between the different zones is considered. It should be noted, that most existing
multi-zone models do not consider completely the interaction between the different zones.

4.6

Systematic studies on SSC models

The code of Krawczynski et al. (2004), as described in section 4.4 has been used to create
SSC models accounting for the intrinsic SEDs (measured SED which has been corrected for
the influence of the host galaxy and absorption). The code is based on Inoue & Takahara
(1996) in which the theoretical details on the model are specified.
The code consider the following macroscopic parameters to describe the jet: the bulk
Doppler factor D, the radius of the emission volume R and the magnetic field B. The
microscopic parameters in this model, to define the distribution of electrons, are: the photon
indices of the broken power law shape, the break energy at which the photon index changes,
the energy density and a sharp minimum and maximum energy of the distribution. The
minimum, maximum and break energies are given in eV. Another way to express them is to
use the Lorentz factors with γ = E/(me c2 ) = E/(0.511 × 106 eV),
To study the effects of parameter changes on the shape of the synchrotron and inverse
Compton spectra, the parameters are fixed to usual values (e.g. in this case we used the
parameters which can describe the SED of PKS 2005-489 during the MWL campaign in
2009) for blazars and each parameter is changed to higher and lower values. The resulting
SSC models for each parameter change are shown in Fig. 4.8 in which the black solid line
represents the initial set of parameters, the red curves higher and the blue curves lower
values. The values are changed in two steps illustrated by the dashed and dotted lines. For
the minimum, maximum and break energies only one step of changes in the parameters is
shown. As simple quantitative description of the changes in the model, we use the ratio of the
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peak frequencies and peak fluxes for the synchrotron and inverse Compton spectral emission
peaks in the νFν presentation (see table 4.1). The illustration of the changes of the peak flux,
frequency and their ratios with variations of the parameters is shown in Fig. A.1 (Appendix).
Initially assumed is the Fermi acceleration as mechanism for the electron acceleration and
synchrotron cooling which resulted in a broken power law shape with Γ1 = 2 and Γ2 = 3. The
effects of the changes of the spectral shape of the electron distribution have been tested in
detail for PKS 2005-489 and are presented in Fig. B.4. This source has been choosen, since
observations in 2004 show a very steep X-ray spectrum which cannot be reproduced with the
standard broken power law distribution of electrons as described above.
I performed a systematic study to find the most appropriate set of parameters for an SSC
model which reproduces the spectral energy distribution of each of the presented TeV blazars.
As base for this study, a set of parameters have been used, which describes already rather
well the measured spectra. To illustrate the effect of changes of the model due to each single
parameter, each of the parameters have been changed by a large amount while the other
parameters remained fixed. This studies were necessary to find a good set of parameters to
reproduce the spectral shape of the SEDs.
To find the best initial parameters, also the literature has been searched, e.g. to find
the most precise determination of the redshift for each source. The variability time scales
constrain the maximum size of the emission region and the correlations between the variation
in different wavebands give indications that the same population of electrons is responsible for
this emission. The photon index of high quality X-ray spectra can constrain the photon indices
of the power law describing the electron distribution. The minimum, break and maximum
energies of the electron distribution should be choosen to fit the shape of the measured
spectra and could be constrained by any detected clear cut-off, e.g. in the optical band.
For the other macroscopic parameters, one can take values which commonly can explain the
SEDs of blazars, e.g. from Tavecchio et al. (2010) for TeV BL Lac objects and Ghisellini
et al. (2010) for bright Fermi blazars, although these authors use a higher cooling break of
the photon indices lacking physical explanation. Also the publications of newly detected TeV
BL Lac objects in which appropriate SSC models are presented can be used as base to search
the best macroscopic parameters, e.g. a summary and comparison of several models is shown
in Kaufmann et al. (2010) for BL Lac objects observed with H.E.S.S.
As can be seen in Fig. A.1, several parameter change the peak frequency and flux of the
SSC model in the same manner. Therefore this give additional uncertainties in the determined
parameters and it can not exist only one possible set of parameters to describe the SED.
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Figure 4.8: Parameter study on the model by Krawczynski et al. (2004). As initial set of parameters, typical values for blazars, as they
would fit to e.g. PKS 2005-489 (z=0.071), have been used. This set of parameters is shown as solid black line with redshift z = 0.071,
Doppler factor D = 15, magnetic field B = 2 × 10−6 T, radius R = 4 × 1015 m, energy density W = 3.3 × 10−5 erg cm−3 , minimum
energy Emin = 7.9 × 108 eV, maximum energy Emax = 1012 eV and break energy Ebreak = 2 × 1010 eV of the electron distribution.
The following parameters were varied by a specific factor (see below) and the resulting model are shown as red curves for the higher
and blue curves with lower values. The dashed line represent the change by the mentioned factor and the dotted line by the double
factor. a) redshift changed by factor 2 (e.g. z=0.01775, 0.0355, 0.071, 0.142, 0.284), b) Doppler factor, factor 2, c) magnetic field,
factor 10, d) radius, factor 10, e) energy density, factor 10. The energy limits of the electron distribution are changed by a factor of
100 for the minimum (f), maximum (g) and of 10 for the break energy (h).
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Parameter

value

z

0.284
0.142
0.071
0.0355
0.01775
60
30
15
7.5
3.75
2e-4 T
2e-5 T
2e-6 T
2e-7 T
2e-8 T
4e17 m
4e16 m
4e15 m
4e14 m
4e13 m
3.3e-3 erg cm−3
3.3e-4 erg cm−3
3.3e-5 erg cm−3
3.3e-6 erg cm−3
3.3e-7 erg cm−3
7.9 × 1010 eV
7.9 × 108 eV
7.9 × 106 eV
1 × 1014 eV
1 × 1012 eV
1 × 1010 eV
2 × 1011 eV
2 × 1010 eV
2 × 109 eV

D

B

R

W

Emin

Emax

Eb

Fsy,peak
erg cm−2 s−1
4.23e-12
1.99e-11
8.75e-11
3.68e-10
1.51e-09
2.24e-08
1.40e-09
8.75e-11
5.47e-12
3.42e-13
8.75e-07
8.75e-09
8.75e-11
8.75e-13
8.75e-15
8.75e-05
8.75e-08
8.75e-11
8.75e-14
8.75e-17
8.75e-09
8.75e-10
8.75e-11
8.75e-12
8.75e-13
1.48e-09
8.75e-11
4.18e-11
8.72e-11
8.75e-11
3.43e-11
5.46e-10
8.75e-11
1.91e-11

FIC,peak
erg cm−2 s−1
6.92e-13
3.26e-12
1.43e-11
6.03e-11
2.48e-10
3.67e-09
2.29e-10
1.43e-11
8.95e-13
5.60e-14
2.68e-08
7.12e-10
1.43e-11
2.24e-13
2.91e-15
1.43e-03
1.43e-07
1.43e-11
1.43e-15
1.43e-19
1.43e-07
1.43e-09
1.43e-11
1.43e-13
1.43e-15
1.18e-10
1.43e-11
3.28e-12
1.43e-11
1.43e-11
1.83e-12
4.06e-11
1.43e-11
1.82e-12

νsy,peak
Hz
1.33e+16

νIC,peak
Hz
1.10e+25

FIC,peak /FSy,peak

νIC,peak /νsy,peak

0.1637

8.32e+08

5.30e+16
2.65e+16
1.33e+16
6.63e+15
3.31e+15
1.31e+18
1.32e+17
1.33e+16
1.33e+15
1.34e+14
1.33e+16

4.41e+25
2.20e+25
1.10e+25
5.51e+24
2.76e+24
1.37e+25
1.37e+25
1.10e+25
7.94e+24
5.13e+24
1.10e+25

0.1637

8.32e+08

1.05e+07
1.04e+08
8.32e+08
5.96e+09
3.82e+10
8.32e+08

1.33e+16

1.10e+25

1.68e+17
1.33e+16
1.33e+16
4.44e+16
1.33e+16
1.93e+14
4.41e+17
1.33e+16
2.17e+14

2.63e+26
1.10e+25
9.88e+24
1.10e+25
1.10e+25
2.69e+22
1.10e+26
1.10e+25
1.24e+24

0.0306
0.0814
0.1637
0.2561
0.3325
16.3664
1.6366
0.1637
0.0164
0.0016
16.3664
1.6366
0.1637
0.0164
0.0016
0.0797
0.1637
0.0785
0.1641
0.1637
0.0533
0.0743
0.1637
0.0954

8.32e+08

1.57e+09
8.32e+08
7.46e+08
2.48e+08
8.32e+08
1.40e+08
2.48e+08
8.32e+08
5.69e+09

Table 4.1: Quantification of the parameter study of the model. Each parameter has been
changed in 5 steps (energy of the electron distribution in 3 steps) and the resulting peak fluxes
and frequencies for the synchrotron and inverse Compton emission peaks are mentioned here.
In the last two columns, the ratios of the peak frequencies and fluxes are shown.

Chapter 5

PKS 2005-489: multi-wavelength
campaign of a high state
Part of the presented results of my MWL study on PKS 2005-489 are published
by me in Astronomy and Astrophysics (H.E.S.S. Collaboration, 2011).

5.1

Introduction to PKS 2005-489

PKS 2005-489 is one of the brightest high-frequency peaked BL Lac objects (HBL) in the
southern hemisphere. It is located at αJ2000 = 20h 09m 25.39s , δJ2000 = −48◦ 49′ 53.7′′ (Johnston
et al., 1995) and has a redshift of z = 0.071 (Falomo et al., 1987).
PKS 2005-489 was detected through the Parkes 2.7 GHz survey (Wall et al., 1975) and is
part of the 1 Jy catalogue (Kühr et al., 1981) of the brightest extragalactic radio sources.
It has been observed during several years by different X-ray satellites and showed very
large flux variations in combination with distinct spectral changes. In October-November
1998, a large X-ray flare was detected and monitored with RXTE (Perlman et al., 1999).
Shortly before this flare occured, BeppoSAX observations were conducted which revealed a
curved X-ray spectrum from 0.1 to 200 keV with photon indices of Γ1 = 2, Γ2 = 2.2 and a
break around 2 keV (Tagliaferri et al., 2001).
The first evidence for γ-ray emission was marginally detected (4.3σ) with the EGRET
instrument revealing a flux of F (> 100 MeV) = (1.3 ± 0.5) × 10−7 cm−2 s−1 (Lin et al.,
1999; Nandikotkur et al., 2007). This made PKS 2005-489 one of the few HBL detected
by EGRET. Very high energy (VHE, E > 100 GeV) γ-rays from PKS 2005-489 were first
detected with H.E.S.S. (Aharonian et al., 2005a). Multi-year studies of the TeV emission by
H.E.S.S. together with several multi-wavelength observations are described by the H.E.S.S.
Collaboration (2010). The VHE γ-ray spectra can be described by power laws with photon
indices varying between 2.9 and 3.7 and hence they are amongst the softest spectra of all
VHE γ-ray active galactic nuclei (AGN).
Together with the Fermi Gamma-ray Space Telescope it is possible to determine for the
first time the inverse Compton emission peak spectrum of PKS 2005-489. Together with
simultaneous broadband observations, the underlying emission processes can be studied in
more detail.
We proposed monitoring observations with RXTE simultaneous to scheduled H.E.S.S.
and ATOM observations. The motivation of this campaign was to shed light on the GeV67
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Figure 5.1: Long term light curves of PKS 2005-489 over 22 months of the optical emission
(upper panel) by ATOM and the HE γ-ray emission (lower panel) by Fermi/LAT. The HE
γ-ray light curve is binned with 30 days interval. The triangles represent upper limits. The
major gaps in the optical light curve are due to solar conjunction. The grey band indicates
the time of the multi-wavelength campaign from May 22 to July 2, 2009. The Fermi/LAT
data are taken from H.E.S.S. Collaboration (2011).
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TeV connection in a BL Lac object with exceptional, very soft TeV spectrum. A successful
multi-frequency campaign with observations by RXTE, Fermi and H.E.S.S. had been already
performed on PKS 2155-304 (Aharonian et al., 2009b), which is the brightest TeV blazar in
the southern hemisphere and has a typical TeV spectrum. Sources with soft TeV spectra can
be detected simultaneously by Cherenkov telescopes and by Fermi on time scales of weeks
and are therefore promising candidates, while sources with hard spectra and similar flux
unfortunately cannot be detected by Fermi in less than one year. Contemporaneous X-ray
observations are necessary to study the synchrotron spectrum. Since PKS 2005-489 show
X-ray flux variation on time-scales of weeks, it was important to obtain simultaneous X-ray
observations.

5.2

Multi-wavelength observations and data analysis

A multi-wavelength campaign on PKS 2005-489 was conducted from May 22 to July 2, 2009
with observations by the Cherenkov telescope array H.E.S.S., the X-ray satellites RXTE and
Swift and the optical 75-cm telescope ATOM . PKS 2005-489 was regularly monitored with
the LAT instrument on-board Fermi during this campaign such that simultaneous information
about the brightness and the spectrum of the high energy (HE, 100 MeV < E < 100 GeV)
γ-ray emission could be obtained. Hence, for the first time, simultaneous observations have
been taken on PKS 2005-489 in the VHE, HE γ-ray, X-ray, UV and optical bands, that can
be used for variability and spectral studies. The simultaneous monitoring by Fermi in the
GeV and by ATOM in the optical band over a time of 22 months allows the study of the long
term behaviour of PKS 2005-489. The time of the multi-wavelength campaign is marked in
the long term light curve shown in Fig. 5.1. The time in the light curve is given as Julian
Date (JD). This date represents the number of days which passed since January 1, 4713 BC,
12:00 and is often used in astronomy since it is independent of different lengths of the month,
leap years etc and therefore well suited as continuous time scale. The modified Julian date
(MJD) is a shorter version defined as M JD = JD − 2400000.5

5.2.1

Very high energy γ-ray data from H.E.S.S.

The H.E.S.S. observations on PKS 2005-489 have been taken with a mean zenith angle of 27◦
(see Fig. 5.2) from May 22 to July 2, 2009 with a break around full moon, since H.E.S.S.
does not observe during moontime. The data have been calibrated as described in Aharonian
et al. (2004b) and analyzed with the standard analysis tool wobble chain using the standard
cuts resulting in an energy threshold of ≈ 400 GeV and following the method described in
Aharonian et al. (2006b). PKS 2005-489 was observed ∼ 15 hours with the H.E.S.S. array.
For 29 runs all four telescopes were operating. For three runs only three telescopes were
operational due to some tracking problems in one telescope. Other three runs had lower
trigger rates and might have been affected slightly by bad weather (e.g. clouds reduce the
trigger rate and produce high fluctuations in the trigger rate).
After the standard quality selection 13 h of live time remain. A total of NON = 953 onsource and NOFF = 5513 off-source events with an on-off normalization factor of α = 0.0932
were measured. An excess of Nγ = NON −αNOFF = 439 γ-rays, corresponding to a significance
of 16σ (following the method of Li & Ma 1983, see section 3.1), results for PKS 2005-489 within
the whole observing period. The Reflected-Region method (Aharonian et al., 2006b) was used
for background subtraction of the spectrum.
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H.E.S.S. observations on PKS 2005-490 in May-July 2009
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Figure 5.2: left: Distribution of the zenith angle for the H.E.S.S. observations in May-July
2009 used for the analysis for the campaign. right: Cummulative significance of the TeV
observatios on PKS 2005-489.
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Figure 5.3: Comparison between the TeV light curves of the two independent analysis. In red,
the analysis described in 5.2.1 and in black the cross check analysis with different calibration
and using the French analysis.

An independent analysis of the same data made by Francesca Volpe, using the French
Hillas analysis and the French calibration, resulted in comparable results (see Fig. 5.3 and
5.4middle).

5.2.2

High energy γ-ray data from Fermi/LAT

The LAT observations presented here comprise all the data taken between August 4, 2008
and June 4, 2010 (22 months), which fully covers the H.E.S.S. observations taken from May
22 to July 2, 2009.
√ The likelihood analysis reveals a point source with a high statistical significance of σ ∝
TS = 69 (H.E.S.S. Collaboration, 2011). The best-fit position of this point source was
calculated with gtfindsrc (αJ2000 = 20h 09m 25.0s , δJ2000 = −48◦ 49′ 44.4′′ ) and has a 95%
containment radius of 1.5′ , consistent with the coordinates of PKS 2005-489. The highest
energy photon associated with the source has an energy of ∼ 180 GeV and was detected
on March 10, 2009 (i.e. before the start of the H.E.S.S. observations). The highest energy
photon detected by Fermi/LAT during the H.E.S.S. multi-wavelength campaign has an energy
of ∼ 50 GeV and was detected on June 1, 2009.
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Figure 5.4: left: VHE light curve of PKS 2005-489 as measured with H.E.S.S. using all
available runs, middle: the TeV light curve of the independent analysis, right: light curve
without considering the observations with bad weather influence. All light curves have been
fit with a constant.

5.2.3

X-ray data from RXTE and Swift/XRT

In 2008, I wrote a proposal for RXTE monitoring observations with 10 pointings on PKS
2005-489 accepted for AO13. In close discussions with Jean Swank, the PI of RXTE and the
observation planners, I have organized the monitoring campaign with the maximum possible
overlap between the RXTE and H.E.S.S. observations (restricted by the observing window
for PKS 2005-489 for RXTE) with mainly strict simultaneous data with H.E.S.S. for May
and June was achieved (see table B.3 in appendix for the details of each observation).
X-ray observations with the Proportional Counter Array (PCA) detector on-board RXTE
(Bradt et al., 1993) were obtained in the energy range 2 − 60 keV from May 22 to June 3
with exposures of 2 − 4 ks per pointing, strictly simultaneous with good quality H.E.S.S.
observations in 6 nights.
Due to the high state of PKS 2005-489 detected during this campaign, I have asked for
additional Target of Opportunity (ToO) observations with the X-ray satellites Swift to obtain
additional information at lower X-ray energies and in the UV band. I have made another Swift
ToO request and the observations has been performed during the further H.E.S.S. observations
in the June shift to obtain further information about the X-ray state. The source was flaring
at TeV energies with 5σ significance reached within 20 min of observations in the online
analysis. This information was provided by the shift log and was checked by my with the
online analysis. Therefore, the H.E.S.S. observations have been extended until the end of the
June shift. For the same reason I triggered RXTE observations to get more information on
possible changes in the X-ray domain during the high state in TeV.
The XRT detector on-board Swift observed in photon-counting (PC) and windowed-timing
(WT) mode in the energy range 0.2 − 10 keV on June 1 and June 24, 2009 with ∼ 3 ks each.
The RXTE ToO observations were performed from June 30 to July 3, 2009.
The data analysis of the RXTE and Swift observations has been performed following
the standard procedure described in chapter 3. For the count rate of ∼ 9 cts/s for this
observations, the faint background model provided by the RXTE GOF was used to generate
the background spectrum. From the HEXTE instrument on-board RXTE, a signal in the
energy range 15 to 250 keV was only detected in the sum of all observations during the
campaign for PKS 2005-489. For the analysis of the Swift XRT data in the PC mode, an
annular region with outer radius of 0.8′ around the position of PKS 2005-489, which contains
90% of the PSF at 1.5 keV, was used. The inner radius was choosen to be ∼ 0.1′ to avoid
pileup in the spectrum.
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USNO A2 name
0375-38534487
0375-38534101
0375-38540083

RA (J2000)
20:09:19.04
20:09:17.66
20:09:40.02

Dec (J2000)
-48:46:42.8
-48:50:56.8
-48:50:21.7

B / mag
15.5 (-0.081)
15.6 (-0.063)
15.8 (+0.144)

V / mag
14.39
—
14.88

R / mag
13.3 (+0.074)
14.3 (-0.257)
13.7 (+0.183)

I /mag
13.46 (-0.142)
13.98 (+0.127)
13.72 (+0.015)

Table 5.1: The reference stars used for the analysis of the ATOM data. The B and R
magnitudes are taken from the USNO-A2 catalogue (Monet, 1998), the V magnitudes from
NOMAD (Zacharias et al., 2004) and the I magnitudes from USNO-B catalogue (Monet et al.,
2003). The values shown in brackets represent adjustments of the magnitudes used within
the pipeline. These adjustments were applied to reduce the scatter of the reference stars.

5.2.4

UV data from Swift/UVOT

The UVOT instrument on-board Swift measured the UV emission of PKS 2005-489 in the
bands u (345 nm), uvw1 (251 nm) and uvw2 (188 nm) simultaneous to the X-ray telescope
with an exposure of ∼ 1 ks for each filter. The data analysis has been performed following
the standard procedure described in section 3.

5.2.5

Optical data from ATOM

The 75-cm telescope ATOM monitored the flux of PKS 2005-489 in all four filters. The
obtained data have been analyzed using an aperture of 4′′ radius and differential photometry
with three nearby reference stars (see Table 5.1) from the USNO catalogue (Monet, 1998) to
determine the apparent magnitudes.

5.3

Temporal analysis

The multi-wavelength observations taken from May 22 to July 2 2009 were used to search
for variability during the phase of high flux. The light curves of this campaign are shown in
Fig. 5.5.

5.3.1

Variation in different energy bands

Very high energy emission has been detected with a mean flux of F (> 300GeV) = (6.7 ±
0.5stat ) × 10−12 cm−2 s−1 for the time of the campaign. The measured flux level is ∼ 2
times brighter than during the detection of this source in 2004 (F (> 400 GeV) = 2.37 ×
10−12 cm−2 s−1 ) with the H.E.S.S. array (H.E.S.S. Collaboration, 2010). While no significant
long-term trend is detected during the six weeks of observations, a constant flux provides a
poor fit with a χ2 /dof=50/16 and a probability of p < 0.1%. The nightly binned flux shows
evidence for variability of about a factor of 2. The low signal to noise ratio does not allow a
precise determination of time scales.
To test for the influence of the runs, that might have been effected by bad weather, in the
analysis, a comparable analysis excluding these 3 runs was conducted. The resulting light
curve is comparable (as can be seen in Fig. 5.4right). One night is without detection of the
source and the average flux changed to F (> 300 GeV) = (7.2 ± 0.6stat ) × 10−12 cm−2 s−1
consistent with the above mentioned.
As comparison, the fit of a constant of the light curve from the cross check analysis resulted
in an average flux of F (> 300 GeV) = (8.4 ± 0.8stat ) × 10−12 cm−2 s−1 , χ2 /dof = 16.3/14
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Figure 5.5: Light curves of PKS 2005-489 during the multi-wavelength campaign from May
22 to July 2, 2009. For a better display, the u and uvw2 band data by Swift are shifted by
±0.5 days. For the H.E.S.S., RXTE and Swift light curves a nightly binning was used and
the Fermi/LAT light curve is shown in a 10-day binning. The Fermi/LAT data are taken
from H.E.S.S. Collaboration (2011).
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Figure 5.6: ATOM light curves in the filters B, V, R and I (from top to bottom)
and a probability of pχ2 = 0.3.
As can be seen in Fig. 5.5, the binning of the light curve of the HE emission for the time
period of this campaign was chosen to be 10 days due to the rather faint emission. Within
the limited statistics, no variations were detected on these time scales.
The high X-ray flux of PKS 2005-489 is comparable to the historical maximum of 1998
(Perlman et al., 1999; Tagliaferri et al., 2001). The X-ray flux increased by 10% within the
first 2 days of the campaign and decreased until the end of the campaign back to the initial
flux level.
The nightly binned u, uvw1 and uvw2-band observations with the Swift/UVOT detector
do not show significant variation.
The light curves for the filters B, V, R and I are shown in Fig. 5.6. A comparable
monotonic decrease by ∼ 20% in each light curve is visible. We tested for a possible colour
change by calculating the colors B-R, V-R and R-I. The colour diagrams are show in Fig. 5.7.
The colors remained constant and no significant colour change was detected concluding that
no spectral change in the optical regime appeared during the campaign. The average colors
are: B-R= (1.36 ± 0.02) mag, V-R= (0.78 ± 0.02) mag and R-I= (0.08 ± 0.01) mag.
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Figure 5.7: left: ATOM R versus B filter observed magnitude, B versus V-filter and I versus B filter (from top to bottom), middle:
ATOM colors B-R, V-R and R-I (from top to bottom) versus time, right: ATOM colour diagrams for the colors B-R, V-R and R-I
(from top to bottom).
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Figure 5.8: left: X-ray flux measured by RXTE in the energy range 2-10 keV and the optical
flux measured by ATOM in the R band of the same nights during the campaign. right: The
same flux values are given, but the first flux value with low X-ray flux and high optical of
JD 2454973.5 (May 22, 2009) has been taken out to show the very strong correlation in the
remaining time of the campaign.
The long term light curves of the optical and HE γ-ray emission of PKS 2005-489 over
22 months is shown in Fig. 5.1. The maximum in the optical band is clearly identified at
2454930.7 JD. The Fermi/LAT light curve displays a variation in the monthly binning with
an amplitude similar to the optical variation. A fit with a constant flux results in a poor
description with a χ2 /dof = 41 / 17 and a probability of p < 1%. The decrease in the second
half of the light curve has a significance of ∼ 4.5σ. In the monthly binning of the light curve,
the identification of the maximum is uncertain by ∼ 30 day. Considering this, it is marginally
consistent with the maximum of the synchrotron emission.

5.3.2

Correlations

The highest flux measured in the X-ray band seems to follow the high flux measured in the
optical before the beginning of this campaign. In both wavebands a slow decrease could be
measured over the time period of this campaign, where the optical flux decrease by ∼ 20%
and the X-ray flux by ∼ 10%.
The Pearson’s correlation coefficient (see section 3.6) of the optical R-band from ATOM
and the X-ray flux from RXTE is 0.7 for the full time range (see Fig. 5.8). Considering
only the decaying part of the X-ray light curve, this factor increases to 0.96 (see Fig. 5.8).
A change of similar amplitude could not be detected with the Fermi/LAT due to the large
uncertainties.
The peak in the X-ray flux during the decay of the optical fluxes could also be interpreted
as lag between the X-ray and optical emission. Considering the peak of the optical fluxes at
2454930.7 JD, the X-ray emission would lag by around ∼ 45 days. But this cannot be proven,
since no X-ray observations exist from the time of the highest optical flux until the start of
the MWL campaign.
Interestingly, the variation in the VHE flux, e.g. the increase in flux between 2454978 and
2454982 JD is not seen in the simultaneous X-ray and optical observations which do not vary
significantly during this period.
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Figure 5.9: Light curve of previous X-ray observations on PKS 2005-489 taken from Perlman
et al. (1999) (RXTE), Rector et al. (2002) (RXTE), H.E.S.S. Collaboration (2010) (XMMNewton and RXTE). The flux values in 2005 and 2007 result from the own analysis of previous
Swift observations. The result of the RXTE and Swift observations of our campaign in 2009
are also shown. The flux for MJD 52824,6 in 2000 result from my analysis of the available
Chandra observation. For some literature data, no uncertainties of the fluxes are given. For
the flux obtained in 2000 by RXTE, a conservative uncertainty of 30% is assumed and for the
data of 2004, 2005 obtained with RXTE and XMM-Newton a conservative uncertainty of 5%
is assumed based on the uncertainty of the count rates. For the fluxes obtained by RXTE in
1998, the uncertainties should be of the order of 5% or less following the uncertainties in the
count rates given in the literature. For better visibility of the flux points the uncertainties
have been removed from the illustration for these high flux data in 1998.

5.3.3

previous X-ray observations

To present the flux variations of PKS 2005-489 in the X-ray band over several years, the light
curve in which I compiled all available flux information in the X-ray band from 1998 is shown
in Fig. 5.9. The RXTE observation results are presented in Perlman et al. (1999) for 1998,
in Rector et al. (2002) for 2000 and in H.E.S.S. Collaboration (2010) for 2005. The XMMNewton analysis results are taken from H.E.S.S. Collaboration (2010). The available data of
the Swift observations in 2005 and 2007 I have analysed following the standard procedure.
The extracted spectra could be well described by a power law model taking into account
the Galactic absorption. The details of the spectral analysis are summarized in table B.2
in the Appendix. Chandra observed PKS 2005-489 in October 7, 2000 (MJD 52824,6) for
a total exposure of 5854 s (PI: Pesce). My analysis of these data followed the standard
procedure decribed in chapter 3 using a circular source region with radius 20′′ and a three
times larger background region on the same chip. The resulting spectrum can be very well
(χ2 /dof = 81/77) described by a power law with photon index of Γ = 2.43 ± 0.66 taking into
account the Galactic absorption. The flux in the energy range 2 to 10 keV is (1.47 ± 0.06) ×
10−12 erg cm−2 s−1 .
The measured X-ray spectra have been fit with a single power law taking into account
the Galactic absorption of NH = 3.94 × 1020 cm−2 (LAB Survey, Kalberla et al. 2005) and
for the previously published spectral fit, the fit results have been taken from the mentioned
references. In Fig. 5.10 I included all determined photon indices of the power law fits and
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Figure 5.10: Distribution of the photon index resulting from a single power law for the
unabsorbed fluxes in the energy range 2 to 10 keV for all X-ray observations presented in Fig.
5.9.

the unabsorbed flux in the energy range 2 − 10 keV. A clear trend that the spectra become
more soft (higher photon index) with decreasing flux is visible.

5.4

Spectral energy distribution

For the first time, simultaneous observations from optical to VHE have been obtained on
PKS 2005-489, providing a very good coverage of the emission peaks seen in the spectral
energy distribution (SED) (see Fig. 5.12 and Fig. 5.18).

Figure 5.11: VHE spectrum of PKS 2005-489 during the campaign in 2009. Three models
(power law (left), broken power law (middle) and power law with exponential cutoff (right))
have been used to fit the spectral data. The parameters of the fits are described in the text.
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Spectral data in the γ-ray range

The measured very high energy spectrum by H.E.S.S. (see Fig. 5.11) during the period of this
campaign, can be described by a power law (N (E) = N0 × (E/E0 )−Γ ) with a normalization
of N0 = (2.1 ± 0.2stat ± 0.4sys ) × 10−12 cm−2 s−1 TeV−1 at E0 = 1 TeV and a spectral index of
Γ = 3.0 ± 0.1stat ± 0.2sys (χ2 /dof = 13/4 ). The subscripts refer to statistical and systematic
uncertainties. This model does not represent well the shape of the spectrum as can be seen
in the goodness of the fit and in Fig. 5.11 where the spectrum seems to have a more curved
shape. Therefore a broken power law was fit resulting in Γ1 = 2.4±0.5, Γ2 = 7.0±3.2, a break
energy of Ebreak = 2.2 ± 0.5 TeV and a normalisation of N = (4 ± 3) × 10−13 cm−2 s−1 TeV−1
(χ2 /dof = 0.5/1). The high energy photon index is very large which indicates that a power
law with an exponential cutoff could be a better description. Such model can be described
with Γ = 1.3 ± 0.6, a cutoff energy of Ecutoff = 1.3 ± 0.5 TeV and a normalisation of N =
(1.1±0.6)×10−11 cm−2 s−1 TeV−1 (χ2 /dof = 0.7/3). It should be noted here, that the power
law is constrained by the first three spectral points. As can be seen best in the E 2 dN/dE
representation of the SED, these three data points are representing a hard spectrum (smaller
photon index than 2) then the remaining points, while the single power law gives a much
larger photon index (softer spectrum). The power law with an exponential cutoff is a much
better description than the simple power law.
This VHE spectrum has been corrected for the absorption by the extragalactic background light using the models by Aharonian et al. (2006c) and Franceschini et al. (2008). In
Fig. 5.12 the highest and smallest correction using these two models are shown to illustrate
the uncertainties of this correction. Since the measurement errors cover the uncertainties
using different EBL models, only one model, the Franceschini et al. (2008) model, has been
chosen for the overall SED shown in Fig. 5.18.
The time averaged very high energy spectrum from 2004-2007 (shown in Fig. 5.12) can
be described by a power law with a spectral index of Γ = 3.2 ± 0.16stat ± 0.1sys , consistent
with the one obtained during this campaign but does not show significant curvature (H.E.S.S.
Collaboration, 2010).
During this campaign PKS 2005-489 shows a marginally harder TeV spectrum, using a
power law fit, than during its TeV detection in 2004 (H.E.S.S. Collaboration, 2010) when the
softest spectrum of a TeV blazar with spectral index of Γ = 3.7±0.4stat ±0.1sys was measured.
This spectrum, obtained in 2004, with contemporaneous X-ray, UV and optical observations
is shown in Fig. 5.18 for comparison. Most noticeable in the comparison is the indication
of a cutoff in the VHE spectrum of this campaign and the different normalizations which
suggest a change of the inverse Compton emission. The different spectrum could indicate a
change of the IC peak to higher energies or a broadening of the IC emission peak in 2009.
The VHE spectrum resulting from this multi-wavelength campaign and from 2004 have been
corrected for the absorption by the extragalactic background light (EBL) using the model by
Franceschini et al. (2008) and are shown in Fig. 5.18.
The averaged Fermi/LAT photon spectrum during the time of this campaign (H.E.S.S.
Collaboration, 2011) is fitted by a power law for which the normalization constant N0 is
(0.62 ± 0.04stat ± 0.02sys ) × 10−12 cm−2 s−1 MeV−1 , the spectral index Γ is 1.79 ± 0.05stat ±
0.07sys , and E0 = 2385 MeV is the energy at which the correlation between the fitted values
of the normalization constant and the spectral index is minimized. Changing the model of
the spectrum to a log-parabola does not improve the quality of the spectral fit significantly.
Spectral points were obtained by dividing the data into six equal logarithmically-spaced energy
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Figure 5.12: The γ-ray energy spectra of PKS 2005-489 covering the inverse Compton peak
of the spectral energy distribution. In black, the γ-ray spectra (Fermi/LAT as butterfly from
H.E.S.S. Collaboration (2011) and H.E.S.S. as circles) of this simultaneous multi-wavelength
campaign are denoted. In grey open symbols, historical and time-averaged data are shown:
triangles represent the Fermi/LAT spectrum from 22 months of observations (H.E.S.S. Collaboration, 2011) and the squares show the integrated H.E.S.S. spectrum extracted from
observations from 2004 to 2007 (H.E.S.S. Collaboration, 2010). Dark grey bars denote the
VHE γ-ray spectrum of 2009, corrected for the absorption by the extragalactic background
light. The size of the bar reflects the highest and smallest correction, including the statistical
and systematic uncertainties, using the models by Aharonian et al. (2006c) and Franceschini
et al. (2008).
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bands. A separate likelihood analysis was run over each band. For all sources in the model
of the region, the index was frozen to the time-independent best-fit value, and the flux was
left free to vary. PKS 2005-489 is too faint in the HE band to obtain spectral points for the
epoch of the H.E.S.S. multi-wavelength campaign. A 1-sigma error contour (butterfly) was
calculated using the covariance matrix produced during the gtlike likelihood fit (Abdo et al.,
2009). The full energy range (200 MeV - 300 GeV) was used for the fit but the butterfly was
extended to only 50 GeV to include the highest energy photon detected during the multiwavelength campaign. The HE spectral points obtained for the 22-month period and the
butterfly calculated for the H.E.S.S. multi-wavelength campaign are shown in Fig. 5.12.

5.4.2

Spectral data in the synchrotron range

PKS 2005-489 was in a very high X-ray state during this campaign with a maximum flux
comparable to the historical maximum of 1998. The spectrum during the 2009 campaign
was determined from the sum of all RXTE and Swift observations. In the energy range of
0.3−20 keV it can be described by a broken power law with Γ1 = 2.02±0.01, Γ2 = 2.46±0.01,
break energy at 3.2±0.2 keV and a normalisation of N0 = (5.80±0.06)×10−2 cm−2 s−1 keV−1
at E0 = 1 keV (χ2 /dof = 582/373), using the Galactic absorption of 3.94 × 1020 cm−2 (LAB
Survey, Kalberla et al. 2005) as a fixed parameter. This spectrum by RXTE and Swift
corrected for the Galactic absorption is shown in Fig. 5.18. The integrated flux between 2
and 10 keV is F(2−10 keV) = (1.23±0.01)×10−10 erg cm−2 s−1 which is a factor of ∼ 100 higher
than the integrated flux of the XMM-Newton observation in 2004 (H.E.S.S. Collaboration,
2010) while the monochromatic flux at 2 keV is ∼ 50 times higher than in 2004.
The two X-ray instruments RXTE and Swift had different sampling patterns. Since
variability was detected during the entire campaign, a joint spectral fit was obtained on
June 1, 2009. The derived broken power law model was fit, resulting in Γ1 = 2.04 ± 0.02,
Γ2 = 2.50 ± 0.07, break energy at 3.8 ± 0.4 keV and a normalisation of N0 = (5.72 ± 0.07) ×
10−2 cm−2 s−1 keV−1 at E0 = 1 keV (χ2 /dof = 493/302), which is consistent to the fit of the
summed spectra. The integrated flux is F(2−10 keV) = (1.23 ± 0.01) × 10−10 erg cm−2 s−1 .
A power law of the form F (E) = N0 (E/E0 )−Γ was used to fit the X-ray spectra of each
pointing obtained by RXTE in the energy range 3 − 20 keV resulting in consistent parameters
and an average photon index of Γ = 2.46 ± 0.03 (see Fig. 5.13). During this campaign, no
significant change in the spectral shape was found.
The summed spectra for the time of the campaign of the PCA and HEXTE instrument
have been used to fit simultaneous with a power law. The energy range from 2-3 keV and
20-30 keV were excluded from the spectral analysis, because of instrumental features (e.g.
spikes in the background files, see website1 ). The energy range above 50 keV had to be
excluded as well for the PCA spectral analysis as recommended in 2 , since above this energy
the calibration is poor and artificial systematics appear. For HEXTE, the cluster B spectrum
was used. The combined fit resulted in a power law with photon index of Γ = 2.45 ± 0.01,
a normalization of N = 0.095 ± 0.002 keV−1 cm−2 s−1 and a goodness of fit of χ2 /dof =
269/158 using the full available energy range (see Fig. 5.14). The flux in the energy range
2-10 keV of the summed spectrum is F2−10keV = (1.274 ± 0.003) × 10−10 ergcm−2 s−1 . An
independent fit for the low and high energy spectra of the PCA and HEXTE resulted in the
slightly lower photon index for the HEXTE spectrum of Γ = 2.1 ± 0.4 and normalisation
1
2

http://www.universe.nasa.gov/xrays/programs/RXTE/pca/doc/bkg/bkg-2009-spikes/
http://www.universe.nasa.gov/xrays/programs/rxte/pca/doc/rmf/pcarmf-11.7/
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Figure 5.13: The photon index of a single power law fit for the RXTE observations of PKS
2005-489.
−1 cm−2 s−1 (χ2 /dof = 263/156) (see Fig. 5.14). The signal to noise
of N = 0.03+0.06
−0.02 keV
for the HEXTE detector during the short time of the campaign was much lower than in
the more sensitive PCA detector therefore the lower energy spectrum of the PCA is more
constraint. To check for a possible spectral change in the high energy range, historical HEXTE
and PCA spectra from November 6 until November 14, 1998, when PKS 2005-489 was in a
similar high X-ray flux level, have been analysed. During the HEXTE observations in 1998,
the cluster A and B operated both in on-off mode, so that for both spectra the correct
background spectra could be obtained. The combined PCA and HEXTE can be fit well with
a power law with Γ = 2.24 ± 0.01 and a normalization of N = 0.157 ± 0.003 keV−1 cm−2 s−1
(χ2 /dof = 342/240) (see Fig. 5.15). During this time, the X-ray flux in the 2-10 keV range
was F2−10keV = (2.84 ± 0.01) × 10−10 erg cm−2 s−1 .
The fit of a single power law of the Swift WT spectrum from June 1, 2009 yield in a
photon index of Γ = 2.10 ± 0.02 and a normalisation of N = 0.006 ± 0.001 keV−1 cm−2 s−1
(χ2 /dof = 505/288). As can be seen in Fig. 5.16, the residuals show a significant deviation in
the high energy part concluding that a broken power law would be a better description and a
feature around 0.5 keV. The broken power law (considering the best fit values for the combined
RXTE and Swift fit for the break energy Ebreak = 3.8 keV and the high energy photon index
Γ2 = 2.5), result in a low energy photon index of Γ1 = 2.07 ± 0.02 and a normalisation of
N = 0.006 ± 0.001 keV−1 cm−2 s−1 (χ2 /dof = 462/288). As can be seen in Fig. 5.16, a dip
around 0.5 keV is significantly detected in both WT observation and is also visible in the
PC spectra. This feature could be interpreted with an absorption edge of Oxygen (K-edge at
0.533keV 3 ), but the fit of this edge in addition to the broken power law does not converge
and hence does not result in a better goodness of the fit. It could be also interpreted as a
broad line around 0.4-0.5 keV with additional absorption or another break in the spectral
shape. But such line could not be fit with a Gaussian model. Considering the additional
absorption NH,add = (1.9 ± 0.6) × 1020 cm−2 , the goodness of the fit (χ2 /dof = 431/287)
becomes slightly better than with the broken power law model with Galactic absorption but
the dip around 0.5 keV remains. As discussed in Godet et al. (2009) this feature seems to
be a detector effect. It occurs most probable due to charge traps. These can result from
3

http://www.kayelaby.npl.co.uk/atomic and nuclear physics/4 2/4 2 1.html
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Figure 5.14: left: In red the summed PCA spectrum and in black the HEXTE cluster B
spectrum is shown for the time of the campaign. A combined fit of both spectra of a power
law is shown as lines. In the lower panel the residuals for the power law fit is shown. The
photon index of Γ = 2.45 ± 0.01 resulted from this fit with a goodness of χ2 /dof = 269/158.
right: In red the summed PCA spectrum and in black the HEXTE cluster B spectrum is
shown for the time of the campaign. An independent fit of both spectra of a power law is
shown as lines. In the lower panel the residuals for the power law fit is shown. For the
HEXTE spectrum a lower photon index of Γ = 2.1 ± 0.4 resulted from this fit with a goodness
of χ2 /dof = 263/156.
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Figure 5.15: RXTE PCA and HEXTE spectra summed from November 6 to 14, 1998 to
compare with the spectra obtained in 2009 during the MWL campaign. In black the HEXTE
cluster A spectrum, in red the HEXTE cluster B spectrum and in green the PCA spectrum is
shown. A power law model has been used to make a combined fit of the spectra. The photon
index was found to be Γ = 2.24 ± 0.01 and the goodness of the fit is χ2 /dof = 342/240. The
lower panel show the residuals of this fits.
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Figure 5.16: left: Swift WT spectrum from June 1, 2009 fitted with a single power law
taking into account the Galactic absorption. The lower panel show the residuals for this fit.
right: The same spectrum fitted with a broken power law taking into account the Galactic
absorption. The lower panel show the residuals for this fit. The fit parameter are described
in the text.
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Figure 5.17: Spectrum obtained from the
XMM-Newton observation from October
4, 2004. The line represent a power law fit
taking into account the Galactic absorption. The lower panel show the residuals
of this fit.
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faults in the detector structure which trap partially the charge passing during the readout
process (Godet et al., 2009). In their study of the in-flight calibration of Swift /XRT, this
feature appeared in one spectra of Mrk 421 while these was not present in previous observed
spectra. In a study by Sambruna et al. (1995) on ROSAT spectra from PKS 2005-489 a
similar feature was detected around 0.5 keV in the residuals of a power law fit. Also they
concluded that this must be due to a gain shift in the PSPC detector (Sambruna et al., 1995).
In the XMM-Newton spectrum of October 4, 2004 resulting from my analysis following the
standard procedure described in section 3, a similar feature is visible around 0.5 keV in the
residuals of a power law fit, but not significantly detected (see Fig. 5.17). The spectrum
could be fit well (χ2 /dof = 140/132) with a power law with photon index of Γ = 2.99 ± 0.03
and normalization of N = 0.0019 ± 0.00003 keV−1 cm−2 s−1 taking into account the Galactic
absorption. The flux at this time was F2−10keV = (1.23 ± 0.05) × 10−12 erg cm−2 s−1 .
Chandra observed PKS 2005-489 from August 3 to 13, 2010, but the data become public
in August 16 2011, therefore I have not analysed them yet, but I will analyse them in the
future to see if the feature around 0.5 keV appears also in this Chandra spectrum or if we
can identify it clearly as a detector effect of Swift /XRT and ROSAT/PSPC. Instead it could
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be that interesting new spectral results like the detection of line emission with good spectral
resolution can result from this observations, since J. Stocke (PI of this proposed observation)
proposed for 300ks of Chandra/ACIS+LETG observations. Using the bright source PKS
2005-489 they want to study in detail the outflowing nuclear wind of the Milky Way (Stocke,
2010). For this wind they discovered absorption signatures in intermediate and high ions
towards extragalactic targets with HST and FUSE observations (Stocke, 2010).
The X-ray spectrum obtained during the historical maximum on November 10, 1998 is described by a power law of Γ = 2.35±0.02 with a flux of F(2−10 keV) = 3.3×10−10 erg cm−2 s−1
(Perlman et al., 1999). The BeppoSAX spectrum, obtained eight days before, on November
1-2, could be fitted with a broken power law with Γ1 = 2.02 ± 0.04, Γ2 = 2.21 ± 0.02,
Ebreak = 1.9 ± 0.4 keV (F(2−10 keV) = 1.8 × 10−10 erg cm−2 s−1 ) using a fixed Galactic absorption of 4.2 × 1020 cm−2 (Tagliaferri et al., 2001). Compared to the spectral shape of
these observations, the high energy photon index of the broken power law detected in the
2009 campaign is higher (∆Γ ≈ 0.3) and the peak is at a slightly higher energy. Since the
spectrum at the time of the historical maximum was obtained with RXTE in the energy range
2 − 10 keV, a spectral break < 2 − 3 keV cannot be ruled out.

5.4.3

Host galaxy of PKS 2005-489

The host galaxy of PKS 2005-489 is a giant elliptical galaxy with a brightness of mhost =
14.5 mag (R-band) and a half-light radius of re = 5.6′′ (Scarpa et al., 2000). In order to
correct for the host galaxy light, a de Vaucouleurs profile of the galaxy was assumed and
rescaled to the aperture used in the ATOM photometry. To calculate the influence of the
host galaxy in the B,V and I filter, the spectral template for a nearby elliptical galaxy by
Fukugita et al. (1995) has been used (see Table 1.1).
Hence, the fluxes for the host galaxy calculated for each filter of ATOM considering the
used aperture are: FI,host = 4.01 × 10−11 erg cm−2 s−1 , FR,host = 2.11 × 10−11 erg cm−2 s−1 ,
FV,host = 1.20 × 10−11 erg cm−2 s−1 and FB,host = 4.92 × 10−12 erg cm−2 s−1 .

5.4.4

Galactic extinction and absorption correction

The measured UV fluxes have been corrected for dust absorption using E(B-V)=0.056 mag
(Schlegel et al., 1998) and the Aλ /E(B − V ) ratios given in Giommi et al. (2006) (see table
1.2) resulting in a correction of 35%, 29%, 24% for uvw2, uvw1 and u-band, respectively. The
contribution of the host galaxy to the measured flux is small compared to the correction for
extinction and was not taken into account.
The galactic extinction calculated for the ATOM filters is negligible compared to the host
galaxy contribution.

5.4.5

Historical multi-wavelength observations

IR observations have been obtained between September 28 and October 1, 1998 with the
2.5m Telescope at the Las Campanas Observatory using the NIR camera with Js (1.24 µm),
H (1.65 µm), Ks (2.16 µm) (Cheung et al., 2003). The observed fluxes were corrected for the
influence of the host galaxy in these bands and are shown in Fig. 5.18. PKS 2005-489 is also
detected in the frequencies 12 µm, 25 µm, 60 µm with the Infrared Astronomical Satellite
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z
0.071

D
15

B [G]
0.02

R [m]
4 × 1015

W [erg cm−3 ]
3.3 × 10−5

n1
2

n2
3

Emin [eV]
7.9 × 108

Ebreak [eV]
2 × 1010

Emax [eV]
1 × 1012

Table 5.2: Parameter for the SSC model which describes best the SED of PKS 2005-489 and
which is shown as black line in Fig. 5.18.
(IRAS) as mentioned in the IRAS faint source catalogue v24 (Moshir, 1990).
Radio observations of PKS 2005-489 with the Australian Telescope Compact Array (ATCA)
at the frequencies 8.6, 4.8, 2.5, 1.4 GHz have been performed from October 1996 to February
2000 (Tingay et al., 2003). It was also observed with ATCA in the frequencies 18.5 GHz and
22 GHz in March 2002 (Ricci et al., 2006) during measurements of all sources of the 5GHz
1Jy-catalog (Kühr et al., 1981).
PKS 2005-489 is known to be variable in the synchrotron range, therefore the historical
IR and radio observations are not taken into account for the SED modelling.

5.4.6

SED model

The multi-wavelength data obtained during this campaign cover well the two emission peaks
in the spectral energy distribution (see Fig. 5.18) allowing the simultaneous determination of
the peak energies and fluxes of the two spectral components.
A one zone SSC model using the code by Krawczynski et al. (2004) has been applied to
create a model that can describe the simultaneously observed multi-wavelength SED of this
campaign.
The specific spectral shape (broken power law) in the X-ray band is a strong restriction
for the cutoff in the synchrotron emission and therefore limits the maximum energy of the
electron distribution. The optical, UV and X-ray spectra describing the synchrotron emission
restrict the parameters of the electron distribution. This distribution can be described by a
broken power law with indices n1 = 2 and n2 = 3, as well as the minimum Emin = 7.9×108 eV
(γ = 1.5 × 103 ), break Eb = 2 × 1010 eV (γ = 3.9 × 104 ) and maximum energy Emax = 1 × 1012
eV (γ = 2 × 106 ). The high energy power law photon index has been chosen such that the
flat shape of the SED in the UV to X-ray range is reproduced. The difference in indices of
the broken power law follows the standard break due to cooling (n2 − n1 = 1).
An intense parameter study was performed to find a model that can well describe the
measured broadband spectra and is presented in section B.3. In order to explain the measured inverse Compton emission in view of the large separation to the synchrotron peak, the
remaining parameters describing the emission volume were chosen as 15 for the Doppler factor, R = 4 × 1017 cm for the radius and 0.02 G for the magnetic field. The Doppler factor
of 15 was found to be the smallest possible to reproduce the measured shape. The resulting
SSC model can well describe the measured broadband SED. However, this leads to R/δ by
a factor of ≈ 3 larger (corresponding to a variability time scale of approx. 9 days) than the
value determined from the variability time scale of a few days detected for the source. In
order to correct this, a Doppler factor of around 50 would be needed, but this would lead to
a lower synchrotron peak frequency and the cutoff in the synchrotron emission detected in
the X-ray band can not be described after adjusting the parameters to reduce the large fluxes
resulting from the high Doppler factor.
4

http://vizier.cfa.harvard.edu/viz-bin/Cat?II/156A
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Figure 5.18: Spectral energy distribution of PKS 2005-489 during this multi-wavelength campaign with simultaneous observations by H.E.S.S., Fermi/LAT, RXTE, Swift and ATOM
(black symbols) using the time range shown in Fig. 5.1. The spectra shown here are corrected for Galactic extinction, NH absorption, and EBL absorption. The size of the symbols
for the optical data represent the flux range measured. The deabsorbed X-ray and TeV spectra of PKS 2005-489 in 2004 (H.E.S.S. Collaboration, 2010), as well as historical IR and radio
observations are shown in grey. The black curves represent a one zone SSC model (see table
5.2 for the parameters) as described in the text. The Fermi LAT spectrum is taken from
H.E.S.S. Collaboration (2011).
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Figure 5.19: The spectral data and the one zone SSC model of Fig. 5.18 are shown. To
account for the variability time scale, the radius was changed to R = 1.5 × 1015 m shown
as blue lines. To fit the measured spectra of the two peaks, the following parameters had to
be changed in addition to the radius: left: the magnetic field changed from B = 0.02 G to
B = 0.08 G (green line), right: the electron energy density changed from 3 × 10−5 erg cm−3
to 3.3 × 10−4 erg cm−3 (green line).
As described above, the parameters of a one zone SSC model are inconsistent with variability time scales. The variability time scale of ∆t ≈ 3 days ≈ 259200 s suggest a maximum
radius for the emission volume of:
R < (∆t/s) × D × c = 259200 × 15 × 3 × 108 m = 1.2 × 1015 m = 1.2 × 1017 cm
following Wagner & Witzel (1995).
The SSC model found to best describe the SED assumed a 3 times larger radius of R =
4 × 1017 cm and D=15. Since the radius describing the size of the emission region is larger
than the upper limit obtained from the measured variation of PKS 2005-489, a further test
has been conducted to understand if a model using a value for the radius comparable to the
upper limit could fit the shape of the SED (see Fig. 5.19). First I tested SSC models using
the maximum radius as determined from the variability time scale as can be seen as blue lines
in Fig. 5.19. This model has to be adjusted to represent better the measured spectra. As
first, the magnetic field was increased from B = 0.02 G to B = 0.08 G (green line in left panel
of Fig. 5.19) and second the electron energy density was changed from 3 × 10−5 erg cm−3
to 3.3 × 10−4 erg cm−3 (represented by green line in right panel of Fig. 5.19). The first
model show a break in the synchrotron emission at too high frequencies and underpredicts
the IC spectrum. The second model underpredict the measured synchrotron emission and
overpredict the IC emission. To adjust for the measured synchrotron emission would yield an
overprediction of the IC by a factor of ≈ 5.
The change of the Doppler factor to D = 50 would make the maximum radius obtained
from the variability time scale equal to the radius used in the model. With changes in the
magnetic field and electron energy density the model was adjusted to represent better the
measured spectra. The models with Doppler factor of D = 50 are shown in Fig. 5.20. The
adjustment of the electron energy density to account for the measured spectra result in a
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Figure 5.20: SED of PKS 2005-489 as
in Fig. 5.18. The red line represents
the previous discussed best fit SSC model
with the larger radius (as shown in Fig.
5.18). For the model shown as blue line,
the Doppler factor changed to D = 50
and the electron energy density to 3.3 ×
10−6 erg cm−3 . For the model shown as
green line, the Doppler factor changed to
D = 50 and the magnetic field to B =
0.002 G.

model that overpredicts the spectra in the synchrotron emission range by a factor of ≈ 10.
The model with changed Doppler factor and magnetic field (green line) can reproduce very
well the spectral data in the synchrotron emission range but overpredicts the spectra in the
inverse Compton range by a factor of ≈ 2.
Therefore no model was found that consider the measured variability in the assumption
for the radius of the emission region and which is a good representation of the measured
spectra.
The parameters of the SSC model optimized for the broadband spectra are close to
equipartition (kinetic energy density is ≈ 3 × 10−5 erg cm−3 , magnetic energy density is
≈ 2 × 10−5 erg cm−3 ), although this was not a restriction for the model. The energy of
the emitting electrons contained in the emission region of the jet, that is responsible for the
broadband emission up to very high energies, is E≈ 9 × 1048 erg.
Despite the overall match, this one component synchrotron model is disfavoured by the
variability characteristics, e.g. the variability time scale of some days, described in section 5.3.
In light of the inability of the one-zone SSC model to explain the variability, the use of such
a model as a physical representation of the blazar jet should be considered an approximation.
Comparison of the high synchrotron state in this 2009 multi-wavelength campaign to
earlier observations would require changes to the SSC model. Between 2004 and 2009 the
X-ray flux changed by a factor of ∼ 50 and the spectrum changed from a broken power law
with photon indices of Γ1 = 3.1 and Γ2 = 2.6 and a break at 2.5 keV (H.E.S.S. Collaboration,
2010) to a broken power law with photon indices Γ1 = 2.0 and Γ2 = 2.5 and with a break
at 3.8 keV as can be seen in Fig. 5.18. During this time the TeV emission showed small
variation in flux with no significant change in slope. No trivial change in parameters of the
one zone SSC model used to represent the 2009 multi-wavelength spectra can describe the
steep X-ray spectrum measured in 2004. The specific change in shape of the synchrotron
emission peak can be sketched using indices of n1 = 2 and n2 = 4.8 for the broken power law
of the electron distribution (see Fig. B.4 in appendix). But this would mean an arbitrary
change of 2.8 of the photon indices lacking any physics basis. Multi-component models do not
have this problem. However, given the wavelength coverage and the limited signal-to-noise in
fine time-bins, multi-component models remain ambiguous.
The change in the synchrotron emission in PKS 2005-489 from 2004 to 2009 during which
only small changes in the IC range appear could also be interpreted as the injection of new,
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fresh electrons with high energies which are KN suppressed in the inverse Compton. Then
a model with two distinc population of electrons should be applied to calculate the total
SSC model, but it would be difficult to account for the interaction of both population of
electrons which should be located at slightly different distance. Another option to interpret
this behaviour, would be the absorption of the high energy emission of the X-ray spectrum.
Then two components, of which one is highly absorbed should be considered for the modelling.
This would be in agreement with the evidence for change in spectral shape in the 2004 spectra
with a more flat spectrum to higher energies. But the density should be estimated and the
size of the absorbing region (e.g. could be located between the two emission regions), since
the spectrum of 2004 is absorbed, while the spectrum in 2009 is not.
As shown in H.E.S.S. Collaboration (2010), between 2004 and 2005, the X-ray flux increased by a factor of ∼ 16 without significant increase of the TeV flux. With the large X-ray
flux state detected in 2009, the difference in the X-ray flux to 2004 is much higher (factor of
∼ 50) with still only marginal increase of the TeV flux by ∼ 2.

5.5

Summary and Conclusions

A broadband multi-wavelength campaign on PKS 2005-489 with, for the first time, simultaneous observations in the VHE γ-ray (with H.E.S.S.), HE γ-ray (Fermi/LAT), X-ray (RXTE,
Swift), UV (Swift) and optical (ATOM, Swift) band has been conducted between May 22 and
July 2, 2009. PKS 2005-489 was observed in a very bright X-ray state, comparable to the
historical maximum. The optical flux at the beginning of the campaign was also the highest
in several years. For the first time such a high state in synchrotron emission for PKS 2005-489
was covered by γ-ray observations with Fermi/LAT and H.E.S.S. Variability in the VHE γ-ray
emission and a decrease in flux in the X-ray and optical bands were detected. Considering a
longer time range of 22 months, variations could be detected in the HE γ-ray band with an
amplitude similar to the variation of the optical emission.
The simultaneously measured hard HE spectrum connects well to the VHE spectrum
resulting in a peak of the inverse Compton emission between ∼ 5 and ∼ 500 GeV. These
characteristics are compatible with the long term behaviour in the γ-ray band, while the
inverse Compton peak is at higher energies during this campaign due to the higher VHE
flux and the curved spectrum measured. The observed X-ray spectrum obtained during the
campaign shows a clear break at ∼ 4 keV indicating the cutoff of the synchrotron emission.
The hard photon index up to the break energy is one of the main differences of previous X-ray
observations in a lower flux state.
These multi-wavelength observations cover well the two emission peaks in the spectral
energy distribution. A one zone SSC model was used to fit the broadband spectra. The
characteristic broken power law shape of the X-ray spectrum yields a clear break of the
synchrotron emission, restricting the parameter range of the SSC model.
In comparison with previous observations in the X-ray and TeV γ-ray range of 2004
(H.E.S.S. Collaboration, 2010), the X-ray flux has changed by a factor of ∼ 50 while the
VHE γ-ray flux shows smaller variations by a factor of ∼ 2. This large change in synchrotron
emission with very small changes in inverse Compton emission is unusual for high-frequency
peaked BL Lac objects. Especially the change in spectral shape in the X-ray range between
2004 and 2009 is not reflected in the inverse Compton range.
The prominent TeV blazars, Mrk 421 and PKS 2155-304, have been observed simultane-
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Figure 5.21: Fluxes for PKS 2005-489 in
the X-ray (FX (0.5 − 5 keV)) and VHE γray (FVHE (> 300 GeV)) range for the simultaneous obtained spectra in 2004 and
2009. The solid line represents FVHE =
1.9 × 10−10 erg cm−2 s−1 × F0.18
X . The
dashed line indicates the FX − FVHE relation of PKS 2155-304 (Aharonian et al.,
2009a) and the dotted lines the range of
this relation as measured for Mrk 421
(Fossati et al., 2008)

ously in the X-ray and VHE band several times. An interesting aspect of study is the relation
of the X-ray and VHE flux during different flaring states of these sources. For PKS 2155-304
a cubic relation (Fγ ∝ FX3 ) was found during a flare in 2006 (Aharonian et al., 2009a), which
means that the VHE flux showed a much stronger variation than the X-ray flux. For Mrk 421,
a period with several flares occured in 2001, which was covered by observations of RXTE,
Whipple and HEGRA (Fossati et al., 2008). The resulting relations of the X-ray and VHE
flux changed from β = 0.5 to β = 2 (Fγ ∝ FXβ ) (Fossati et al., 2008). The simultaneous X-ray
and VHE measurement of PKS 2005-489 in 2004 and 2009 exhibit a different behaviour. The
X-ray flux varies strongly while VHE fluxes hardly change which yield β = 0.2 (see Fig. 5.21).
Contrary to the other sources, this may imply that during the flare the electron population
changes such that the IC scattering occurs predominantly in the Klein-Nishina regime, which
has lower efficiency for production of TeV photons, while it is (largely) in the Thomson regime
during quiescence.
The correlation of the X-ray and VHE emission in HBL is discussed, based on a model
describing the evolution of the synchrotron and inverse Compton emission, in detail in
Katarzyński et al. (2005). A main concern for such study is the dependence of the correlation ratio on the used energy range, e.g. if the fluxes are taken from frequency ranges
before, at the peak or after the synchrotron and inverse Compton emission peaks. As discribed in Katarzyński et al. (2005), with different models for the evolution, e.g. expansion of
the emission volume or change of magnetic field with time, a correlation of β =0.5 to 2 can be
obtained for spectra taken from after the emission peaks in νFν . For reaching a correlation of
β = 2, the particle density changed with time, which can be explained for the increasing part
of the flare as new particles are injected, but would not be easy explained in the decaying
part (Katarzyński et al. (2005)). As interesting for interpreting the correlation found for PKS
2005-489, Figure 5 of Katarzyński et al. (2005) show the effect of the change of slope for the
high energy part for which e.g. a β of 0.13 can be explained with changing n2 from 2.5 to
5. The exact value for the slope depends strongly on the position of the spectral bands in
respect to the emission peaks. A similar effect can be achieved with radiative cooling which
yield to a cutoff in the high energy part of the electron spectrum (as shown in Katarzyński
et al. (2005)). As detected in Mrk 421 (Katarzyński et al., 2005) and also in PKS 2155-304
(Aharonian et al., 2009a), the short term variations show quadratical or cubic relation while
on the long terms smaller slopes have been detected. Aharonian et al. (2009a) show a value
of β = 1.6 for the variation between 2003 and 2006 for PKS 2155-304 and Katarzyński et al.
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(2005) a value of β = 1.3 for Mrk 421. For PKS 2155-304 the cubic relation was found during
the decay of the flare which is difficult to explain when both fluxes are taken from a range
above the νFν emission peaks (Aharonian et al., 2009a).
The huge changes in synchrotron emission with small changes in inverse Compton emission
over the years between low and high flux states in the synchrotron branch of PKS 2005-489
challenge the applicability of a one zone SSC model to this source. A similar conclusion about
the limitations of a one-zone SSC model was reached for the multi-wavelength campaign on
PKS 2155-304 (Aharonian et al., 2009b). Results such as these emphasize the need for
sustained or repeated multi-wavelength campaigns to measure spectral variability.

Chapter 6

1ES 0229+200: extreme blazar with
high minimum Lorentz factor
Part of the presented results of my MWL study on 1ES 0229+200 are published
by me in Astronomy and Astrophysics (Kaufmann et al., 2011b).

6.1

Introduction to 1ES 0229+200

The high frequency peaked BL Lac object 1ES 0229+200 is located at αJ2000 = 2h 32m 48.62s ,
δJ2000 = +20◦ 17′ 17.45′′ (Rector et al., 2003). 1ES 0229+200 has a redshift of z = 0.14 as
determined by Schachter et al. (1993) with the detection of the Mg line and a weak CaII break
in an optical spectrum obtained with the Michigan/Dartmouth/MIT 1.3 m and MMT. This
determination was approved by Woo et al. (2005) with measurements of the Magellan Clay
Telescope at Las Campanas Observatory and with the Gemini-South 8 m telescope and radial
velocity template stars to fit the spectral features, which result in z = 0.1396 ± 0.0001. 1ES
0229+200 was discovered in the Einstein IPC Slew Survey (Elvis et al., 1992) and classified
as high frequency peaked BL Lac object due to its X-ray to radio flux ratio (Giommi et al.,
1995). VLA observations on 1ES 0229+200 reveal a core flux of 51.8 mJy and show curved
jets to the north and south with an extension of ∼ 30′′ at 1.4 GHz and jet position angles of
P.A.= −10◦ and P.A.= 180◦ (Rector et al., 2003). 1ES 0229+200 is not detected in the high
energy γ-ray range (100 MeV < E < 100 GeV) by Fermi/LAT in two years of observations
and hence it is not mentioned in the second Fermi catalogue (Nolan et al., 2012).
Already 1996, 1ES 0229+200 was suggested as a potential VHE γ-ray source due to its
spectral energy distribution (Stecker et al., 1996), however, Whipple, HEGRA and Milagro
have only reported upper limits (Horan et al. (2004), Aharonian et al. (2004a),Williams
(2005)).
Very high energy (VHE, E>100 GeV) emission up to 10 TeV was first detected by H.E.S.S.
in 2006 (Aharonian et al., 2007a). In this study, a spectrum with a photon index of Γ =
2.5 ± 0.19stat ± 0.1sys was reported. With the correction for EBL, as applied in Aharonian
et al. (2007a), the intrinsic spectrum is very hard and the peak of the SED in νFν seems to
be located at a few TeV which would be the highest value ever measured for blazars. Beside
1ES 1426+428 (Aharonian et al., 2003) it is the only source with z > 0.1 that was measured
up to this high energy which show a very hard intrinsic VHE spectrum, therefore it is well
suited for EBL studies (e.g. Aharonian et al. (2007a), Kneiske & Dole (2010)). In Aharonian
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et al. (2007a), constraints on the EBL model in the frequency range 2 − 10 µm could be made
on the measured spectral shape in the TeV range. In their work, the Primack et al. (2005)
model was used as base model, scaled by 1.6 to be above the lower limits by Spitzer source
counts and to be consistent with the upper limit at 1 − 2 µm of Aharonian et al. (2006c).
In the frequency range of the EBL which is responsible for the attenuation of the TeV γ-ray
emission from ∼ 1 − 10 µm, the shape of the EBL is ≈ λ−1 . Different spectral slopes have
been tested for the EBL, taking the value at 2 µm constant and change the on at 10 µm to
the one compatible to Γint = 1.5 and to the lowest possible considering the uncertainties on
the measured photon index resulting in Γint = 1.15. This range of spectral slopes show that
the EBL model accounting for the EBL absorption of 1ES 0229+200 is close to the lower
limits by the galaxy counts determined with Spitzer and ISO data.
In 2008 we proposed XMM-Newton observations in cycle AO-8 on 1ES 0229+200. The
strategy for observations was made to optimize the overlap of XMM-Newton and H.E.S.S.
observations. Therefore we proposed for two 20ks observations during two consecutive XMMNewton revolutions, which separates the observations by ∼ 48 h (XMM-Newton orbital period). This was crucial to be prepared for flux variations and to minimize the possible impact
of bad weather for the H.E.S.S. observations. With the simultaneous observations with XMMNewton and H.E.S.S. one can test the SSC model, since the X-ray and γ-ray emission are
based on the same electrons through different processes in a standard SSC model. Therefore,
with these observations, the inner jet conditions, the particle acceleration and the evolution
of the electron distribution can be examined. The simultaneous observations of X-ray and
γ-rays are also very important to derive conclusions on the EBL, especially for 1ES 0229+200
with its very hard intrinsic TeV spectrum. The X-ray spectra are representative for the number density and the energy distribution of the particles. Knowing these physical parameters,
assumptions for the emission models can be made and the comparison of the predicted intrinsic TeV spectrum with the observed spectrum yield information on the EBL model. With
the OM detector, strict simultaneous UV and optical observations are provided and with the
optical telescope ATOM the source is monitored during this MWL campaign. The proposal
was accepted with priority A and the observations took place on August 21 and 23, 2009.

6.2
6.2.1

Multi-wavelength observations in 2009 and 2010
X-ray data from XMM-Newton, Swift and RXTE

XMM-Newton observations on 1ES 0229+200 have been carried out on August 21 and 23,
2009 for 23 and 28 ks, respectively. The observations have been conducted with MOS1 and
PN in full imaging mode and MOS2 in timing mode, all with a thin filter. The two grating
spectrometers on-board XMM-Newton RGS 1 and 2 took data as well. The data analysis of
the XMM-Newton observations has been done following the procedure described in chapter
3. Both observation are influenced by short soft proton flares at the end of each observation,
detected in the high 10 − 12 keV emission for PN (> 10 keV for MOS) detector (see Fig. 6.1.
Therefore the good time intervals were determined using a cut at 0.4 cts/s for PN (0.35 cts/s
for MOS) for the high energy count rate resulting in an effective exposure of 7.3 ks for PN
(23.1 ks for MOS) for the first and 12.1 ks for PN (24.4 ks for MOS) for the second pointing.
No significant variation were found in either observations using different binning down to
a time scale of 100 seconds for the imaging mode and 10 seconds for the timing mode during
these pointings (see Fig. C.3).

6.2. MULTI-WAVELENGTH OBSERVATIONS IN 2009 AND 2010
Instrument
XMM-Newton
Swift /XRT
Swift /XRT
RXTE /PCA
BeppoSAX
ROSAT
Einstein

Time
21.,23.August 2009
5.,7.,8. August 2008
19.Oct. - 23. Nov. 2009
1.Jan. - 13. Oct. 2010
16. July 2001

ObsID
604210201,604210301
31249001-31249003
31249004-31249019
95387
51472001

Energy range
0.1-15 keV
0.2-10 keV
0.2-10 keV
3-60 keV
0.1-50 keV
0.1-2.4 keV
0.4-4.0 keV

Photon index
1.84 ± 0.02
1.87 ± 0.05
1.73 ± 0.03
1.92 ± 0.05
1.99 ± 0.05

95
F2−10keV,deabs (erg cm−2 s−1 )
(9.0 ± 0.1) × 10−12
(1.03 ± 0.04) × 10−11
(1.47 ± 0.04) × 10−11
(1.23 ± 0.04) × 10−11
1.5 × 10−11
(4.5 ± 0.6) × 10−12 at 1keV
(7.6 ± 2.2) × 10−12 at 1keV

Table 6.1: X-ray observations of 1ES 0229+200. The results are given in annual binning for
XMM-Newton, Swift and RXTE and historical observations are taken from Einstein (Elvis
et al., 1992), ROSAT (Brinkmann et al., 1995) and BeppoSAX (Donato et al., 2005). The
measured fluxes are given for the energy range between 2 and 10 keV. For the ROSAT and
Einstein observations, the fluxes are determined at 1keV. The absorption derived from the
high precision XMM-Newton spectra of NH = 1.1×1021 cm−2 was used for the XMM-Newton,
Swift and RXTE spectra to determine the unabsorbed flux. The absorption detected in the
BeppoSAX spectrum was NH = 1.0 × 1021 cm−2 (Donato et al., 2005).
Spectra have been extracted for the imaging mode from a source region with a radius of
for the PN (80′′ for MOS) around the position of 1ES 0229+200 and background regions
with the same radii, on the same chip of the detectors than the source region. No significant
pileup was found in the spectra of the source regions using the tool epatplot1 (see Fig. C.4).

30′′

The grating spectrometers RGS 1 and 2 on-board XMM-Newton measures in the energy
range 0.35 to 2.5 keV. The data are analysed using the tool rgsproc.
From October 19 to November 23, 2009, 16 Swift observations were conducted on 1ES
0229+200 where the XRT detector observed in windowed-timing (WT) mode in the energy
range 0.2 − 10 keV with 0.5 − 4 ks each pointing. In 2008, 1ES 0229+200 was observed on
August 5, 7 and 8 in PC and WT mode. However, for the observation of 2008 only the PC
mode observations are taken into account in the analysis, since only 120 s were observed in
WT mode and too few counts resulted from this. The Swift analysis has been done following
the procedure described in chapter 3 with a circular source region with radius 0.8′ and nearby
background region with radius of 3′ for the PC mode and a box of ∼ 1.6′ × 0.3′ for the WT
mode.
X-ray observations with the Proportional Counter Array (PCA) detector on-board RXTE
were obtained in the energy range 2 − 60 keV from January 1 to October 13, 2010 with
exposures of 1 − 2 ks per pointing. The RXTE analysis has been performed following the
procedure described in chapter 3. For the count rate of ∼ 1 cts/s for this observations, the
faint background model, provided by the RXTE GOF was used to generate the background
spectrum.
The other pointing instrument on-board RXTE, the HEXTE takes data in the energy
range 15 to 250 keV. Since 2006, the HEXTE cluster A only operates in ON-source mode
and since December 14, 2009 the cluster B permanently operates in OFF-source mode2 . For
the spectral analysis, the cluster B data are used as background information for the cluster A
data. The sum of all observations from January 1 until October 13, 2010 show no significant
signal from 1ES 0229+200 in this energy range.
1
2

http://xmm.esac.esa.int/sas/current/doc/epatplot/index.html
http://heasarc.gsfc.nasa.gov/docs/xte/whatsnew/newsarchive 2010.html
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Figure 6.1: upper: MOS1 (left) and PN (right) light curves of the observation on August 21,
2009 of the energy range > 10 keV for MOS1 and 10-12 keV for PN detector to identify soft
proton flares. t0 = 367202924.4868 s is the starting time of the MOS1 observation. lower:
MOS1 (left) and PN (right) light curves of the observation on August 23, 2009 of the energy
range > 10 keV for MOS1 and 10-12 keV for PN detector to identify soft proton flares.
t0 = 367375202.286 s is the starting time of the MOS1 observation. The lines represent the
recommended cut on the high energy light curve to reduce the effect of the soft proton flare
on the results of the data analysis to a minimum.

6.2.2

Additional X-ray sources in the XMM-Newton field of view

The source detection tool edetect chain revealed 20 point sources in the field of view of
the PN detector and one source that is extended beyond the PSF of the instrument (see Fig.
6.2). Two point sources are coincident with an IRAS source from the the IRAS faint source
catalogue (Moshir, 1990), four point sources are coincident with NRAO VLA Sky Survey
(NVSS) sources (Condon et al., 1998) and 15 with stars from the Guide Star Catalogue
(GSC) (Lasker et al., 2008) (see table C.2 in appendix). The remaining point sources do not
have a counterpart in these catalogues and remain unidentified.
The radial profiles of 1ES 0229+200 and the extended source are determined. The tool
eradial from the SAS was used to extract the radial profiles and to fit a King profile, which
represents the PSF, considering how far off-axis the position of the source is. We choose the
PSF at the energies 0.3 and 8 keV, since the basic images used for the determination of the
radial profiles are created for this energy range. The resulting radial profiles are show in Fig.
6.3. The circular area used for the determination for the MOS 1 chip covers the whole middle
chip on which 1ES 0229+200 was centroid. The MOS1 image from the second observation has
been taken to extract the radial profile, since in the first observation one row passing through
the center of the source was masked out. This resulted in a depression of the radial profile
and the first observation could therefore not be used for a comparison to the PSF. As can be
seen in the comparison of the measured radial profile with the PSF, no extended emission is
visible for 1ES 0229+200. Since 1ES 0229+200 has an extended radio jet, a faint extended
X-ray emission would be expected if the same population of particles are responsible for the
radio and X-ray emission or if the X-ray emission result from external Compton of the jet,
but no extended X-ray emission could be detected in the XMM-Newton observation.
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Figure 6.2: PN image of the observations from August 21, 2009.
The additional X-ray sources
found in the PN image are shown
with red circles. The size of the
circles is fixed for 16′′ for the
point sources and the extended
source is marked by a circle representing the extension of the
source.

For the extended source XMMU 023318.0+201237, the radial profile was determined from
the first observation and the MOS2 chip. The MOS1 chip could not be used, since the source
was located on a chip edge. But since MOS2 observed in timing mode, the inner chip does not
contain imaging information, only the outer chips. Above a radius of ∼ 57′′ for the circular
region around the position of the source, the middle chip without imaging information starts.
In the took it was not possible to restrict the area, therefore the fit of the PSF is for the full
area influenced by the empty innermost chip and not accurate for the range until 57′′ , but
represents well the shape of the PSF and therefore a good approximation. It is clearly seen,
that the source is extended up to ≈ 50′′ .
King profile for 0.3 keV
King profile for 8 keV

King profile for 0.3 keV
King profile for 8 keV
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Figure 6.3: left: Radial profile for 1ES 0229+200 of the MOS1 observation from August 23,
2009. The red and blue line show the fit with a King profile representing the PSF at 0.3 and
8 keV, respectively. right: Radial profile for the extended source XMMU 023318.0+201237
of the MOS2 observation. The red and blue line show the fit with a King profile representing
the PSF at 0.3 and 8 keV, respectively. The dashed vertical line represents the chip edge
after which the empty middle chip influence the radial profile.
The extended source XMMU 023318.0+201237 is located at αJ2000 = 2h 33m 18.05s , δJ2000 =
+20◦ 12′ 37.19′′ and is very close (58′′ offset) and likely connected to a point like source XMMU
023315.5+201323 that is positional coincident with an infrared source IRAS 02304+2000 with
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coordinates αJ2000 = 2h 33m 14.6s , δJ2000 = +20◦ 13′ 30′′ with a flux of 0.4 Jy at 60 µm (Moshir,
1990). This IR source has a radio counterpart NVSS023314+201330 which has an elliptical
shape in the NVSS sky map and a flux of 12.4 ± 1.1 Jy at 1.4 GHz (Condon et al., 1998).
One of the R-band observations by ATOM cover the region of this source and an object with
16.5 mag is measured. A closer look yield the detection of two very close (4′′ distance) point
sources of which the brighter one can be identified with USNO-B1.0 1102-0028956.

6.2.3

UV data from XMM-Newton/OM and Swift/UVOT

The optical monitor (OM) on-board XMM-Newton observed 1ES 0229+200 in the filter UVM2
(231 nm), UVW1 (291 nm) and U (344 nm) simultaneous to the X-ray telescope. The analysis
of these data was performed as described in chapter 3.

Figure 6.4: Image of the U-band observation from XMM-Newton/OM made
on August 21, 2009 of 1ES 0229+200.
The point source in the middle is 1ES
0229+200 and the bright ring of emission
on the corner is the scattering halo of a
bright star.

The OM images are affected by the reflex of a very bright nearby star (see Fig. 6.4).
In the user handbook (UHB) such feature is described as can be seen in the webpage3 . As
described therein, the light of a bright star outside of the FoV, in an annulus of 12.1’ to
13’ radius off-axis, shine on the reflective ring and form extended loops of emission. The
U-band is affected most, while in the UVM2 and UVW1 only a faint reflex is visible due to
the lower reflectivity. Since the reflex is far away from the region used to extract the source
and background fluxes, these should not be influenced by this reflex.
The UVOT instrument on-board Swift measures the UV and optical emission in the bands
UVW2 (188 nm), UVM2 (217 nm), UVW1 (251 nm), U (345 nm), B (439 nm) and V (544
nm) simultaneous to the X-ray telescope with an exposure of 0.4 − 3 ks each. The data
analysis was performed following the description in chapter 3.

6.2.4

Optical data from ATOM

The 75-cm telescope ATOM monitored the flux in the different filters: B (440 nm), V (550
nm), R (640 nm) and I (790 nm) according to Bessell (1990). The obtained data have been
analysed using an aperture of 4′′ radius. Photometric calibration was done using the standard
fields SA 113 and SA 95 from Landolt (1992). The standard fields have been observed on Sep
3

http://xmm.esa.int/external/xmm user support/documentation/uhb 2.5/node77.html
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18, 2007 with the same air mass within one hour of the observation on 1ES 0229+200. As
described in Kaufmann et al. (2011b), with these standard field observations, an absolute
photometry was performed in which zero points for the observation could be obtained. In
the B-band this improved photometry yield 0.6 mag lower values for the B-band, while the
other bands show only changes of 0.01 mag in comparison to the differential photometry with
several reference stars in the FoV without individual photometric calibration.
To calculate fluxes from the measured magnitudes, the zero point fluxes for each filter has
to be known (see table 3.2) and we used the standard equation Iobs = 10−mobs /2.5 ∗ Izero .

6.2.5

Very high energy γ-ray data from H.E.S.S.

H.E.S.S. observations have been obtained from August 20 to November 15, 2009. 32 runs
(one run has an exposure of ≈ 28min) have been taken in August, 13 runs in October and
10 runs in November. Among these runs, there are 7 runs taken with only three of the four
telescopes operating and two runs are truncated. Considering the Heidelberg quality cuts
from 2009, there are 15 runs with low trigger rate and three runs where the fluctuation of the
trigger rate is too high.
The instantaneously conducted online analysis of the observations until November 21,
2009 resulted in a signal with a significance of 3σ. Unfortunately this signal is not considered
as detection in TeV astronomy since the observations yield low statistics and are background
dominated. In TeV astronomy high statistical fluctuations in the background level of the
order of ∼ 3σ appear and a detection threshold of at least 5σ is used within the H.E.S.S.
Collaboration. During most of the observations in August, the sky was partially covered with
clouds, moving often in the direction of 1ES 0229+200 on the sky. Therefore the trigger rate
was 107 trigger per second while 122 expected, so 12% lower in average than expected. All
these runs have been taken into account in the analysis.
The significance has been calculated as described in chapter 3. The number of ON and
OFF counts, the scale factor α, the excess counts and the significance are given in table 6.2
for each presented analysis.
In the online analysis (immediately analysis performed by me remote on the computer
in Namibia on the obtained observation data) from the August, October and November
data using all available observations, also the once with lower trigger rate, a significance of
2.9σ resulted. One has to remark here, that in the online analysis no correction for muons
was applied which resulted in higher count rates in the source and background regions and
therefore the results have been taken with caution.

analysis method
online, only good
online, all (see Fig. 6.5)
online
online
wobblechain, only good (see Fig. 6.7)
wobblechain, good+low trigger rate (see Fig. 6.6)
wobblechain, good+low trigger rate (see Fig. 6.8)
model++

runs
28
40
44
60
12
27
53
41

life time
12h
17.2h
19
28
5h
12 h
23h
19

ON
256
430
467
569
124
260
530
150

OFF
2443
4007
4436
5490
1271
2521
5308
1335

α
0.0910137
0.0909758
0.091171
0.0911665
0.092326
0.0919081
0.0924613
0.0796375

excess counts
34
65
62
68
7
28
39
44

significance
2.1σ
3.2σ
2.9σ
2.9σ
0.6σ
1.7σ
∼ 2σ
3.8σ

Table 6.2: For each time range and analysis method, the number of ON and OFF counts, the scale factor α, the excess counts and
the significance are given.
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time
Aug 2009
Aug+Oct(until 13/14.)
Aug+Oct 2009
Aug+Oct+Nov 2009
Aug+Oct 2009
Aug+Oct 2009
Aug+Oct+Nov 2009
Aug+Oct+Nov 2009
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Figure 6.5: The daily light curve for energies above 1 TeV (left) and the cumulative significance
(right) for the online analysis of the observation runs of August and some (until 13. October)
of October 2009 data using all available runs.
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Figure 6.6: The night-wise (left) light curves above 1 TeV and the cumulative significance
(right) for the Aug+Oct 2009 data set analysed with wobblechain using the observations
passing the strict quality criteria and 15 observation runs with low trigger rate.
The online analysis results have been promising with the significance of 3.2σ in 17.2 hours
of observations. Unfortunately after the muon correction and the analysis with wobblechain
the same dataset gives only a significance of ∼ 2.6σ and the cumulative significance show that
the increase in significance over time is lower than expected from the online analysis. The
comparison of Fig. 6.6 and 6.7 illustrate the influence of runs with bad weather conditions.
15 runs were affected by clouds moving in the direction of 1ES 0229+200 during these observations lowering the trigger rate. Considering the runs passing the quality criteria and the
ones with low trigger rate give comparable results. The higher statistics give a more precise
determination of the flux level during these observations. Therefore for the complete dataset
with observations in August, October and November 2009, the good quality runs and the runs
with lower trigger rate have been analysed resulting in a significance of ∼ 2σ. The light curve
(see Fig. 6.8) show a faint average flux of ≈ 3 × 10−10 m−2 s−1 = 3 × 10−14 cm−2 s−1 and the
fit of a constant yield a probability of pχ2 = 35%. The VHE spectrum can be described by
a power law with Γ = 4 ± 1, normalization at 1 TeV of (5 ± 2) × 10−13 TeV−1 cm−2 s−1 and
χ2 /dof = 0.6/1 due to the very low statistics.
An independent check by F. Volpe using the French DSTs and the analysis method
model++ (de Naurois & Rolland, 2009) was performed on the same run list of 41 runs
revealed a significance of 3.8σ. The analysis method model++ allows to keep the fainter
showers which are not considered in the standard wobblechain analysis and hence lead to an
increase in significance.
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Figure 6.7: The night-wise (left) light curves above 1 TeV and the cumulative significance
(right) for the Aug+Oct 2009 data set analysed with wobblechain using only the observations
passing the strict quality criteria.
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Figure 6.8: The daily light curve for energies above 1 TeV (top left), the cumulative significance (top right) and the distribution of zenith angle (bottom) for the HD standard analysis
wobblechain of the observation runs of August, October and November 2009 data using the
observations passing the strict quality criteria and 15 observation runs with low trigger rate.

6.3

Spectral data in the synchrotron range

The X-ray spectra are binned with at least 25 counts and xspec v12.5 was used for the spectral analysis. For the XMM-Newton spectra, the energy ranges were restricted to 0.1 − 10 keV
for MOS and 0.2 − 15 keV for PN following the suggestion of the calibration information4 .
The MOS1 and PN spectra are fit simultaneously using a constant parameter to account
for the different normalisations which was fixed to one for the MOS spectrum. A power law
model of the form F (E) = N0 (E/E0 )−Γ was used to fit the X-ray spectra taking into account
the Galactic absorption of NH = 7.9 × 1020 cm−2 (LAB Survey, Kalberla et al. (2005)). The
value for the hydrogen column density is the weighted average over the values measured within
one degree around the position of 1ES 0229+200 in the LAB survey. As can be seen in Fig.
6.10, the residuals of the fit to the X-ray spectra deviate from the expected form, indicating
4

XMM-SOC-CAL-TN-0018: http://xmm.vilspa.esa.es/docs/documents/CAL-TN-0018.pdf
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Figure 6.9:
VHE spectrum of 1ES
0229+200 obtained with H.E.S.S. using
the HD standard analysis wobblechain of
the observation runs of August, October
and November 2009 data. The line represent the fit with a power law model.

Date
21-08-2009
23-08-2009

NH
(cm−2 )
7.9 × 1020
(1.08 ± 0.04) × 1021
7.9 × 1020
(1.06 ± 0.03) × 1021

Γ
1.72 ± 0.01
1.84 ± 0.02
1.72 ± 0.01
1.83 ± 0.02

Norm.
(ph cm−2 s−1 keV−1 )
(2.44 ± 0.03) × 10−3
(2.73 ± 0.05) × 10−3
(2.49 ± 0.02) × 10−3
(2.77 ± 0.04) × 10−3

Nf
(PN)
0.990
1.004
0.974
0.989

χ2 /dof
1125.5/889
959.3/888
1376.9/1064
1133.7/1063

F2−10 keV
(erg cm−2 s−1 )
(9.6 ± 0.1) × 10−12
(8.9 ± 0.1) × 10−12
(9.8 ± 0.1) × 10−12
(9.1 ± 0.1) × 10−12

Table 6.3: XMM-Newton fit parameter, goodness of fit and unabsorbed flux resulting from
a simultaneous fit of the MOS1 and PN X-ray spectra in which the normalisation factor Nf
represents the slight different normalisation of the PN detector compared to MOS1. The
absorption was fixed to the Galactic absorption of the LAB survey (Kalberla et al., 2005) in
the first model and let free to vary for the second resulting in additional amount of absorption.
additional absorption or different spectral characteristics.
Fitting a power law model with unconstrained absorption results in a much better description of the data with χ2 /dof = 959.3/888 = 1.08. The fit parameter and the goodness
of each model is given in table 6.3. Residuals are shown in the low panel of Fig. 6.10.
Alternatively, the deviations shown in Fig. 6.10 could be avoided by taking into account
the Galactic absorption and fitting a broken power law. This fit results in photon indices of
Γ1 = 0.8±0.3, Γ2 = 1.78±0.01 and a break at 0.58±0.09 keV (χ2 /dof = 935/887). However,
the low energy extrapolation of the X-ray spectrum would not fit the UV-optical range and
therefore this model is disfavoured.
In order to identify the location of the additional absorption, we test the hypotheses that
the total NH is located at redshift z=0 or that the additional absorption is located at redshift
z=0.14. The resulting models with two different redshifts are indistinguishable and have
similar goodness of the fit (at z=0.14: χ2 /dof = 961.3/888, at z=0: χ2 /dof = 959.3/888).
Therefore the location of the additional absorption could be intrinsic to 1ES 0229+200 or in
the line of sight to the observer or in the Milky Way. We note that both, a local enhancement
of Galactic NH by 25% along the line of sight to 1ES 0229+200 as well as an intrinsic column
within the source of 2.9 × 1020 cm−2 are plausible.
The XMM-Newton/RGS spectra show no significant line emission and the continuum
spectra are well described by a power law with additional absorption comparable to the
PN and MOS spectra. The RGS spectra can be well fit with a power law with photon
index of Γ = 1.8 ± 0.1 and a normalisation of N = (2.6 ± 0.1) × 10−3 cm−2 s−1 keV−1
taking into account the Galactic absorption. The integrated flux between 2 and 10 keV is
F2−10keV = (1.6 ± 0.1) × 10−12 erg cm−2 s−1 . The spectra do not show deviation from the

1
0.1

Figure 6.10: XMM-Newton MOS1
(black) and PN (red) spectrum of
1ES 0229+200 from August 21, 2009.
The spectra can be well fit with
a power law model taking into account an absorption larger than the
Galactic absorption. a: residuals for
a power law considering the Galactic absorption as fixed parameter, b:
residuals for a power law with a free
absorption.
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power law shape and therefore we do not find evidence for line emission (see Fig. 6.11).
The spectrum of the extended source, detected in the PN and MOS observations close to
1ES 0229+200, extracted from a region of radius 1.7′ for the PN detector (1′ for the MOS
detector due to the CCD gaps) show a faint source with a flux of ≈ 1 × 10−13 erg cm−2 s−1 .
The spectrum with a binning of at least 15 photons per bin can be described by a fixed
Galactic absorption and a power law model with Γ = 2.0 ± 0.2 (χ2 /dof = 73/96) and slightly
better by a thermal model (mekal) with kT = 4 ± 2 keV (χ2 /dof = 87/96).
The annual averages of the Swift spectra in 2008 and 2009 are shown in table 6.1. The
consecutive pointings of the 2009 data obtained between October and November were binned
in three ten-day intervals each to increase the statistics and are shown in Fig. 6.14. Initially,
a simple power law and a free absorption was used to fit these spectra (see Fig. 6.12) which
result in the best description of the spectral shape. No significant change in absorption was
detected with values of NH = (1.6±0.4)×1021 cm−2 in 2008 and NH = (1.3±0.5)×1021 cm−2 ,
NH = (0.9 ± 0.5) × 1021 cm−2 and NH = (1.3 ± 0.2) × 1021 cm−2 for the spectra of 2009 binned
in ten-day intervals. These values are comparable to the one obtained from the XMM-Newton
spectra, which provide the most precise determination of the additional absorption. A total
column of NH = 1.1×1021 cm−2 was assumed to obtain the photon indices and the fluxes (see
table 6.1 and Fig. 6.14). The Swift data from August 2008 were analysed and the resulting
fluxes and photon indices are shown in the left panel in Fig. 6.14 (2454685 JD). It should be
noted here that these data were already presented in Tavecchio et al. (2009). Our re-analysis
reveals that the integrated flux between 2 and 10 keV is lower by a factor of ∼ 7, but confirms
the spectral indices. This is independent of the choice of a higher value of NH .

normalized counts s−1 keV−1

normalized counts s−1 keV−1
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Figure 6.11: Spectra of RGS1 (left) and RGS2 (right) of 1ES 0229+200 from August 21, 2009.
The line represent the fit (χ2 /dof = 638/612) with a simple power law with photon index
of Γ = 1.8 ± 0.1 taking into account the Galactic absorption NH = 7.9 × 1020 cm−2 (LAB
survey, Kalberla et al. (2005)). The lower panels show the residuals of this fits.
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Figure 6.12: Swift spectra of 1ES0229+200 from October to November 2009 in which consecutive pointings were binned in three ten-days intervals. The line show a power law taking
into account free absorption. The lower panels show the residuals for the fit of the model.
The fit parameters are mentioned in table C.1 in the appendix.
The RXTE spectra have been summed covering about 30 days to achieve a higher statistics. The energy range from 2-3 keV and 20-30 keV were excluded from the spectral analysis,
because of instrumental features (e.g. spikes in the background files, see website5 ). A simple
power law was used to fit these spectra. The resulting photon indices and fluxes can be seen
in Fig. 6.14.
In some of the spectra, indications for line emission around 6.4 keV and 8 keV were found
(see Fig. 6.13). Such lines are not detected in the high quality XMM-Newton MOS and PN
spectra and seem to result from a nearby source. Since the RXTE /PCA is a non-imaging
detector with a field of view of 1◦ , the close-by sources are influencing the measured spectrum
of 1ES 0229+200, since all photons detected within one degree are considered to extract the
spectra. The most reliable explanation for the line at 6.4 keV and 8 keV is an Iron-K and
Nickel line (e.g. found in Gallo et al. (2005)). A potential origin for this line emission is the
Supernova SN1999dq (e.g. Li (1999)) at 44’ angular distance of 1ES 0229+200. Following
the astronomical telegram (Jha et al., 1999), it seems to be a peculiar type-Ia supernova (SN)
at a very early epoch and creates a high amount of Nickel and Iron.
Unfortunately the region of the SN is not covered by an X-ray imaging instrument, e.g.
5

http://www.universe.nasa.gov/xrays/programs/RXTE/pca/doc/bkg/bkg-2009-spikes/
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normalized counts s−1 keV−1

for XMM-Newton it is located outside of the FoV and for Swift it is at the edge of the XRT
detector, but the data have been taken in WT mode. In the field of view of one degree of
PCA, only two other RASS (ROSAT all sky survey, e.g. Voges et al. (1999)) sources (1RXS
J023558.0+201215 (distance 44′ to 1ES 0229+200) and 1RXS J023427.5+192247 (distance
59′ )) are located. Their count rate is very low, 0.03 and 0.05 counts/s, respectively (∼ 8%
and ∼ 13% of the count rate of 1ES 0229+200). In comparison to 1ES 0229+200 their count
rate is very low and they are distant, so that their influence to the spectrum of 1ES 0229+200
is negligible.

0.2

Figure 6.13: Zoom in the energy range of
3 to 10 keV from one of the sum spectra
of the PCA detector. The line represent a
power law fit. The lower panel show the
residuals to this power law model showing
a slight deviation at ∼ 8 keV.
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The historical spectrum by BeppoSAX could be well fit with a power law with photon
index of Γ = 1.99 ± 0.05 and a free absorption of NH = (10 ± 5) × 1020 cm−2 in the energy
range 0.1 − 50 keV and no cut-off was detected at the high energy end (Donato et al.,
2005). Our new fit of this spectrum (using the photon spectrum, rmf and arf as provided
on the BeppoSAX website6 ), resulted in a photon index of Γ = 1.99 ± 0.04, an absorption of
NH = (1.8±0.4)×1021 cm−2 using constants of 0.65±0.04 for LECS, 1 for MECS and 0.85 for
PDS to account for the difference in the normalisation, and a goodness of χ2 /dof = 210/207.
A flux of F2−10keV = (1.42 ± 0.02) × 10−11 erg cm−2 s−1 results from this spectral fit.
The Swift/BAT spectrum taken from the 58 months catalogue7 (Baumgartner (2010)) is
well fit by a power law with photon index of Γ = 2.1 ± 0.3 (χ2red = 1.02) and result in a flux
between 14 and 195 keV of F = (28.2 ± 5.5) × 10−12 erg cm−2 s−1 . The BeppoSAX PDS
spectrum of 2001 (Donato et al., 2005) is in good agreement with this high energy spectrum
of Swift/BAT.

6.4

Temporal study

Regular monitoring observations with ATOM starting in 2006 with 7 observations in 2006, 47
in 2007, 86 in 2008, 61 in 2009 and 24 in 2010 show no significant variations (< 1%) over the
5 years of observations with an average of mR = 16.39 ± 0.01 mag and mB = 18.38 ± 0.02 mag
(see Fig. 6.15). The light curve of 1ES 0229+200 from the ATOM R and B-band observation
is shown in Fig. 6.15. The uncertainties of the B-band measurement have been scaled down by
a factor of 0.43. As found out by M. Hauser (private communication), the uncertainites of the
magnitudes from a reference star with similar brightness (average B magnitude 18.42 mag,
6
7

http://www.asdc.asi.it/bepposax/nfiarchive/proc/51472001/#retriev
http://heasarc.gsfc.nasa.gov/docs/Swift /results/bs58mon/
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Figure 6.14: The X-ray emission of 1ES 0229+200 varied by a factor of ∼ 2 in October
2009 as shown in the combined light curve taken with the instruments XMM-Newton (red
circles), Swift (black open squares) and RXTE (blue stars) in the energy range 2-10 keV. For
comparison also the Swift observation of 2008 is shown. The lower panel shows the photon
indices of the used power law model indicating slight spectral changes.
RMS=0.05) have been overestimated. For the normalized deviation from the average flux
value ((m− < m >)/∆m), a Gaussian distribution with a standard deviation of σ = 1
(standard Gaussian distribution) is expected. Such distribution for the reference star could be
initially only described with σ << 1, which resulted in an overestimation of the uncertainties.
Therefore a scaling by the factor of 0.43 has been applied to the determined uncertainties,
which resulted in a Gaussian distribution with an expected σ = 1. But also with the reduced
uncertainties no significant variation can be found as described in Hauser (2011).
The UV results from XMM-Newton and Swift of 2008 and 2009 are shown in Fig. 6.16. The
U and UVW2 band emission was stable and does not show significant variation (pχ2 = 70%
and pχ2 = 98%, respectively.). The data in the UVW1 and UVM2 bands display a marginal
significant drop by ∼ 30% and ∼ 20%, respectively, at JD 2455120, around the time of an
increase in the X-ray flux (see below). The fit of a constant result in a probability of pχ2 < 1%
for the UVW1 and pχ2 = 16% for the UVM2.
The light curves of 1ES 0229+200 and a background region were produced for the MOS1
imaging mode with a binning of 100s and for the MOS2 timing mode with a binning of 10s,
100s and 500s for each observation (see the full set of light curves in the appendix C). Due
to the shorter frame time in the timing mode observation, one could search for variations on
very short time scales of ∼ 10 seconds. The smallest binning has been chosen to fit the time
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Figure 6.15: ATOM light
curve of 1ES 0229+200 in
the B and R filter from
August 2007 to December
2010.
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Figure 6.16: Ultraviolet fluxes measured by XMM-Newton and Swift for 1ES 0229+200 in
2008 (average over 3 days) and 2009 (U: black circles, UVW1: blue open squares, UVW2: red
stars, UVM2: brown open diamonds). The flux points at JD 2455064.6, 2455066.6, 2455117.8
and 2455118.9 are shifted by ±0.4 days for better visibility. Marginal variations are detected
in the UVW1 and UVM2 bands.
resolution of 1.75 ms to avoid the influence of dead time in the light curve. With the tool
epiclccorr, the background light curve has been subtracted and the light curve has been
corrected for various effects on the detecting efficiency as well as for GTI. As can be seen in
the light curve with a binning of 100s of MOS1 and the zoom of the light curve of MOS2
with a binning of 17.5s in Fig. 6.17, no significant variation was found in either observation
using different binning. The fit of a constant result in an average of 1.038 ± 0.007 s−1 and a
probability of pχ2 = 0.35 = 35% for the MOS1 light curve with bins of 100s and an average
of 1.18 ± 0.01 s−1 and pχ2 = 0.2 = 20% for the MOS2 light curve with bins of 17.5s. For
the second XMM-Newton observation on August 23, 2009, the fit of a constant resulted in an
average of 1.19 ± 0.01 s−1 and pχ2 = 0.86 = 86% .
The long term observations by XMM-Newton and Swift show instead, that the X-ray
emission of 1ES 0229+200 increased by a factor of around 2 starting at JD 2455120, as can
be seen in Fig. 6.14. During 2010, only marginal variation is detected. During 2008-2010,
marginally significant spectral changes could be detected with changing photon index (pχ2 =
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Figure 6.17: left: MOS1 light curve of 1ES 0229+200 in a binning of 100s of the observation
on August 21, 2009. The last bin is truncated therefore a count rate close to zero appeared.
t0 = 367202924.4868 s is the starting time of this MOS1 observation. right: Zoom in the
background corrected light curve of the MOS2 timing mode observation of August 21, 2009
with a binning of 17.5 second. t0 = 367202890.1085 s is the starting time of this MOS2 timing
mode observation.
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Figure 6.18: RXTE light curve of 1ES
0229+200 with nightly binning.
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1% for a constant) uncorrelated to the flux variation (see Fig. 6.14). In all epochs, the source
can be well described with a power law model and an absorption in excess of the Galactic
absorption, as described in section 6.3. At energies above 14keV, measured by Swift/BAT,
marginally significant variation is detected in the monthly light curve with a probability for
the fit of a constant of pχ2 ≈ 1% over the 58 months of observation8 (Baumgartner (2010)).
But since a high integration time is needed, a similar behaviour like in the 2-10 keV range
would be difficult to detect.

6.5

Spectral energy distribution

The simultaneous observations in the optical by ATOM, the UV and X-rays by XMM-Newton
are used to study the synchrotron spectrum (see Fig. 6.19, simultaneous data of August, 21
2009).

6.5.1

Host galaxy of 1ES 0229+200

The host galaxy of 1ES 0229+200 is an elliptical galaxy with a brightness of mhost,R =
15.85 ± 0.01 mag and a half-light radius of re = 3.25 ± 0.07′′ (Urry et al., 2000). Other
observations in the Bessel R-band with the Nordic Optical Telescope (NOT) (Falomo &
Kotilainen, 1999) show results with mhost,R = 15.76 mag and re,R = 4′′ . The host galaxy
profile of 1ES 0229+200 was also studied in the Bessel U, B and V-bands with the Nordic
8

available on http://heasarc.gsfc.nasa.gov/docs/Swift/results/bs58mon/
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Figure 6.19: Synchrotron emission of 1ES 0229+200 with simultaneously measured optical,
UV, and X-ray emission by ATOM and XMM-Newton of August 21, 2009 (black dots). The
optical and UV emission is corrected for the host galaxy and for Galactic extinction and
the X-ray emission observed by XMM-Newton/MOS is corrected for the absorption. The
bars in the UVW1 and UVM2 bands are explained in section 6.5.1. The grey open squares
represent the non-simultaneous Swift/XRT spectrum (corrected for detected absorption) with
the highest flux in 2009 (open squares). The Swift/BAT 58 months (Dec. 2004 - Oct. 2009)
spectrum is shown in the energy band > 10 keV (black circles). The dashed line (butterfly)
represents the BeppoSAX spectrum from 2001 (Donato et al., 2005). The grey upper limits
represent historical UV observations with GALEX which are extinction corrected and their
origin is discussed in the text.
Optical Telescope (NOT) by Hyvönen et al. (2007). The results are mhost,B = 18.75 mag,
mhost,U = 18.83 mag, mhost,V = 17.58 mag with half light radii re,B = 5.65′′ , re,U = 2.75′′ ,
re,V = 4.90′′ . In order to correct for the host galaxy light, a de Vaucouleurs profile of the
galaxy was assumed and the measured brightness in total magnitudes was transformed to the
aperture of 4′′ used in the ATOM photometry using equation (4) of Young (1976). With the
equation by Young (1976):
f ⋆ (α) = 1 − exp(−b × α1/4 )Σ7n=0

bn × αn/4
n!

(6.1)
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Filter
R
R
V
B
U
Filter
R
V
B
U

mhost
mag
15.81 (H)
15.76 (F)
17.58
18.75
18.83
mhost,calc
mag
15.76
16.56
18.15
18.62

re

f⋆

′′

3.25
4
4.9
5.65
2.75
re

0.5579
0.5
0.4444
0.4067
0.6044
f⋆

′′

4
4
4
4

0.5
0.5
0.5
0.5

Fhg
erg cm−2 s−1
3.81 × 10−12
3.579 × 10−12
8.177 × 10−13
3.73 × 10−13
2.676 × 10−13
Fhg
erg cm−2 s−1
3.58 × 10−12
2.355 × 10−12
7.95 × 10−13
2.685 × 10−13

111
mobs
mag
16.39
16.39
17.084
18.3
18.1
mobs
mag
16.39
17.084
18.3
18.1

Fobs
erg cm−2 s−1
4.01 × 10−12
4.01 × 10−12
2.91 × 10−12
1.389 × 10−12
8.54 × 10−13
Fobs
erg cm−2 s−1
4.01 × 10−12
2.91 × 10−12
1.389 × 10−12
8.54 × 10−13

Fhg−corr
erg cm−2 s−1
0.2 × 10−12
0.431 × 10−12
2.09 × 10−12
1.016 × 10−12
5.865 × 10−13
Fhg−corr
erg cm−2 s−1
0.431 × 10−12
0.56 × 10−12
0.594 × 10−12
5.855 × 10−13

ratio hg
influence
∼ 95%
∼ 89%
∼ 28%
∼ 27%
∼ 31%
ratio hg
influence
∼ 89%
∼ 81%
∼ 57%
∼ 31%

Table 6.4: In the upper part, the host galaxy magnitude from Falomo & Kotilainen (1999)
(F) and Hyvönen et al. (2007) (H) are given and in the lower part the ones calculated with
the standard galaxy colors of Fukugita et al. (1995). The effective radii re , the conversion
factor for the aperture correction f ⋆ , the host galaxy flux for a 4 arcsec aperture (Fhg ), the
measured magnitudes (mobs ) using ATOM, the observed fluxes by ATOM (Fobs ), the host
galaxy corrected intrinsic flux (Fhg−corr ) of the AGN and the ratio of the host galaxy to the
measured flux are given.

with b = 7.67 and α = r/re the ratio between the aperture used and the effective radius
obtained from the de Vaucouleurs fit, we can calculate the ratio of flux in an aperture of
radius r to the total flux of the host galaxy as determine by a fit with a de Vaucouleurs
model. Table 6.4 gives the collection of host galaxy measurements, the measured flux by
ATOM and OM and the ratio of influence of the host galaxy to the measured fluxes.
The resulting host galaxy corrected fluxes (see Fig. 6.20), using the measured host galaxy
fluxes from Falomo & Kotilainen (1999) and Hyvönen et al. (2007), would result in an unphysical bump in the V band in the SED (in νFν ) since the calculated influence of the host
galaxy in the V band is only 30% while 90% and 30% in the R and B band, respectively.
Hence, the influence of the host galaxy in the R, B, V and U filters have also been calculated
using a spectral template for a nearby elliptical galaxy by Fukugita et al. (1995). Here, the
R-band magnitudes and the half light radius detected by Falomo & Kotilainen (1999) have
been used. The influence of the host galaxy is then ∼ 90%, ∼ 80% and ∼ 57% for R, V
and B, respectively (see table 6.4). These values for the host galaxy influence have been used
to correct the measured fluxes (shown in Fig. 6.19). The host galaxy corrected flux in the
R-band is compatible to the detected nucleus magnitude by Falomo & Kotilainen (1999) and
Urry et al. (2000) as expected from the absence of variability. The host galaxy influence in
the UVW1 and UVM2 bands is unknown. Figure 6.19 therefore shows two values, connected
by a bar. The upper ones correspond to the measured values corrected only for extinction,
the lower ones also assume a correction for the host galaxy by 30% (the value derived in the
adjacent U band).
In an independent check, the spectral slope was
Survey (SDSS) observations. The observations have
neously: u′ (354.3 nm), g ′ (477 nm), r′ (623,1 nm),
object coincident (0.104′′ distant from radio position
is called SDSS J023248.61+201717.5. The resulting

extracted using the Sloan Digital Sky
been conducted in five bands simultai′ (762.5 nm) and z ′ (913.4 nm). The
of 1ES 0229+200) with 1ES 0229+200
magnitudes have been taken from the
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filter
R
R
V
B
U
filter
UVW1
UVM2

extinction correction
factor
1.4
1.4
1.49
1.67
1.91
extinction correction
factor
2.3
3.34

Fhg−corr
erg cm−2 s−1
0.2 × 10−12
0.431 × 10−12
2.09 × 10−12
1.016 × 10−12
5.865 × 10−13
Fobs
erg cm−2 s−1
7.06 × 10−13
7.11 × 10−13

Fext−corr
erg cm−2 s−1
0.28 × 10−12
0.603 × 10−12
3.11 × 10−12
1.696 × 10−12
1.12 × 10−12
Fext−corr
erg cm−2 s−1
1.624 × 10−12
2.375 × 10−12

Table 6.5: Extinction correction factors for each optical and UV filter, the measured and host
galaxy corrected fluxes (hg-corr), respectively and the extinction corrected fluxes (ext-corr)
are given.
Filter
u′
g′
r′
i′
z′

wavelength
nm
354.3
477
623,1
762.5
913.4

magnitude
mag
18.373 ± 0.024
17.213 ± 0.006
16.190 ± 0.004
15.747 ± 0.004
15.326 ± 0.006

Flux
erg cm−2 s−1
1.427 × 10−12
2.973 × 10−12
5.835 × 10−12
7.171 × 10−12
8.66 × 10−12

Table 6.6: Sloan Digital Sky survey results for SDSS J023248.61+201717.5 (Abazajian et al.,
2009), coincident with 1ES 0229+200.
SDSS photometric catalogue, release 7 (Abazajian et al., 2009) in the Vizier website9 . For
the conversion from the measured magnitudes to fluxes, we used the information provided10 .
As mentioned there, the SDSS photometry should be based on the AB system, but differ for
the u′ and z ′ band, such that uAB = uSDSS − 0.04mag and zAB = zSDSS + 0.02mag. The g ′ ,r′
and i′ band zero points are similar to the AB system. For the AB system, every filter has a
zero point flux density of 3631 Jy. This has been used to calculate the fluxes for each filter,
as shown in table 6.6.
The resulting slope is identical to the one measured by ATOM. Since the data do not
match the epoch of the ATOM observations, the absolute fluxes have not been considered for
the further study on the spectral energy distribution.
As can be seen in Fig. 6.20, the spectral slope of the SDSS data is comparable to the one
measured by ATOM. The difference in flux appear due to a different aperture used for these
observations. The SDSS data have been taken before the first ATOM observation on 1ES
0229+200 took place, so that also variability cannot be ruled out, although the source does
not show significant variation over five years of ATOM observations. In Fig. 6.20, the results
of three different methods to subtract the host galaxy flux from the measured flux in order to
obtain the flux emitted by the jet, are shown. The host galaxy fluxes as determined from the
standard elliptical galaxy at redshift z = 0.2 from Fukugita et al. (1995) using the R-band
9
10

http://vizier.u-strasbg.fr/viz-bin/VizieR
http://www.sdss3.org/dr8/algorithms/fluxcal.php#SDSStoAB
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Figure 6.20: Optical and UV range of
the spectral energy distribution. The
black points represent the measurements
by ATOM and XMM-Newton/OM in the
filter R, V, B, U, UVW1 and UVM2 (from
low to high frequencies). The blue points
are the fluxes determined from the Sloan
digital sky survey in the bands z ′ , i′ , r′ ,
g ′ and u′ (from low to high frequencies).
The arrows show the measured GALEX
UV fluxes in the near and far UV. These
plots are only illustrative and do not show
uncertainties for the measured fluxes. upper panel: The green points (connected
by a line) show the host galaxy fluxes
as determined from the standard elliptical galaxy (Fukugita et al., 1995) using
mhost,R from Falomo & Kotilainen (1999).
The measured host galaxy fluxes in Rband (Falomo & Kotilainen, 1999) and in
U, B and V band (Hyvönen et al., 2007)
using the given scale length are represented by the red points and using the
scale length of 4′′ by orange points. middle panel: The host galaxy fluxes were
subtracted from the ATOM and XMMNewton/OM fluxes. The three colors represent the different methods to determine
the host galaxy flues as described above.
The solid line illustrate the SSC model
found as best description of the SED (see
section 6.5.4). lower panel: The fluxes
corrected for the host galaxy influence are
now also corrected for the extinction.

host galaxy magnitude from Falomo & Kotilainen (1999) and transformed to the aperture
used in the measurements by ATOM, are shown there as green points (connected by a line).
The red points represent the measured host galaxy fluxes from Falomo & Kotilainen (1999)
for the R-band and Hyvönen et al. (2007) for the U, B and V bands using the given effective
radii (scale length), transformed to the aperture used for the ATOM photometry. The same
measurements for the host galaxy are used to obtain the orange points, but here the same
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Filter
NUV
FUV

wavelength
152.8 nm
227.1 nm

x = 1/λ(µm)
6.5
4.4

Aλ /E(B − V )
8.06
9.18

Foriginal /Fobs
2.72
3.13

Fobs /Foriginal
∼ 37%
∼ 32%

Table 6.7: Extinction correction for the near and far UV filters of GALEX using E(B-V)=0.135
mag (Schlegel et al., 1998) and the calculation of the extinction by Seaton (1979).
scale length of 4′′ was used for each filter. In the upper panel in Fig. 6.20, the measured and
estimated host galaxy fluxes are shown. The middle panel illustrate the fluxes corrected for
the host galaxy influence and the bottom panel include also the correction for the extincion.
The comparison of the red and orange curve in Fig. 6.20 show that any uncertainty in the
effective radius change the flux of the host galaxy in the U, B, and V filter only marginal.
The correction for the host galaxy using the measured host galaxy magnitudes by Falomo
& Kotilainen (1999) and Hyvönen et al. (2007) yield in an unphysical bump in the V-band
(see Fig. 6.20, middle). In addition, the shape of the host galaxy profile differs from the
typical shape for an elliptical galaxy as shown in green as well as from the shape seen in
the measured fluxes by ATOM and SDSS. Therefore it seems, that the measurement of the
V-band magnitude for the host galaxy could be wrong. Instead, the correction using the
estimation with the standard elliptical galaxy from Fukugita et al. (1995) is more reliable and
has been used for further studies.

6.5.2

Galactic extinction/absorption correction

Since the considered host galaxy magnitudes were not extinction corrected, first the influence
by the host galaxy was subtracted and after the extinction correction was applied to the AGN
light.
The measured UV fluxes have been corrected for dust absorption using E(B-V)=0.135
mag (Schlegel et al., 1998) and the Aλ /E(B − V ) ratios given in Seaton (1979) resulting in a
correction of 70%, 57%, 48% for the UVM2, UVW1 and U-band, respectively. For the optical
filters, the values for the extinction are derived from the interstellar reddening curve and table
given by Zombeck (1990)11 .
The X-ray spectrum has been corrected for the detected absorption of NH = 1.08 ×
1021 cm−2 . The Swift /BAT spectrum taken from the 58 months catalogue12 (Baumgartner
(2010)) is consistent with a power law with photon index of Γ = 2.1 ± 0.3 (χ2red = 1.02)
and result in a flux between 14 and 195 keV of F = (28.2 ± 5.5) × 10−12 erg cm−2 s−1 . The
BeppoSAX PDS spectrum of 2001 (Donato et al., 2005) is in good agreement with this high
energy spectrum of Swift /BAT.

6.5.3

Historical multi-wavelength data

GALEX (Galaxy Evolution Explorer) observed 1ES 0229+200 at October 29, 2007 in the far
UV (152.8 nm) and near UV (227.1 nm) resulting in a flux of 31.68 µJy and 50.36 µJy, respectively, taken from GalexView13 . The measured near and far UV fluxes have been corrected
for dust absorption using E(B-V)=0.135 mag (Schlegel et al., 1998) and the Aλ /E(B − V )
11

online version http://ads.harvard.edu/books/hsaa/toc.html
http://heasarc.gsfc.nasa.gov/docs/Swift /results/bs58mon/
13
http://galex.stsci.edu/GR6

12
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ratios determined from the formula Aλ /E(B − V ) = 2.29 + 0.848 × x + 1.01/[(x − 4.6)2 + 0.28]
with x = 1/λ for 3.65 ≤ x ≤ 7.14 given in Seaton (1979). The values are mentioned in table
6.7. A correction of 64% and 68% resulted for the far and near UV band, respectively.

Figure 6.21: left: VLBA map, from Rector et al. (2003), at 4.964 GHz of 1ES 0229+200. Rector et al. (2003): The contour levels are −0.91%, 0.91%, 1.82%, 3.63%, 7.27%, 14.54%, 29.07%
and 51.8% of the peak flux of 2.2×10−2 Jy beam−1 . The beam, shown in the lower left corner,
has a FWHM of 2.97 × 1.78 mas, P.A. −3.3◦ . right: VLA map, from Rector et al. (2003),
at 1.425 GHz of 1ES 0229+200. Rector et al. (2003): The beam is shown in the lower left
corner. The contour levels are 0.5%, 1%, 2%, 5%, 10%, 20%, 50% and 100% the peak flux of
4.99 × 10−2 Jy beam−1 .
Due to the lack of information about the host galaxy influence in these wavebands (although this influence should be very small compared to the extinction correction), the measured fluxes are shown as upper limits for the intrinsic synchrotron spectrum of 1ES 0229+200
(shown as grey arrows in Fig. 6.19).
INTEGRAL (International Gamma-Ray Astrophysics Laboratory) also observed 1ES 0229+200
several times in 2006, 2008 and 2009, for approximately 66 ks for ISGRI (17 − 80 keV) and
61 ks for JEM-X (3 − 10 keV), but the source appears faint and too few photons have been
detected so that no reasonable light curve or spectrum could be extracted14 .
In historical snapshot observations of VLA at 6 cm in 1992 fluxes of 41.5 mJy (Schachter
et al., 1993) and 49.09 mJy (Perlman et al., 1996) were detected (shown as grey open circles
in Fig. 6.23). With 6 cm VLBA observations this flux was resolved into a core of 22.7 mJy
and a jet of 7.7 mJy (Rector et al., 2003). In the same study, the core flux at 1.4 GHz was
detected by VLA observations to be 51.8 mJy, and 1ES 0229+200 was found to have curved
jets to the north and south with extensions of 30′′ . The core fluxes are shown as grey filled
circles in Fig. 6.23.
In Fig. 6.22, the VLA image of the NVSS (NRAO VLA sky survey) (Condon et al.,
1998) for the region around 1ES 0229+200 is shown, taken from NASA/IPAC extragalactic
database (NED) website15 . 1ES 0229+200 is clearly visible and seems elongated to the north,
14
15

see e.g. http://www.isdc.unige.ch/heavens webapp/integral
http://ned.ipac.caltech.edu/
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Figure 6.22: VLA image of the NVSS for
the region of 15’ around 1ES 0229+200
taken from NED database based on Condon et al. (1998). The source in the center
is 1ES 0229+200 and in the lower left corner is the IRAS source IRAS 02304+2000
located.

z
0.14

D
40

B [G]
3.2 × 10−5

R [m]
1 × 1016

W [erg cm−3 ]
4 × 10−5

n1
2.6

n2
3.6

Emin [eV]
2 × 1011

Ebreak [eV]
3.2 × 1013

Emax [eV]
1 × 1014

Table 6.8: Parameter for the SSC model which describes best the SED of 1ES 0229+200 and
which is shown as black line in Fig. 6.23.
but the VLA observations by Rector et al. (2003)(see Fig. 6.21) show that this elongation
is a distinct source without connection to 1ES 0229+200. On the VLA image also the IRAS
source IRAS 02304+2000 is clearly visible with an elliptical shape.

6.5.4

SSC model

Katarzyński et al. (2006) demonstrated that synchrotron spectra with a high minimum
Lorentz factor can explain very hard inverse Compton spectra. The simultaneous obtained
data in the optical, UV and X-ray bands cover the whole synchrotron emission. This allows an
empirical determination of the minimum Lorentz factor in 1ES 0229+200. The high accuracy
of the XMM-Newton measurements constrains the synchrotron spectrum very efficiently.
The photon index Γ = α + 1 of the X-ray spectrum gives a direct estimate of the spectral
index n of the electron distribution N (E)dE ∝ E −n dE with the relation n = −1 − 2α. A
broken power law with a canonical cooling break of ∆n = 1 is assumed for the electron
distribution. The variability of 1ES 0229+200 detected in the X-ray emission give constraints
to the maximum size of the emission volume considered in the SSC model: R < (∆t/sec) ×
D × c ≈ D × 2.6 × 1014 m.
The code of Krawczynski et al. (2004) for a one zone SSC model has been used to describe
the intrinsic emission of 1ES 0229+200. For this model, a spherical emission volume with
radius R, moving with a bulk Doppler factor D towards the observer and a magnetic field B
are assumed. The electron distribution is described by a broken power law and minimum,
break and maximum energy.
The X-ray spectrum can be well fit by a single power law model over 1.5 orders of en-
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Figure 6.23: Spectral energy distribution of 1ES 0229+200 with simultaneous measured optical, UV and X-ray emission, corrected for host galaxy, Galactic extinction and Galactic
absorption shown as black data points. The 58 months Swift/BAT spectrum is shown > 10
keV. In grey (filled and open circles), historical radio and UV data are shown and their origin
is discussed in the text. The grey upper limits in the GeV energy range are taken from Dermer
et al. (2011) and represent the upper limit in the energy bins 0.1 − 1 GeV, 1 − 10 GeV and
10 − 100 GeV by Fermi observations (Aug. 2008 to Sep. 2010). The VHE γ-ray spectrum
measured by H.E.S.S. (black circles, taken from Aharonian et al. (2007a)) as well as the EBL
corrected, source intrinsic spectrum (grey open diamonds) with a hard photon index, indicating an inverse Compton emission peaking at very high frequency (> 1027 Hz), is shown.
The solid line represent an SSC model that can describe the intrinsic synchrotron and inverse
Compton emission of 1ES 0229+200 and the dashed line represent the absorption by the EBL
(details about these models are described in the text).
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ergy. The extrapolation fits the absorption and host galaxy corrected UV data, suggesting a
single power law slope between 0.005 − 100 keV. The absorption and host galaxy corrected
UV-optical emission below this range is significantly steeper and strongly constraining the
minimum energy, yielding a very high value. The well determined spectral index in the X-ray
regime has to describe the low energy spectral index of the electron distribution n1 = −2.6.
The cooled electron spectral slope hence has n2 = −3.6 following the canonical break. The
radius was kept as the maximum value obtained by the variability time scale (R = 1×1016 m).
To account for the high energy peak of the IC emission, the underlying electron distribution
must be very narrow. Together these constraints are best met with the model parameters: Emin = 2 × 1011 eV (γmin = 3.9 × 105 ), Ebreak = 3.2 × 1013 eV (γbreak = 6.2 × 107 ),
Emax = 1 × 1014 eV (γmax = 1.9 × 108 ) and a magnetic field of B = 3.2 × 10−5 G. The
Doppler factor of D=40 was chosen as the smallest one possible to reproduce the spectra. A
detailed parameter study on the SSC model for 1ES 0229+200 can be found in section C.4
in the appendix. One of the difficulty to find an appropriate model was the large separation
of the emission peaks and the high frequency for the IC peak. As can be seen in Fig. A.1
for the magnetic field, only a low magnetic field reaches the largest possible separation of the
emission peaks. Therefore a low magnetic field has been chosen for the SSC model to describe
the SED of 1ES 0229+200.
The above described model can describe the simultaneously obtained spectra in the synchrotron regime, the long term hard X-ray spectrum by Swift/BAT, and the non-simultaneous,
intrinsic TeV spectrum. The peak frequency of the synchrotron and IC emission based on
the described model are νsy,peak = 3.5 × 1019 Hz and νIC,peak = 1.5 × 1027 Hz. The peak
fluxes show a slight Compton dominance with νsy,peak Fνsy,peak = 9.7 × 10−12 erg cm−2 s−1
and νIC,peak FνIC,peak = 1.1 × 10−11 erg cm−2 s−1 . This model is shown in Fig. 6.23 as solid
line, while the dashed line represents the absorption by the EBL using the model by Franceschini et al. (2008). This model is in good agreement to the EBL absorption model used in
Aharonian et al. (2007a) in order to correct the observed TeV spectrum (shown in Fig. 6.23).
The cooling break is at very high energies such that a single power law model for the
electron distribution with n = −2.6 fits the data equally well and is an alternative model to
describe the measured spectra of the SED (see Fig. 6.24right).
An earlier attempt to utilize the suggestion by Katarzyński et al. (2006) was reported by
Tavecchio et al. (2009). They assumed a narrow single power law electron distribution with
a high minimum Lorentz factor to fit the data. Attempting to fit the erroneous X-ray flux,
Tavecchio et al. (2009) derived a higher (factor 10) magnetic field and a smaller radius (see
Fig. 6.24left for the model by Tavecchio et al. (2009) adjusted for the higher X-ray flux). As in
the modelling presented here, the slope of the synchrotron emission below γmin is Fsy ∼ ν 1/3 .
This results in the same slope for the IC part which describes well the TeV spectrum.
The cut-off of the synchrotron emission above 100 keV represents the maximum energy
of the electron distribution. No change in spectral shape could be detected in the Swift/BAT
spectrum. Therefore only a lower limit to the cut-off energy could be determined. The precise
determination of the maximum energy would require a soft γ-ray detection. In the IC part,
the maximum energy cannot be determined since any increase of Emax does not result in a
change of the IC spectrum due to Klein-Nishina suppression. Assuming that the high energy
cut-off of the synchrotron emission is at the high energy end of the Swift/BAT spectrum
(∼ 100 keV), this results in an electron distribution which extend only over five orders of
energy which is unusually narrow for an extreme blazar.
Changes of the peak fluxes in the synchrotron emission (such as the change between the
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XMM-Newton and the Swift/XRT spectrum, as shown in Fig. 6.19) have also been tested.
Any changes of parameters of the emission volume which describe an increase in flux by a
factor of ∼ 2 yield a change of the inverse Compton peak flux of a factor of ∼ 2 as well (see
Fig. C.6 in appendix). This implies that changes of the VHE fluxes in the TeV energy range
are also expected to occur in 1ES 0229+200.
Interestingly also models with significantly higher Doppler factors provide acceptable fits.
Assuming that the measured curvature in the optical regime would be represented by the
break of the electron distribution with n1 = −1.6, n2 = −2.6 and the break in the optical
regime was modelled. Such model cannot be excluded by our simultaneously measured SED
(above 1014 Hz). However this underpredicts the radio flux of the resolved core by a large
factor, e.g. around 70% for one specific set of parameters. Interestingly, the radio flux of
the jet, as measured by Rector et al. (2003), could be represented by such model, indicating
that the whole synchrotron emission originates from the resolved jet (see Fig. 6.26). In order
to account for the high peak of the IC emission, a large Doppler factor of around D=100
is needed. Since with such different electron distribution and set of parameters the SED
can be also well modelled, although with very large Doppler factor, any conclusions on the
intergalactic magnetic field are accordingly uncertain. Another possibility to explain the
high IC peak using such an electron distribution function, but with a lower Doppler factor,
would be to invoke an additional external Compton contribution resulting from scattering the
cosmic microwave background (CMB) as discussed in Böttcher et al. (2008) for 1ES 1101-232,
a distant TeV blazar with hard TeV spectrum. This model would decouple the X-ray and
TeV emission since most of the TeV emission would result from the interaction with the CMB
further away from the synchrotron emission region in the jet. This model would imply no
VHE variability on short time scales. The effect due to CMB scattering is dependent on the
distance of the source, so that it is more likely in distant sources like 1ES 0229+200 and
1ES 1101-232.
I have made several test to find a model with smaller radius to reproduce our measured
spectra, starting with the radius used in Tavecchio et al. (2009). All tested set of parameters
cannot represent the large separation between the synchrotron and inverse Compton peaks,
while having the correct flux ratio of both peaks. Therefore we concluded, that a larger radius
is needed for a one-zone SSC model to describe the measured SED of 1ES 0229+200.

6.6

Summary and Conclusions

The X-ray spectral information that have been presented here cover all available X-ray data
up to October 2010. Together with the simultaneous UV and optical observations, they yield
a very good coverage of the synchrotron emission. Our detailed study of the high quality
XMM-Newton spectrum has inferred an absorption higher than the nominal Galactic column
density, which could be intrinsic to the source or caused by Galactic excess absorption.
The host-galaxy, extinction-corrected optical and UV fluxes have been shown to provide
strong evidence that the cut-off of the low energy part of the synchrotron emission is located
between the optical and X-ray regime. Therefore, the minimum energy of the electron distribution has to be rather high to account for this cut-off. As suggested by Katarzyński et al.
(2006), an electron distribution with a high minimum Lorentz factor is needed to reproduce
a hard TeV spectrum. A narrow electron distribution, as indicated by the high minimum energy, results in a hard intrinsic VHE γ-ray spectrum as deduced for 1ES 0229+200. This hard
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Figure 6.24: left: In black the model that could best describe the measured spectra. In red,
a model with parameters similar to Tavecchio et al. (2009) but adjusted for the determined
higher X-ray flux. The parameters of the model by Tavecchio et al. (2009) cannot describe
our measured spectra, since it was applied to an X-ray spectrum of one order of magnitude
lower flux. All parameters of the Tavecchio et al. (2009) model had to be changed to account
for our measured spectra, but we tried to stay close. The parameters are: n1 = 2.6, D = 55,
B = 2 × 10−4 G, R = 1 × 1015 cm, W = 7.5 × 10−4 erg cm−3 , Emin = 6.3 × 1010 eV and
Emax = 3.2 × 1013 eV. right: This model based on an electron distribution with a simple
power law of n = −2.6. As described in the text, it fit as well as the one with a broken power
law, since the break of the electron distribution was defined at the end of the high energy
X-ray spectrum.
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Figure 6.25: Assumed distribution of electrons with a broken power law as used for
the SSC model described in the text and
shown in Fig. 6.23. The photon indices
of the broken power law are n1 = 2.6 and
n2 = 3.6. For better illustration of the
spectral break, N (E) · (E/eV)2.6 is shown.

VHE spectrum also shows that the inverse Compton peak is at very high energies (> 1027 Hz),
hence the initial electrons are very energetic.
An earlier attempt to utilize the suggestion by Katarzyński et al. (2006) was reported
by Tavecchio et al. (2009), assuming a high minimum Lorentz factor. The main differences
between the model presented here and their attempts are caused by the new, precisely determined low-energy cut-off in the optical regime and the simultaneously determined X-ray
spectrum.
A broken power-law could be an alternative description to the additional absorption found
in the X-ray spectra. However, the low energy extrapolation of the X-ray spectrum would
not fit the optical range and is therefore disfavoured.
The hard X-ray spectrum up to 15 keV together with the long-term spectrum by Swift/BAT
have been found to show that the synchrotron peak is extended up to ∼ 100 keV without any
significant cut-off in the X-ray spectrum.
1ES 0229+200 is defined as a high-frequency peaked BL Lac object, and the measured
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Figure 6.26: The electron distribution for
the shown SSC model has n1 = 1.6 and
n2 = 2.6. With a very large Doppler factor and a very low magnetic field it is
possible to reproduce the measured spectra from the optical to the VHE γ-ray
range. The core fluxes measured in radio
are underestimated, but interestingly the
radio jet flux as measured by Rector et al.
(2003) (shown as cross) can be reproduced
by such model. The set of parameters is:
R = 1×1016 m, B = 8×10−10 T, D = 100,
Emin = 104 eV, Ebreak = 3.2×1011 eV and
Emax = 1014 eV.

synchrotron emission peaks at higher frequencies (> 100 keV) than usual for HBL and belongs
therefore to the class of extreme blazars. The exact peak frequency cannot be determined,
since the hard X-ray spectrum does not show any significant cut-off. Assuming that the
high energy cut-off of the synchrotron emission is at the high energy end of the Swift/BAT
spectrum (∼ 100 keV), the underlying electron distribution extend only over five orders of
magnitude in energy, which is a narrow range. For no other extreme blazar has this range
been demonstrated to be so narrow.
The low energy part of the synchrotron emission has not been found to show significant
variation over four years in the optical R band. Only minor variation has been detected in
the ultraviolet flux during 2008 and 2009. The 2-10 keV X-ray flux instead varied by a factor
of ≈ 2 within around 20 days in 2009. In the high energy part of the synchrotron emission,
measured by Swift/BAT, variations in this amplitude and time scale could not be detected
because of the longer integration time needed.
The original plan of our MWL campaign with simultaneous observations with XMMNewton and H.E.S.S. was the to find an appropriate SSC model and to derive conclusions
on the EBL, especially for 1ES 0229+200 with its very hard intrinsic TeV spectrum. Unfortunately, due to the influence of bad weather, the obtained spectrum had low statistics and
could not be used to obtain a better constrain to the EBL than in Aharonian et al. (2007a)
due to the higher uncertainty on the spectral slope. From the exposure of the observation,
the detection of the source was expected and therefore the non-detection (significance below
5σ) indicates variable TeV flux of 1ES 0229+200. On the other hand, due to the lower quality
of the TeV spectrum obtained in 2009 but with similar spectral slope and comparable flux
(within the uncertainties), we decided to use the TeV spectrum of Aharonian et al. (2007a)
together with the simultaneous MWL observations of the synchrotron emission to perform
the SSC modelling. One has to keep in mind, that due to the possible varaition in the TeV
band, the real flux might have been slightly lower in 2009.
An SSC model with a narrow electron distribution and a well determined spectral slope
which fit to the high quality X-ray spectrum and the well determined cut-off in the optical
band could well describe the simultaneously obtained spectra in the synchrotron regime,
the long term hard X-ray spectrum by Swift/BAT, and the non-simultaneous, intrinsic TeV
spectrum. The peak frequency of the synchrotron and IC emission based on the described
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model are νsy,peak = 3.5 × 1019 Hz and νIC,peak = 1.5 × 1027 Hz. The peak fluxes show a slight
Compton dominance with νsy,peak Fνsy,peak = 9.7 × 10−12 erg cm−2 s−1 and νIC,peak FνIC,peak =
1.1 × 10−11 erg cm−2 s−1 .
The presented SSC model with a narrow electron distribution and the clear defined cut-off
in the optical band can well describe the measured spectra. Another possibility to explain the
high IC peak using such an electron distribution function, but with a lower Doppler factor,
would be to invoke an additional external Compton contribution resulting from scattering the
CMB as discussed in Böttcher et al. (2008). Another approach to describe the narrow synchrotron distribution and the hard intrinsic TeV spectrum of 1ES 0229+200 was presented by
Lefa et al. (2011). They applied an SSC model using a Maxwellian type electron distribution
considering the radiative losses. Stochastic acceleration models are assumed to produce this
Maxwellian type distribution.
1ES 0229+200 was not detected by Fermi/LAT within 24 month (Nolan et al., 2012). In
a larger dataset from August 2008 to November 2011, Vovk et al. (2012) detected significant
GeV emission in the energy range 1 − 300 GeV. The spectrum could be described with a
power law with photon index of Γ = 1.4 ± 0.3. Vovk et al. (2012) used the new detected
GeV spectrum together with the TeV spectrum to derive constraints on the strength of the
extragalactic magnetic field (EGMF). In addition to the γ-ray signal from the source, a
contribution from the γ-ray cascade initiated in the intergalactic medium by the absorbed
VHE γ-rays should appear in the GeV band (Vovk et al., 2012). In their study, they found
that the EGMF should have a strength of at least 10−17 G (Vovk et al., 2012).
Several blazars are known as so-called extreme blazars with synchrotron emission extending to high energies (Costamante et al., 2001). It has been found that Mkn 501 revealed a
very high energy peak of synchrotron emission around 100 keV in a flare with a detected
large shift in the peak frequency compared to previous observations (Pian et al., 1998). The
monitoring by BeppoSAX of 1ES 2344+514 has identified huge changes in the synchrotron
peak frequency within one year with different spectral shapes (Giommi et al., 2000). INTEGRAL observations of 1ES 1426+428 display a synchrotron peak frequency around 100 keV
(Wolter et al., 2008). These extreme blazars have similar synchrotron peak frequencies to
1ES 0229+200, but their very high energy spectra in the TeV range are much softer than for
1ES 0229+200. Hence, 1ES 0229+200 has the highest IC peak frequency among the extreme
blazars known up to date.

Chapter 7

RGB J0152+017: HBL with very
low synchrotron peak frequency
Part of the presented results of my MWL study on RGB J0152+017 are published
by me in the proceeding of the workshop on blazar variability across the electromagnetic spectrum in 2008 (Kaufmann & Wagner, 2008), in the proceedings of
the 4th International Meeting on High Energy Gamma-Ray Astronomy (Gamma
2008) (Kaufmann et al., 2008) and in the proceedings of the 31st International
Cosmic Ray Conference (ICRC) in 2009 (Kaufmann et al., 2009)1 .

7.1

Introduction to RGB J0152+017

RGB J0152+017 is a BL Lac object located at αJ2000 =1h 52m 39.6s, δJ2000 = 1◦ 47′ 17.2′′
(Laurent-Muehleisen et al. (1999)) with a redshift of z = 0.08. This source was claimed to be
an IBL by Laurent-Muehleisen et al. (1999) based on its spectral indices from the radio-tooptical and the optical-to-X-ray regime. But this assumption was based on very little spectral
information in the different energy ranges (using only one flux point for each waveband).
RGB J0152+017 was discovered in the TeV domain in November 2007 during my H.E.S.S.
observation shift. We instantaneously triggered multi-wavelength observations in the X-ray,
UV, optical and radio bands to obtain a simultaneous spectral energy distribution (SED) of
RGB J0152+017. The discovery of TeV emission from RGB J0152+017 and the results of
the first multi-wavelength observations are presented in Aharonian et al. (2008). The SED of
RGB J0152+017 based on these simultaneous observations allowed to define RGB J0152+017
as a high-frequency-peaked BL Lac object (Aharonian et al. (2008)). Follow-up observations
with the X-ray satellites Swift (XRT, UVOT) and RXTE (PCA) and the optical telescope
ATOM were obtained in December 2007 and January 2008. My study of the MWL data
obtained since October 2007 is presented here.
Blazars show variability in all wavebands with time scales from minutes to years. The
most rapid variation are measured at high energies, e.g. in TeV observations of PKS 2155-304
the fastest variation ever observed was detected (Aharonian et al. (2007c)). The time scale of
the variation constrains the size of the emission region. Correlation studies involving different
wavebands are used to determine whether the same population of electrons is responsible
1

http://icrc2009.uni.lodz.pl/proc/pdf/icrc1360.pdf
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for the broadband emission. Based on these studies, limits for the size and location of the
emission regions can be obtained. In a few cases the synchrotron peak frequency of the HBL
change. An example has been Mrk 501 with changes from < 1 keV to > 100 keV (Pian et al.
(1998)). Such changes are related to the underlying acceleration processes in the jet.

7.2

Multi-wavelength observations

7.2.1

VHE γ-ray data from H.E.S.S.

The H.E.S.S. observations on RGB J0152+017 have been taken from October 30 to November
13 and from November 26 to December 14, 2007, from August 11 to 13 and from October 21
to November 1, 2008 and on September 17, October 17, November 7, 9, 12 and 13, 2009. The
first period (October 30 to November 13, 2007) resulted in the detection of VHE emission
(Aharonian et al., 2008). The data have been calibrated as described in Aharonian et al.
(2004b) and analyzed using the standard cuts resulting in an energy threshold of ≈ 300 GeV
and following the method described in Aharonian et al. (2006b). After the standard quality
selection 46 h of live time remain considering all observations taken with H.E.S.S. A total
of NON = 2009 on-source and NOFF = 18491 off-source events with an on-off normalization factor of α = 0.0925938 were measured. An excess of Nγ = NON − αNOFF = 297
γ-rays, corresponding to a significance of 6.7σ (following the method of Li & Ma 1983). The
Reflected-Region method (Aharonian et al., 2006b) was used for background subtraction of
the spectrum.
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Figure 7.1: Light curve of the H.E.S.S. observations on RGB J0152+017 in 2007, 2008 and
2009 (from left to right) in nightly binning. The data points shown with triangles are considered upper limits.
The spectrum obtained from the analysis of the complete set of H.E.S.S. observations was
fit with a power law model resulting in a photon index of ΓVHE = 3.0 ± 0.2 and normalization
of (2.2 ± 0.4) × 10−13 TeV−1 cm−2 s−1 at 1 TeV (χ2 /dof = 10.4/3). The deviation from the
power law shape at higher energies and the very high uncertaintiy between 1 and 2 TeV is
also measured in the two cross-check analysis, but is not significant. An independent analysis
with different analysis methods and calibration have been performed by L. Gerard and M.
Raue resulting in comparable light curves and spectra.
The light curves and the spectrum from the analysis of the full dataset with all good runs
(three and four telescopes operating during observations) is shown in Fig. 7.1 and 7.2. For
comparison, also an analysis on observations with all four telescope operating (excluding the
data with only three telescopes operating) has been conducted and give comparable results.
At the time of the first analysis of RGB J0152-017, the trigger rate cut for the 3 telescope
data was erroneous, wherefore several runs have been marked as bad runs with low trigger
rate, although their trigger rates have been more than 75% of the expected trigger rate for 4

7.2. MULTI-WAVELENGTH OBSERVATIONS

125

8e-12

6e-12

F(> 300 GeV) / cm

-2

s

-1

7e-12

5e-12
4e-12
3e-12
2e-12
1e-12
0
-1e-12

54400

54600

54800
time / MJD

55000

55200

Figure 7.2: left: Light curve of the full H.E.S.S. observation period from 2007 to 2009 of
RGB J0152+017 in nightly binning. The fit with a constant reveals a constant of (1.7 ±
0.3) × 10−12 cm−2 s−1 , a goodness of fit of χ2 /dof = 27/30 and a probability of pχ2 = 0.65.
right: TeV spectrum obtained from the HESS observation between 2007 and 2009. The
line represent a power law fit with photon index ΓVHE = 3.0 ± 0.2 and normalization of
(2.2 ± 0.4) × 10−13 TeV−1 cm−2 s−1 at 1 TeV (χ2 /dof = 10.4/3).
telescopes. Later, it has been corrected with the determination of the correct mean value for
the trigger rate to determine the cut value for 3 telescope. The correction has been applied
after I performed my analysis, but it would not have influenced the outcome of my analyis,
since I already used all 3 telescope runs for which the trigger rate was larger than 75% of the
expected trigger rate for 4 telescopes.

7.2.2

HE γ-ray data from Fermi/LAT

Within two years of observation, a GeV source, 2FGLJ0152.6+0148 was detected with a
significance of ≈ 9σ by the Fermi/LAT consistent with the position of RGB J0152+017. The
GeV spectrum can be fit by a power law with a photon index of Γ = 1.8 ± 0.1stat and result in
a flux of F (100MeV − 100GeV) = (10 ± 2stat ) × 10−12 erg cm−2 s−1 (Nolan et al., 2012). No
significant flux variation was found, e.g. in monthly binning of the two years, for most bins
only an upper limit can be determine for the light curve. The source is faint in GeV γ-rays
and could therefore not be detected after one year of observation with Fermi/LAT.

7.2.3

X-ray data from Swift and RXTE

The observations with the Swift satellite were performed from November 13, 2007 to January
13, 2008. The Swift /XRT data (24.9 ks) were taken in photon-counting mode. The analysis
has been performed following the standard procedure described in section 3. Due to the low
count rate of 0.1-0.4 cts/s any pileup effect on the spectrum is negligible.
The spectra have been constructed with a binning of 25 counts per bin. A power law of the
form φ0 E −Γ taking into account a fixed Galactic absorption (NH = 2.72 × 1020 cm−2 , LAB
Survey, Kalberla et al. (2005)) was used to determine the integrated, unabsorbed flux in the
energy range 2 − 10 keV. The fit was performed using xspec v12 (Arnaud (1996)). While the
X-ray flux varies non-monotonically in the range F2−10keV = [1.2 − 5.9] × 10−12 erg cm−2 s−1
on time scale of ∼ 10 days, the spectral shape of the 10 individual epochs are consistent with
each other (see Fig. 7.3). They have an average photon index of Γ = 2.2 ± 0.1.
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Figure 7.3: The upper panel
show the flux in the energy
range 2-10 keV as obtained by
Swift /XRT observations and the
lower panel the photon index of
the power law fit for each observation.
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The residuals of the power law taking into account the Galactic absorption show a deviation of the low-energy data from the model. Therefore an additional amount of source
intrinsic absorption was assumed. It was found that the mean additional absorption is
(4.4 ± 1.7) × 1020 cm−2 for all XRT observations without significant variation over time (see
table D.1 in appendix). For six spectra the model with additional absorption is a significantly
better description than the simple power law with Galactic absorption (> 90% probability
according to a F-test) (see table D.4). An alternative to the additional, intrinsic absorption
is a spectral flattening in the low energy range, which can be tested by fitting a broken power
law model, but this model is statistically indistinguishable from the model with the additional
amount of absorption (see table D.2 in appendix). This makes also clear, that in the first
paper (Aharonian et al., 2008) the outcome of the analysis was, that a broken power law
model is a better description of the X-ray spectra while in this study with more observations,
the power law model is favoured for most spectra.

Figure 7.4: Swift and RXTE
spectrum obtained in November
and December 2007. The lines
represent the fit of a power law
model taking into account the
Galactic absorption of a simultaneous fit of both spectra, leaving
the normalization free to vary.
Clearly a higher flux level is detected in the RXTE spectrum.

Simultaneous observations have been obtained by the PCA detector on-board the RXTE
satellite from November 13 to 14, 2007 within the same hours as Swift observations. On
November 15, 2007 the observations have been conducted in the hour subsequent to the Swift
observations. After filtering with the standard criteria, 3.2 ks remains from the total exposure
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of 6.7 ks of these observations. The data analysis was done following the standard procedure
described in section 3. Given the low count rate of 0.7 cts/s, the faint background model
provided by the RXTE GOF was used to generate the background spectrum. No significant
variation was found for these observations, so that the individual spectra were combined.
The resulting spectrum of the RXTE/PCA detector can be described by a power law with
a photon index of Γ = 2.72 ± 0.08 (χ2 /dof = 20/16) and result in an integrated flux of
F2−10keV ∼ 6.8 × 10−12 erg cm−2 s−1 which is higher by a factor of 2 than the flux measured
by Swift simultaneously in the overlapping energy range of 2 − 10 keV (see Fig. 7.4). Due
to the low count rate, the influence by pileup is negligible. The RXTE/PCA detector is
a non-imaging detector with a large field of view of 1◦ . It is therefore possible that the
RXTE spectra are contaminated by nearby bright X-ray sources. From the ROSAT/PSPC
All Sky Survey (Voges et al. (1999)) three nearby X-ray bright sources are found, which are
located within the field-of-view of the RXTE/PCA detector (see Fig. 7.5). The X-ray fluxes
measured by ROSAT in the energy range 0.1 − 2.4 keV of these sources are ranging from
[1.6 − 8.8] × 10−12 erg cm−2 s−1 . Taking into account the detector efficiency and considering
the flux measured by ROSAT, these sources can explain a flux which is two times higher than
the flux from RGB J0152+017 measured by Swift . These nearby X-ray bright sources can be
identified as a quasar (RBS 252, 18.4′ offset, Schwope et al. (2000)), an active galaxy (RBS
255, 58.2′ offset, Perlman et al. (1996)) and the galaxy cluster Abell 267 (44.6′ offset, Ebeling
et al. (1998)). Only for the galaxy cluster Abell 267 X-ray imaging observation exist by XMMNewton (ObsID: 84230401, January 2, 2002). A quick analysis resulted in the image in Fig.
7.6 and a flux around F2−10keV ≈ 2 × 10−12 erg cm−2 s−1 for this object. A lack of subsequent
X-ray observations for the quasar and active galaxy makes it impossible to reconstruct the
RXTE/PCA spectra of RGB J0152+017 due to their potential variability. Therefore the
flux F2−10keV ∼ 6.8 × 10−12 erg cm−2 s−1 determined from the RXTE/PCA spectra in the
energy range 2 − 10 keV can only be taken as an upper limit. Following observations until
16. December 2007 show no significant variation and a similar flux level.
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Figure 7.5: The outer ring
represent the FoV of RXTE
around the central source RGB
J0152+017. The circles represent the detector efficiency of
RXTE from 10 to 90% in steps of
10%. The crosses show the location of the RASS sources within
the FoV of RXTE and the number indicate the flux ratio of each
source to the ROSAT flux of
RGB J0152+017.
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At the time of the ROSAT observation, the total flux of all sources within one degree
radius around RGB J0152+017 would be F0.1−2.4keV = 3.76 × 10−12 erg cm−2 s−1 considering
the detector efficiency of RXTE (see table 7.1). This is the double of the flux measured
for RGB J0152+017 by ROSAT. Therefore these close-by sources could be responsible for
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Figure 7.6: ROSAT PSPC image of RGB J0152+017 and a 1◦ large area around. The large
red circle represent the RXTE field of view. Imaging observations exist for two of the four
bright ROSAT sources: for RGB J0152+017 the Swift image summed from the observation in
November and December 2007 is shown and for Abell 267 the XMM-Newton image obtained
in January 2, 2002 is shown.
the higher flux of a factor of two measured with RXTE than with the simultaneous Swift
observation. But in the recent data, RGB J0152+017 is 4 times brighter than during the
ROSAT observation. On the other hand, the other sources seems to be variable as well, e.g.
the quasar and the active galaxy, so that no consideration about their actual level of brightness
could be made, e.g. if the source RGB 252 would be also 4 times brighter now, a flux 1.7 times
higher would be achieved. Taking the recent flux of F0.1−2.4keV = 7.2×10−12 erg cm−2 s−1 and
for the other sources the known ROSAT fluxes, a factor of 1.3 higher flux could be explained.
Also the instrument BAT (Barthelmy et al. (2005)) on-board Swift observed RGB J0152+017,
but the source is too faint in the energy range 15 − 150 keV for a significant detection.

7.2.4

UV and optical data from Swift

UVOT on-board Swift observed RGB J0152+017 strictly simultaneous with the XRT in the
UV and optical bands (central wavelengths): uvw2 (188 nm), uvm2 (217 nm), uvw1 (251 nm),
u (345 nm), b (439 nm) and v (544 nm). The data analysis is performed following the standard
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RBS name
RBS 248
RBS 255
RBS 252
RBS 249

other name
RGB J0152+017

Abell 267

F0.1−2.4keV /erg cm−2 s−1
1.8 × 10−12
8.8 × 10−12
1.6 × 10−12
1.8 × 10−12
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RXTE detector efficiency
∼ 100%
∼ 5%
∼ 70%
∼ 22%

Table 7.1: Bright RASS sources in the FoV of RXTE with the measured flux by ROSAT and
the detector efficiency of RXTE.
5
4

Figure 7.7: The upper panel show the photon index of the power law fit to each
spectra obtained with Swift /XRT (black)
and RXTE/PCA (red). The lower panel
show the flux in the energy range 2-10 keV
for both instruments. Clearly visible is
the higher flux and the larger variation in
photon index for the RXTE/PCA observations which are influenced by close-by
sources.
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procedure described in section 3.
The radial profile of RGB J0152+017 in the co-added images for each filter is comparable
to the radial profile of adjacent stars of the same observations and therefore appear point
like (see Fig. 7.8), so that no assumption on the flux or the extension of the host-galaxy
can be made. For the comparison of the radial profile of RGB J0152+017 adjacent objects
with similar brightness has been chosen. The brightest of these comparison objects appeared
extended and could be a galaxy, wherefore the second brightest has been chosen to show in
Fig. 7.8 which can be identified with a star.

counts/area in arcsec

RGBJ0152+017
bg level
star 3
gauss fit RGB J0152+017
gauss fit RGB J0152+017 weights 1/dy^2
gauss fit star3

0.1

0

5

10

15

20

radius in arcsec

25

30

35

40

Figure 7.8: Radial profile for the co-added
images of the B-band observation of Swift
/UVOT of RGB J0152+017. For comparison, the radial profile for a star in the field
of view with similar brightness to RGB
J0152+017 is shown. The black line represent the background level. The radial
profile has been fit with a Gaussian function, since the expected form of the radial profile for a point source should be a
Gaussian function. For RGB J0152+017
the blue dashed line represent the Gauss
fit with weighting of 1/dy 2 .
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7.2.5

Optical data from ATOM

RGB J0152+017 was observed with the ATOM telescope from November 10, 2007 to January
15, 2008 covering the whole period of Swift observations. Further monitoring with ATOM
took place from June 2008 until January 2009 and from May to November 2009.
During the time of observation several tracking and focus problems appeared which make
an individual data analysis necessary. For the general datasets a similar method as used
for the analysis of the data on 1ES 0229+200 was applied. For the datasets with tracking
and focus problems, the program midas was used to make a differential photometry with 15
reference stars using a flexible aperture to account for the problems.
Long term variation with an increase in flux by about 20% on time scale of ∼ 25 days and
a colour change is detected (see Fig. 7.10).
Since the host-galaxy contribution of the R and B-band measurements is non-variable,
an upper limit for the host-galaxy contribution of 15.5 mag for the R-band and 16.25 mag
for the B-band can be derived from the minimum flux. This yield a contribution of ∼ 57%
(R-band) and ∼ 66% (B-band) from the host-galaxy to the total measured flux.
Nilsson et al. (2003) found in deeper R-band observations with a seeing of 0.8′′ an extended
host galaxy up to 20′′ . They fit the radial profile with a de Vaucouleur law with an effective
radius of reff = 5.1′′ ± 0.1′′ and the resulting total magnitude for the host-galaxy is of 14.65
mag within the 20′′ . Using a Vaucouleur profile (Caon et al. (1993)) this can be transformed
to ≈ 16 mag for a region of 5′′ .

Figure 7.9: left: VLA radio observations from the NVSS on RGB J0152+017 (Condon et al.,
1998). right: Sum of the Swift /XRT observation images on RGB J0152+017. The red circle
mark RGB J0152+017 and the nearby NVSS source NVSS 015242+014537.

7.2.6

Radio observation

An image of the radio observations with the VLA on RGB J0152+017 within the NVSS
(Condon et al., 1998) is shown in figure 7.9left. Clearly visible is a point like source, NVSS
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J015239+014717 which is positionally consistent with RGB J0152+017. No extension of the
jet is visible in this image, but a very near source, NVSS 015242+014537. To learn more
about this second source, we created a sum of all available Swift /XRT images to search for
any X-ray counterpart. This sum of the Swift /XRT images is shown in figure 7.9right and
no X-ray counterpart could be detected.
In a more recent study using VLBI, a point like source appear on the milli-arcsecond scale
(Bourda et al., 2011) and no extension from the jet could be found. In the study of Bourda
et al. (2011), the source is mentioned under the name IERS 0150+015.

7.3

Temporal Analysis

The multi-wavelength observations taken from November 2007 to January 2008 were used to
search for variability in the VHE γ-ray, X-ray, UV and optical energy range.
To represent the light curve measured by H.E.S.S. from October 30 to December 13 2007
(see Figure 7.10), a nightly binning was chosen. No variability was measured within the
limits of the statistics, the light curve is compatible with a constant. On this time period,
the integrated flux above 300GeV is I(> 300 GeV) = (1.9 ± 0.3) × 10−12 cm−2 s−1 . In the
complete observations in 2007, 2008 and 2009 no significant variation has been found (see
Fig. 7.1).
In the X-ray flux, measured in the 2 − 10 keV energy range, a variation on time scales
of ∼ 10 days was detected indicating that the emission region is compact. The maximal
change in flux was found from December 16 to 23, 2007 where the flux drop by a factor of 6.
Over the whole period the spectral shape of the X-ray spectra does not change significantly
(Kaufmann & Wagner, 2008) and can be described by a power law with an average photon
index of Γ = 2.2 ± 0.1. Also the UV and optical fluxes of RGB J0152+017 obtained with
Swift are binned nightly because no significant variation on shorter time scales was detected.
Combining the UV flux of the three filters, the source change by ≈ 0.3 mag (∼ 30% in flux)
between November 13 and December 16, 2007 and decrease over period of ∼ 14 days back to
the state of November 2007. Since the sampling is not as dense as for the X-ray measurements,
assumptions about the time scales of the variation are difficult.
Instead, the denser sampling of the optical R- and B-band measurements with ATOM show
significant intra-day variability (IDV) in the November 2007 data, e.g. night from November
12 to 13, 2007 (see Fig. 7.11). This IDV is statistically significant in comparison with the light
curves of the reference stars. The absolute magnitudes of the R-band measurements by the
ATOM telescope contain a systematic uncertainty of ∼ 0.03 mag. The significant variation
in relative flux (∼ 30%) on very short time scales of ∼ 1 hour leads to the conclusion that
the emission region must be very compact and that a non-negligible contribution of the
optical radiation can be described by synchrotron radiation. The subsequent monitoring with
one observation per night show a long-term variation over ∼ 25 days with an increase of the
relative flux by ∼ 20% and ∼ 15% for B- and R-band fluxes, respectively. Correlation between
these R- and B-band fluxes could be detected with a correlation coefficient of c = 0.8. The
B-band flux increase stronger than the R-band flux which yield to a spectral change with
time which flattens the optical spectrum (see Fig. 7.10). In the comparison of the B-band
light curves obtained with ATOM and UVOT, a slightly different trend seems to occur with
slight increase in the ATOM B-band fluxes while the UVOT B-band fluxes remains constant,
but both light curves are compatible within their uncertainties.
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Figure 7.10: VHE γ-ray, X-ray, UV and optical light curves of RGB J0152+017. For the
H.E.S.S. and Swift measurements nightly averages are shown. The triangles in the H.E.S.S.
light curve represent upper limits at 99% confidence level calculated using Feldman & Cousins
(1998). For the ATOM R-band measurements only the statistical uncertainties are shown.
The ATOM B-band magnitudes have been reduced by 1 mag for this presentation for better direct comparison to the R-band data. The colour diagram (B-R) is shown for nightly
averages.
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Figure 7.11:
Optical R-band light
curve of the night 12.-13. November
2007 (2454417-2454418 JD) obtained with
ATOM. The upper panel show the flux
of RGB J0152+017 in relation with one
reference star. For comparison the light
curve of this reference star is given in the
lower panel. The missing flux points for
the light curve of the reference star is
due to fact that the second reference star,
which is used to determine the light curve
of the reference star, is not visible in the
field of view of this observation. Taken
from Kaufmann et al. (2009).

The intra day variability is not detectable in the simultaneous UV and X-ray observations
due to the large uncertainties of the countrate and fluxes in a binning smaller than one day.
The long-term variation seen in the simultaneous optical and X-rays data is not measured in
the TeV light curve due to large statistical uncertainties in the determination of the flux.
The further monitoring with the optical telescope ATOM shows a nearly constant flux of
≈ 15.3 mag in the R-band observations and ≈ 16.4 mag from June 2008 to January 2009 and
from May to November 2009.

7.4

Broadband spectral variation of RGB J0152+017

The different variability pattern of the simultaneous measurements in different wavelengths
leads to the conclusion that the shape of the synchrotron spectrum changes. To quantify
these spectral changes of the curved synchrotron spectrum, a log-parabolic model was chosen
to fit the strictly simultaneous observed UV and X-ray data taken with the Swift satellite.
To obtain the intrinsic spectra of RGB J0152+017, the X-ray spectra are corrected for the
galactic (NH = 2.72 × 1020 cm−2 , LAB Survey, Kalberla et al. (2005)) absorption. Following
Schlegel et al. (1998) the amount of dust absorption can be derived from this hydrogen column
density, yielding E(B − V ) = 0.033. Using this value and the Aλ /E(B − V ) from Giommi
et al. (2006) the measured UV fluxes are corrected by factors of 22, 28, 33% for UVW1, UVW2
and UVM2, respectively.
Concerning the upper limit for the host galaxy determined from the optical R-band data
and the elliptical galaxy spectral template by Fukugita et al. (1995) the host galaxy contribution in the U, B and V band could be estimated for a nearby galaxy. Since the influence
for the U-band emission is < 9%, the influence of the host-galaxy in the UV data is negligible
in comparison with the extinction. The measurements in the optical filters are not included
in the fit of the log-parabolic model, because they are strongly affected by the host galaxy
which gives a contribution of maximal 57% to the non-thermal synchrotron emission in the
R-band and the absolute value of the contribution is uncertain.
The simultaneous obtained UV, optical and X-ray spectra have been fit by a log-parabolic
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date

JD

a

b

13-11-2007
14-11-2007
15-11-2007
02-12-2007
10-12-2007
16-12-2007
23-12-2007
30-12-2007
06-01-2008
13-01-2008

2454418.4
2454419.4
2454420.4
2454436.6
2454444.6
2454450.9
2454457.6
2454464.5
2454471.7
2454478.6

2.3 ± 0.1
2.3 ± 0.1
2.3 ± 0.1
2.14 ± 0.08
2.2 ± 0.1
2.20 ± 0.08
2.5 ± 0.2
2.4 ± 0.1
2.1 ± 0.1
2.2 ± 0.2

0.100 ± 0.007
0.100 ± 0.006
0.119 ± 0.006
< 0.325
< 0.514
0.050 ± 0.006
0.088 ± 0.01
0.075 ± 0.007
< 0.001
< 0.006

K / 10−3
keV−1 cm−2 s−1
2.30 ± 0.16
2.42 ± 0.17
2.33 ± 0.17
2.34 ± 0.16
1.99 ± 0.19
2.80 ± 0.15
0.97 ± 0.10
0.87 ± 0.06
1.92 ± 0.07
1.03 ± 0.08

Ep
eV
[8 − 136.5]
[9.2 − 170.5]
[11.4 − 141.8]
–a
–a
[0.7 − 89.1]
[0.1 − 52.9]
[0.1 − 20.1]
–b
–b

νp F (νp )/10−12
erg cm−2 s−1
[4.1 − 7.3]
[4.2 − 10]
[4.3 − 10.7]
–a
–a
[4.9 − 12.8]
[2 − 50.1]
[2.2 − 19.4]
–b
–b

χ2 /dof
26.8 / 20
31.3 / 22
19.8 / 21
37.4 / 35
22.4 / 20
50.6 / 33
4.4 / 10
33.6 / 21
33.0 / 20
16.1 / 12

Table 7.2: Results of the fit of the log-parabolic model on the strict simultaneous UV and Xray spectra, which have been corrected for absorption; The parameter a represents the photon
index as obtained from the power law fits of the X-ray spectra. The parameter b describes the
curvature and K the normalisation. Ep is the resulting peak energy and νp F (νp ) the peak
flux, both are shown as a range of values obtained from the calculations based on the model
fit. The goodness of the fit is given with χ2 /dof . notes: a : due to missing UV data, only an
upper limit on the curvature could be defined and therefore no estimate on the peak energy
and flux possible, b : no reasonable curvature could be determined, therefore an upper limit
was estimated but no peak energy and flux possible to calculate
model which is expressed by
F (E) = K(E/1 keV)−(a+b log(E/1 keV))

(7.1)

where a is the photon index of a power law at 1 keV and b is the curvature parameter. This
parametrization and the determination of the peak energy Ep = E1 10(2−a)/2b and the peak
2
frequency νp F (νp ) = (1.6 × 10−9 )KE12 10(2−a) /4b where E1 = 1 keV is described in Massaro
et al. (2004a). The log-parabolic model is a simple description of the energy spectrum obtained
from relativistic electrons accelerated by statistical mechanism, e.g. shock waves within the
jet, resulting in a power-law, whose probability of acceleration depends on energy. Therefore
this analytical model is appropriate to describe the overall curved shape of the synchrotron
emission in the spectral energy distribution with very few parameters, e.g. it can describe the
long time evolution of the spectra taken by BeppoSAX of Mrk 421 (Massaro et al. (2004a)),
Mrk 501 (Massaro et al. (2004b)) as well as the optical and X-ray spectra of 3C66A and ON
325 (Perri et al. (2003)). Small changes in the shape or position of the synchrotron peak can
be visualized by using only few parameters, while complex SSC models would have too many
degrees of freedom. Therefore it has been chosen to describe the different variability pattern
of the simultaneous measurements in different wavelengths of the synchrotron emission on
RGB J0152+017, that yield a change of the characteristics of the synchrotron emission, in a
quantitative way.
The spectral index at 1 keV is well established by the power law fits of the X-ray spectra
taking into account the galactic absorption, as described in section 7.2.3. Therefore this
parameter is fixed for the fit of the log-parabolic model. The results for all datasets are
shown in table 7.2 and the illustration of the change of the curvature, peak flux and frequency
with time are shown in Fig. 7.13. For the Swift observations on December 2 and 10, 2007
unfortunately no UV data have been taken, so that they have been excluded in this discussion.
For the datasets from January 2008 no reasonable curvature could be determined. In Figure
7.12 the UV and X-ray spectra with the best fitting log-parabolic model for the datasets
of November 15 and December 30 are shown. As described above, the optical fluxes are not
taken into account in the fit of the log-parabolic model, since they are strongly affected by the
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Figure 7.12: Simultaneous UV and X-ray
spectra corrected for Galactic absorption
shown with the best fitting log-parabolic
model of November 15 (red) and December 30, 2007 (blue).

host galaxy. But the detected color change of B − R, representing the spectral slope between
the R and B band fluxes, is in agreement with the change of slope in the log-parabolic model
shown in Fig. 7.12.
The collection of all 10 datasets can be found in Fig. D.1 in the appendix. It is clearly
visible that the peak energy of the synchrotron spectrum is shifted from ≈ 40 eV to lower
energies of ≈ 2 eV with time while the peak fluxes are comparable. In Figure 7.14, the
correlation for the peak flux and curvature to the peak energy is studied. The peak energy is
at higher energies for the total absorption since a steeper spectrum result from the correction.
With this correlate also the higher fluxes at the peak since the steeper spectrum and the higher
curvature result in higher peak fluxes.
The uncertainties in table 7.2 represent the statistical uncertainties of the fit using the
programs Xspec and gnuplot. Due to the fact that the measured spectra do not cover the
peak of the synchrotron emission and the restrictions in the UV by only 1-2 data points, the
real uncertainty for the peak energy is larger.
For the spectral analysis of spectra with low statistics, different weighting options for
the spectral fit are available in xspec. We used the weighting by Churazov (Churazov et al.,
1996) and Gehrels (Gehrels, 1986) for all fits of the log parabolic model. The goodnesses of fit
improved in comparison to the standard weighting (results shown in table D.4 in appendix),
since the χ2 values decreased by a significant amount and the best fit parameter changed
slightly by 1-2σ in comparison to the values determined with the standard weighted fit. The
uncertainties are lower by ≈ 15% for the peak energy and ≈ 20 − 25% for the peak flux.
Therefore one can conclude, that the different weighting methods are helpful to find the best
fit model, but the improvement in the uncertainty range of each fit parameter is very small.
Therefore our statement concerning the change of the peak energy and the peak flux does not
change using these different weighting methods.
To illustrate the change of the peak energy and peak flux using the uncertainties in the
fit parameters, in Fig. 7.15, the models for the lower and upper limits for the photon index
are shown. As can be seen, the steepness of the X-ray spectrum (the photon index at 1keV)
change slightly the peak energy and flux. Since the photon indices of the power law in the
X-ray band is > 2 and vary between 2.1 ± 0.1 and 2.5 ± 0.2 the synchrotron peak is for each
spectrum located at frequencies below the X-ray band, so that we can use the monochromatic
flux at 1 keV.
Another option to study the trend of the shift of the peak energy with time to lower
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Figure 7.13: Parameters of the log parabola model for which the X-ray spectrum have been
corrected for the Galactic absorption (left side) and for the total measured absorption (right
side). The upper panels show the peak energy, the middle the peak flux and the bottom
panel the curvature parameter versus time. It should be noted here that the parameter of
the model for the datasets from December 2 and 10, 2007 are not shown here, since their
uncertainties are huge due to the missing simultaneous UV fluxes.
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Figure 7.14: The peak flux and the curvature resulting from the log-parabolic model versus
the peak energy for the spectra corrected for Galactic absorption (left) and for the spectra
corrected for the total measured absorption (right). The peak energy is at higher energies for
the total absorption since a steeper spectrum result from the correction. With this correlate
also the higher fluxes at the peak since the steeper spectrum and the higher curvature result
in higher peak fluxes.

0.01
p(x)
f(x)
g(x)

Figure 7.15: left: The change of the log
parabolic model based on the uncertainty
in the photon index (a = 2.3 ± 0.1) is indicated (solid line = best fit model, dashed
line = model using photon index plus uncertainty, dotted line = model using photon index minus uncertainty).

E**2 F(E)

0.001

0.0001

1e-05
0.0001

0.001

0.01

0.1
energy (keV)

1

10

138CHAPTER 7. RGB J0152+017: HBL WITH VERY LOW SYNCHROTRON PEAK FREQUENCY
5

Figure 7.16: The ratio of the flux
at 5eV in the UV range and the
X-ray flux at 1keV is shown versus the time. A clear change of
the ratio is visible over the time
which is compatible to the shift
of the peak energy to lower values with time. Only the datasets
with simultaneous UV and X-ray
measurements are shown.
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0.08
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18
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0.38

R [m]
1.98 × 1013

W [erg cm−3 ]
6 × 10−2

n1
2.2

n2
3.2

Emin [eV]
3.2 × 109

Ebreak [eV]
6.3 × 109

Emax [eV]
2.5 × 1012

Table 7.3: Parameter for the SSC model which describes best the SED of RGB J0152+017
and which is shown as black line in Fig. 7.17.
energies, is to determine the ratio of the brightness in the UV and X-ray range. The flux
in the UV range was determined as weighted average of the measured fluxes in the different
filters. As general uncertainty for the UV averages, a conservative determination was used
by choosing the standard deviation from the weighted average of dataset from December
30, 2007, in which the highest deviation was detected. This uncertainty is higher than it
would be for most of the datasets, but with this conservative limit a more clear statement
can be obtained from the determined ratio. This conservative limit was chosen since in some
observations only one or two of the three available UV filter were made and in dataset from
December 30, 2007 all filter have been observed and it shows the highest deviation from the
weighted average. From the X-ray spectra the flux at 1keV was obtained. A significant raise
in the ratio of the UV to the X-ray flux with time is visible in Fig. 7.16.

7.5

Synchrotron Self-Compton model

RGB J0152+017 is defined as a high frequency peaked BL Lac objects with characteristic
peaks of the SED in the UV-X-ray and GeV-TeV regime.
In Fig. 7.17, the spectral energy distribution of RGB J0152+017 is shown with the two
synchrotron states described in section 7.4 and Fig. 7.12, as well as the TeV spectrum
extracted from the full period of VHE observations. The spectra have been corrected for the
Galactic absorption and EBL, respectively. The one zone SSC code by Krawczynski et al.
(2004) has been used to create a model that can describe the simultaneous observed multiwavelength spectra. Due to the intra-day variability detected in the optical domain, the
maximum radius of the emitting region is determined to be R < D × 1.1 × 1012 m following
Wagner & Witzel (1995).
A spherical emission volume with radius R = 1.98 × 1013 m that moves with a bulk
Doppler factor of 18 towards the observer and a magnetic field of 0.38 G is assumed. The
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Figure 7.17: Spectral energy distribution of RGB J0152+017 with absorption corrected UV
and X-ray spectra from Nov. 15 (red) and Dec. 30 (blue), 2007. The TeV spectrum has been
extracted from the full period of VHE observations and corrected for the absorption by the
extragalactic background light (EBL) using Franceschini et al. (2008). The line corresponds
to the SSC model described in the text for which the parameters are given in table 7.3.
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Figure 7.18: Spectral energy distribution
of RGB J0152+017 with absorption corrected UV and X-ray spectra from Nov.
15 (red) and Dec. 30 (blue), 2007. The
TeV spectrum has been extracted from
the full period of VHE observations and
corrected for the absorption by the extragalactic background light (EBL) using
Franceschini et al. (2008). In grey, the
GeV spectrum obtained with the Fermi
satellite as given in the 2nd catalog (Nolan
et al., 2012) is shown. The downward arrows represent upper limits.

underlying electron distribution can be described by a broken power law with indices n1 = 2.2
and n2 = 3.2, as well as the minimum, break and maximum energies (3.2 × 109 eV, 6.3 × 109
eV, 2.5 × 1012 eV).
The photon index of the electron distribution can be constrained by the spectral shape
observed in the X-ray regime. At the time of the H.E.S.S. observations used to obtain the
VHE spectrum shown in Fig. 7.17, no significant GeV signal was detected. After two years
of observation with the Fermi satellite, a significant signal of the source 2FGLJ0152.6+0148
on the position of RGB J0152+017 has been detected. The obtained HE γ-ray spectrum is
shown in Fig. 7.18. It is not obtained simultaenous to the UV, X-ray and VHE spectra, but
no significant variation was detected from 2008 to 2010 with Fermi as well as from 2007 to
2009 with H.E.S.S. Considering that the HE and VHE spectra do not vary in time, one could
try to find an appropriate SSC model (see Fig. D.4 in appendix for an option). The difficulty
of such model is that the UV data cannot be reproduced, if the radius is the maximal possible
from the obtained variability time scale in the optical. Only a much lower radius, which would
not be realistic, could account for this SED.

7.6

Summary

The observations of RGB J0152+017 with the H.E.S.S. experiment show a flux of I(>
300 GeV) = (1.9 ± 0.3) × 10−12 cm−2 s−1 and no significant variation of the VHE flux was detected between October 30 and December 13, 2007, the time of simultaneous multi-wavelength
observations. In following VHE observations until the end of 2009 also now significant variation could be detected. After 2009, no further H.E.S.S. observations have been obtained until
present. Instead, in the X-ray, UV and optical domain non-monotonically variation on time
scales of ∼ 10 days and in the R-band also Intra-Day-Variability was measured. The variation
in optical on very short time scales and an underlying variation on longer time scales which
can be seen also in the other wavebands yield to the conclusion that the emission region is
compact.
The IDV with a time scale of ∼ 1 h show that the emission region is very compact and
yield a radius for the emission region of R < D × 1.1 × 1012 m following Wagner & Witzel
(1995).
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Since the host galaxy contribution of the optical emission is non-variable an upper limit
of 15.5 mag (R-band) and 16.25 mag (B-band) could be determined from these observations.
This is compatible to the studies of Nilsson et al. (2003) on deep R-band observations. Therefore also a non-negligible contribution (43% as lower limit) of the optical radiation can be
described by synchrotron radiation.
The significant variation in the X-ray flux is a confirmation of the assumption that the
peak in the SED in the X-ray domain results from synchrotron emission as concluded in
Aharonian et al. (2008).
The variability in X-ray, UV and optical and the constant flux in TeV show that the
synchrotron emission varies in flux while the shape of the IC emission stays constant. Because
of no clear correlation within the different wavelength, the variation lead to the conclusion
that also the spectral shape and the peak energy of the synchrotron emission varies with time.
The quantification using the log-parabolic model results in a clear shift of the peak energy
of the synchrotron emission spectrum to lower energies with time while the peak fluxes are
compatible. Therefore, within one month the peak energy decreased from ≈ 40 eV to ≈ 2 eV
and the synchrotron spectrum gets UV dominated.
The change of the synchrotron emission peak to lower energies should result in a lower
peak energy for the IC considering an SSC model for which the parameter describing the
emission volume remain similar.
In comparison with other TeV Blazars, for which simultaneous UV and X-ray data exist,
RGB J0152+017 has one of the lowest peak energy (≈ 2−40 eV) of the synchrotron spectrum
while most of them show peak energies > 100 eV (Tramacere et al. (2007)). Other studies by
Massaro et al. (2008) about 11 years of broadband observations on the synchrotron peak of
TeV Blazars yield similar results than Tramacere et al. (2007), that the synchrotron peak of
the TeV Blazars is X-ray dominated.
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Chapter 8

AP Librae: TeV LBL with detected
X-ray jet
Part of the presented results of my MWL study on AP Lib are published by me
in the proceeding of the 32nd ICRC (Kaufmann et al., 2011a).

8.1

Introduction to AP Lib - PKS 1514-241

The low-energy peaked BL Lac object AP Librae (AP Lib) is well known as one of the most
active blazars in optical. In data from 1989, intra-day variability was detected with a very
high rate of change of 0.06 ± 0.01 mag/hr (Carini et al., 1991). Even on shorter time scales
of 20min, variation of 0.5mag have been detected in 1973 (Miller et al., 1974).
AP Lib has a redshift of z=0.049 (Woo et al., 2005) and is located at the coordinates
αJ2000 = 15h 17m 41.81313s ± 0.00002s , δJ2000 = −24◦ 22′ 19.4759′′ ± 0.0003′′ as determined from
VLBI observations by Lambert & Gontier (2009). It has been classified as a BL Lac object
by Strittmatter et al. (1972) and Bond (1973).
AP Lib was historically ordered into the class of the so-called radio selected BL Lac object
(RBL). In the 1990s, BL Lac objects were found mainly in radio or X-ray surveys and therefore
classified as radio or X-ray selected BL Lac objects. Ciliegi et al. (1995) found that the X-ray
spectrum of AP Lib can be described by a power law with photon index of 1.5 − 1.7. Since
the X-ray spectrum is therefore assumed to be IC dominated, AP Lib can be classified as
LBL. LBL are assumed to have their IC peak in the keV-GeV range and therefore a rather
low flux in the TeV γ-ray range (close to or below the detection limit of current Cherenkov
telescopes). Hence, it is rather unexpected to detect VHE γ-ray emission from an LBL.
In June/July 2010, the first VHE γ-ray emission was detected from the position of AP
Lib (Hofmann, 2010). As described in the next section 8.2, I found that AP Lib has a
clear detected X-ray jet, which is unusual for TeV BL Lac objects. In the (non-complete)
collection of detected X-ray jets of radio galaxies, quasars, BL Lac objects and Seyfert 1
galaxies, the XJET database1 , only two TeV blazar appear, the FSRQ 3C+21.35 and PKS
1510-089. Therefore AP Lib is the first LBL with detected TeV γ-ray emission and a clearly
visible extended non-thermal X-ray jet.
1

http://hea-www.harvard.edu/XJET/
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Figure 8.1: left: X-ray count map from 0.2 to 8keV extracted from the 14ks observation by
Chandra on AP Lib from 4. July 2003. The non-thermal jet is clearly visible. Due to the
timed exposure mode, the observed frame is cut at the left part of the image, indicated by
the line. Therefore the real extension of the jet is not measurable. right: Overlapped are the
radio contours of the VLA observation of AP Lib in A+B configuration at 1.36 GHz. The
restoring beam is 3.0x2.0 arcsec in PA 28◦ (Cassaro et al., 1999). The peak flux density is
1625 mJy/beam and the r.m.s. noise on the image is 0.15 mJy/beam (Cassaro et al., 1999).
A version of these figures, showing the Chandra count map with adaptive smoothing, is shown
in Fig. E.1.

8.2

Extended X-ray jet

I detected the X-ray jet in my analysis of the 14ks Chandra observation (ObsID: 3971, PI:
Birkingshaw) of 4. July 2003 (see Fig. 8.1). The jet is located in the south-east direction of
the source. The jet is dominated by non-thermal emission. Unfortunately only a small frame
of the CCD was taking data due to the used subarray in the timed exposure mode and the
exposure is rather low, so that the real extension of the jet cannot be measured.
The Chandra observation of 14 ks was operated in timed exposure mode in which the
CCD collects data for a defined time (frame time) and after quickly transfer the charge to
the framestore region and read out through serial registers 2 . In the case of this observation,
only a subarray of the ACIS-S chip has been used with 1/8 of the chip which are 128 rows.
This lower the frame time to 0.4 cts/s. The time for the transfer of the charge from one row
to the next takes around 40 µs. Therefore each pixel measures the detected emission from
the sky and instrumental background plus 40µs long every other region of the sky within the
column. Normally the contribution is tiny, but for very bright sources this can result in a
so-called ”readout artefact” which is visible as stripe on the CCD image. In the case of AP
Lib, a faint ”readout artefact” is visible in the column in which the bright core region of AP
Lib is located and we corrected for it within the analysis. To correct for this artefact, the
signal of the influenced rows are removed and filled with typical background photons. Due
to a bug in the current version of acisreadcorr, it does not work correctly on observations
using a subarray. Therefore the BACKSCAL header keyword, which describes the ratio of the
extraction region area to the total detector area, has to be modified, since the used detector
area is smaller in the subarray.
2

http://cxc.harvard.edu/proposer/POG/html/chap6.html
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Figure 8.2: left: Truecolor image of the Chandra observation on AP Lib. Red represents the
emission in the energy range 0.2 to 1.5 keV, green for 1.5 - 2.5 keV and blue for 2.5 - 8 keV.
right: Same truecolor image smoothed with a Gaussian of radius three pixel and a minimum
pixel value of 0.05 to minimize the contribution of the background.

8.2.1

Radial profile

We extracted radial profiles around the source to determine the extension of the jet and to
check if any trend for a change between the core and the jet appear in the spectrum. No such
spectral change is detectable in the comparison of the spectra of the core and the jet, but the
slightly higher photon index of the spectrum of the jet region could be interpreted as a hint
for a change. Therefore we created the radial profiles in two energy band and calculated the
hardness ratio (HR). The hardness ratio has been calculated with (H − S)/(H + S) using the
two energy bands: S = counts in the energy range 0.2 -1.5 keV, H = counts in the energy
range 1.5 - 8 keV.
We used two shape of regions to obtain the radial profiles, circular annuli as shown in Fig.
8.3 and a fraction of the annuli (pie) in the direction of the jet to increase the signal-to-noise
ratio (S/N) shown in Fig. 8.4. To determine a reasonable background normally an annulus
region further out is used, but in our case this would be either influenced by the outer region
of the jet or the edge of the used subarray, which would give too high or too low background
photons, respectively.
The radial profiles of the two energy bands show slight deviations that are not significant,
but give a hint of changes in the spectral shape. As can be seen in Fig. 8.3 and 8.4 there
is no significant changes of the HR over 20 arcsec. Longer exposure observations would be
needed to understand if there is a clear spectral difference between the core and the jet.
The two methods used to obtain the radial profile do not show differences. The method
using the full annulus takes more photons into account, so that the statistics is higher but
more background photons are therefore also taken into account, so that a higher background
level resulted. Since the background is not uniform, the background in the region used to
determine the background level is different from the background close to the source which
was included in the source region. Therefore a different kind of region, the pie of an annulus,
covering the visible signal of the jet, has been used to determine the radial profile. Both
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Figure 8.3: left: Chandra image of the energy range 0.2 - 8 keV with overlaid annuli region
(maximum radius 40pixel) used to extract the radial profile and a dashed circle marked the
region to calculate the background. middle: Background subtracted radial profile of AP Lib,
extracted from annuli region for two different energy ranges, 0.2 - 1.5 keV (black) and 1.5 8keV (red). The radial profiles of the PSF at 950 eV and 4 keV are shown as black and red
solid line. The PSF are normalised to the total counts of the circle with radius 40 pixel around
the position of AP Lib for each energy band. The dashed lines represent the uncertainty range
for the PSFs. right: Radial profile of the hardness-ratio. (1 pixel ≈ 0.5 arcsec)
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Figure 8.4: left: Chandra image of the energy range 0.2 - 8 keV with overlaid pie of annuli
region (maximum radius 40pixel) used to extract the radial profile and a dashed circle marked
the region to calculate the background. middle: Radial profile of AP Lib, extracted from pie
annuli regions for two different energy ranges, 0.2 - 1.5 keV (black) and 1.5 - 8keV (red). The
level of the background is shown as solid line. right: Radial profile of the hardness-ratio. (1
pixel ≈ 0.5 arcsec)

resulting radial profiles are consistent to each other. The radial profile show a decrease much
closer to the center of the source. With the tool mkpsf we determined the PSF for the energy
950 eV as interpolation from the PSF at the energies 0.277 keV and 1.4967 keV stored in the
Chandra library. Using the same pie annuli as described before and a normalisation to the
sum of counts of the source inside the pie, we extracted the radial profile for this PSF. The
comparison of this radial profile and the PSF show that the source in the opposite direction
of the jet is a point like source consistent with the PSF (see Fig. 8.5). To compare the PSF
for a point like source normalised to the source counts with the photon distribution detected
in the direction of the jet, we overplot their radial profiles in Fig. 8.6. As can be seen the
core region is well described by the PSF and deviates significantly from the PSF at a distance
of around ∼ 5′′ to the core position until ∼ 30′′ .
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Figure 8.5: left: Chandra image of the energy range 0.2 - 8 keV with overlaid pie of annuli
region (maximum radius 40pixel) used to extract the radial profile and a dashed circle marked
the region to calculate the background. right: Background subtracted radial profile of AP
Lib, extracted from a pie annuli regions in the opposite direction of the jet, for the energy
range 0.2 - 1.5 keV. The line represents the PSF at 950 eV normalised to the photon counts
calculated for the shown pie. The dashed lines represent the uncertainty range (3σ) for the
PSF.
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Figure 8.6: Background subtracted radial
profile of AP Lib, extracted from pie annuli regions for the energy range 0.2 - 1.5
keV in the direction of the jet (see Fig.
8.4). The line represents the PSF at 950
eV normalised to the photon counts calculated for the pie in the opposite direction of the jet (see Fig. 8.5) to achieve the
correct PSF representing the point source.
The dashed lines represent the uncertainty
range for the PSF.

X-ray spectrum

To extract the X-ray spectrum of the core, a circular region with radius 3′′ was used to
determine the source counts. Within a larger region of radius 25′′ close-by to the source, the
number of background counts were determined. To obtain the spectrum of the jet, a circular
region with radius 15′′ was used in which the region around the core was excluded (see Fig.
8.7).
The spectrum of the core can be well (χ2 /dof = 165/147) described by a power law
with Γ = 1.58 ± 0.04 taking into account the Galactic absorption of NH = 8.36 × 1020 cm−2
(LAB survey, Kalberla et al. (2005)). The spectrum of the jet can be described by Γ =
1.76 ± 0.14 (χ2 /dof = 9/19), but the statistics is low due to the low exposure. The resulting
fluxes are Fcore,2−10keV = (2.9 ± 0.1) × 10−12 erg cm−2 s−1 and Fjet,2−10keV = (2.6 ± 0.3) ×
10−13 erg cm−2 s−1 . The X-ray spectra for the core and the jet are shown in Fig. 8.8. No
significant spectral change between the jet and the core spectrum could be determined, but
the hardness ratio indicates a slight change between the core and the jet. This change is not
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continuous along the jet indicating structure in the jet, but the statistics is limited so that
no clear statement can be made (see Fig 8.4 for the hardness ratio).

Figure 8.7: X-ray image of the Chandra
observation with the circular regions used
for the spectral analysis overlaid. The
small green circle around the source of radius 3′′ was used for the core spectrum,
the larger circle with radius 15′′ with the
core region excluded was used for the jet
spectrum and the large dashed green circle
was used for the background spectrum.
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Figure 8.8: X-ray spectra extracted from the core and jet region shown in Fig. 8.7 of the
Chandra observation of July 4, 2003. The line represent a power law fit taking into account
the Galactic absorption as described in the text. The lower panels show the residuals of each
fit.

8.3

X-ray observations by Swift and RXTE

Swift observed AP Lib several times between 2007 and 2011 (see table E.1). Due to the lower
angular resolution and exposure time than for the Chandra observations, the core-jet system
cannot be resolved. We have analysed each pointing with the standard procedure described
in section 3. The observation on May 14, 2007 and one of Feb. 16, 2010 was not taken into
account due to their extremely low exposure times (∼ 160, ∼ 640 s).
The X-ray spectra from XRT were binned with at least 25 counts per bin to achieve at
least 5σ per bin. For the observations of February 20, 2010 and February 16, 2011 the binning
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Figure 8.9: left: Sources of the ROSAT All-Sky Survey Source Catalogue (1RXS) within 1
degree around AP Lib (taken from http://www.xray.mpe.mpg.de/cgi-bin/rosat/src-browser).
right: Sum of all images of the available Swift XRT observations. Clearly visible is AP Lib
(solid circle) and also the close-by ROSAT source 1RXS J151725.2-242155 (dashed circle).
The other sources visible in the map are consistent with stars in the Guide Star Catalog (GSC
2.3).
had to be changed to 15 counts per bin since few source counts would be extracted for the
spectrum due to the low exposure. The XRT spectra have been fit with a power law model
taking into account the Galactic absorption of NH = 8.36 × 1020 cm−2 (LAB survey, Kalberla
et al. (2005)) which is a very good description for all spectra. The spectra can be described
by an average photon index of Γ = 1.61 ± 0.11. (see table E.3 in appendix for detailed results
of each fits and see figure 8.13).
The spectra are comparable with the original definition of AP Lib being a low-energy
peaked BL Lac object with IC dominance in the X-ray spectrum. The hard X-ray instrument
BAT on-board Swift detected a flux of F (14 − 150 keV) = (1.4 ± 0.3) × 10−11 erg cm−2 s−1
within 39 months of observations (Cusumano et al., 2010).
RXTE observations were made from July 10 to 14, 2010. Since the PCA detector is a
non-imaging instrument with a field of view of one degree, the observation of AP Lib will
be influenced by close-by X-ray sources. In Fig. 8.9, the X-ray sources detected by ROSAT
within the one degree field of view of RXTE is shown. Although AP Lib is the brightest
source (1RXS J151741.2-242236) with a count-rate of 7.9×10−2 cts/s, the closest source (3.8′′
distance) 1RXS J151725.2-242155 with around half the flux of AP Lib (4.1 × 10−2 cts/s), will
influence any RXTE PCA result, since its flux will influence with around 90% to the flux
resulting from the RXTE PCA analysis. Since no other X-ray observation, e.g. with Swift is
made simultaneously, and since the source is known to be variable, we could not check, how
strong would be the influence of this close-by sources. Therefore the RXTE observations have
not been used for further analysis and interpretation of AP Lib. In the sum of all available
Swift XRT observations, this close-by source is clearly visible (see Fig.8.9) and the total counts
for the region of 5′′ around this source is 10 (while in a similar region without visible sources
close-by the number of total counts is 6). Therefore the source has a clearly lower flux in the
energy range of Swift than at the time of the ROSAT observation in the energy range 0.1 -
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2.4 keV, which gives a hint for a steep spectrum of this source and a possible variability.

Figure 8.10: VLA observations taken from Cassaro et al. (1999) and VLBA observations taken
from the MOJAVE survey. The lines indicate the different scale of the images. top right: D
configurations at 1.4 GHz (already presented in the NVSS Condon et al. (1998)). The restoring
beam is 45′ ×45′ . The peak flux density is 1993 mJy/beam and r.m.s. noise on the image is 0.4
mJy/beam. top left: B configuration at 4.88 GHz. The restoring beam is 3′ × 1.5′ in PA −50◦ .
The peak flux density is 2918 mJy/beam and r.m.s. noise on the image is 0.17 mJy/beam.
bottom left: A+B configuration at 1.36 GHz. The restoring beam is 3′ × 2′ in PA 28◦ . The
peak flux density is 1625 mJy/beam and r.m.s. noise on the image is 0.15 mJy/beam. bottom
right: VLBA observation of AP Lib from July 23, 2009 as presented within MOJAVE II survey
taken from http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/1514-241.shtml. It
is shown in natural weighting in which the lowest flux level shown is 0.158 mJy/beam (contours
x RMS).

8.4

Radio jet

Observations with the Very Large Array (VLA) on AP Lib show clear detection of the radio
jet (Cassaro et al., 1999) (see Fig. 8.1). The radio jet at 1.36GHz emerge along the SE
direction and bend towards NE after a dozen of arcseconds, for a total extend of ∼ 55′′ . The
observations with the D array at 1.4 GHz show a diffuse emission on arcmin scale on the
same side of the jet (Cassaro et al., 1999). The comparison of the kpc jet in radio and X-rays
reveal the same location of the emission along the SE direction. The bended jet >10 kpc
was not significantly detected by the Chandra observation due to the used subarray and the
short exposure. Under the assumption of the SSC models, that the same electron population
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is producing the synchrotron and inverse Compton emission and since the radio and X-ray
spectra of the LBL AP Lib cover the lower energy part of both emission peaks in the SED
(see Fig. 8.15), we expect to see the same jet morphology of the emission region in the radio
and X-ray regime. In VLBA observations, Pushkarev et al. (2009) determined an opening
angle of 7.8◦ .
The different configurations used for the VLA observations are optimised to detect low
flux diffuse extended emission (e.g. configuration D with the smallest baseline of maximal one
km and a resolution of around 1.5 × 44′′ (1.5 times the synthesised beam width (FWHM)) for
1.4 GHz and highest angular resolution (e.g. configuration A with largest baseline of maximal
36.4 km and a resolution of around 1.5 × 1.4′′ for 1.36 GHz) 3 .
Also high resolution observations with VLBA at 2cm have been made and the results are
shown in Fig 8.10, taken from the ’extended MOJAVE II’ survey4 . The MOJAVE (Monitoring
Of Jets in Active galactic nuclei with VLBA Experiments) database is maintained by the
MOJAVE team (Lister et al., 2009). Images of the radio jet are available in natural weighted
contours for all observations between April, 28 2006 and June, 19 2010 at a frequency of 15.4
GHz. Since their contours are not of comparable flux level, no firm conclusion can be made
for the morphological evolution of the jet.
Interestingly, the radio jet is clearly bend at all presented frequencies with changing directions. The obervations very close to the black hole by VLBA show a jet ejected in south
direction which bends to south-east after around 10 milli-arcsec. In the VLA observation at
1.36 GHz, the jet is detected in the same direction for ∼ 10 arcsec and bend to north-east. In
the VLA observation in D configuration at 1.4 GHz, an extended emission on arcmin scale in
the same north-east direction is detected. In this configuration, the jet seemed to be broadened up to an arcmin scale. The detected morphology of the jet could be interpreted as a jet
pointing towards the observer as indicated by the blazar characteristics of the source, with a
helical structure as based on the detected bending of the jet.

8.5

TeV γ-ray emitter

The first VHE γ-ray emission was detected from AP Lib with the H.E.S.S. Cherenkov telescope
array in June/July 2010 (Hofmann (2010),Fortin (2011)). It was detected with a significance
of 6σ above 300GeV, which corresponds to ∼ 2% of the flux of the Crab nebula. No significant
flux variations were observed during the ∼ 8 hours of observation. The TeV spectrum can be
described by a power law with Γ = 2.5 ± 0.2 (Fortin, 2011). Due to this VHE detection, AP
Lib is the third LBL after BL Lac and S5 0716+716 detected at VHE γ-rays. Although S5
0716+716 seems more likely an IBL from its SED (Tavecchio et al., 2010). For most LBLs,
the expected emission (following the standard SSC model) in the VHE band is well below the
sensitivity of current Cherenkov telescopes and therefore it is amazing to detect them.

8.5.1

GeV γ-ray emission

A GeV γ-ray emitting source, 1FGL J1517.8-2423 was detected by the Fermi-LAT instrument
and can be associated with AP Lib. The GeV spectrum can be fit by a power law with a
photon index of Γ = 2.1 ± 0.1 and result in a flux of F (100MeV − 100GeV) = (5.5 ± 0.6) ×
3
4

http://www.vla.nrao.edu/astro/guides/vlas/current/node10.html
http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/1514-241.shtml
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10−12 erg cm−2 s−1 (Abdo et al., 2010). No significant flux variation was detected over 11
months of observations.
In the second Fermi catalogue containing two years of observations, the GeV spectrum
of AP Lib was described by a power law with Γ = 2.05 ± 0.04 and a flux of F (100MeV −
100GeV) = (5.7 ± 0.3) × 10−12 erg cm−2 s−1 (Nolan et al., 2012). No significant flux variation
was found.

Figure 8.11: left: Optical R-band image for AP Lib, taken from Fig 1 of Pesce et al. (1994).
right: Radial profile of the R-band observation on AP Lib, taken from Pursimo et al. (2002).
The solid line represents the total model, the short dashed line the PSF model and the long
dashed line the de Vaucouleurs model.

8.6

Optical intra-day variability and morphology

AP Librae is known to be one of the most active blazars in the optical band. In data from
1989, intra-day variability was detected with a very high rate of change of 0.06 ± 0.01 mag/hr
(Carini et al., 1991). Even on shorter time scales of 20min, variation of 0.5mag have been
detected in 1973 (Miller et al., 1974).
Visvanathan & Griersmith (1977) found a diffuse halo with a diameter of 18.6′′ in observations of the wavelengths range 346.6 - 673.8 nm. They found that the energy distribution
of the halo component is similar to a redshifted giant elliptical galaxy and that it exhibit an
ultraviolet excess. They also found that the spectrum of the central source is blue dominated
and could be described by a power law with slope −2.3 ± 0.1.
From UBV measurements of AP Lib, it was possible for Westerlund et al. (1982) to
identify a nucleus with ’miniquasar’ properties, e.g. non-thermal continuum spectrum with
power law shape, and an extended component that could be an elliptical galaxy. The optical
flux of the ’miniquasar’ varied between 14.6 and 17 mag in the V-band during the observations
mentioned in Westerlund et al. (1982) and the colours are given as (B−V )quasar = +0.55±0.01
and (U − B)quasar = −0.57 ± 0.01. For the extended component they extracted (under the
assumption that the ’miniquasar’ is a point source) an optical flux of 14.7 ± 0.05 mag in the
V-band after correction for reddening and (B − V )galaxy = 1.02.
In my analysis of the available Swift -UVOT data, the extended component could not be
detected, since the exposures are too low, e.g. the radial profile of AP Lib in the summed
V-band images can be well fit with a Gaussian. For the observations of 2455247.7 JD, with
pointings using the filters U, B and V just after each other, we received the following colours:
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(U − B) = (15.60 − 15.98) mag = −0.38 ± 0.06 mag and (B − V ) = (15.98 − 15.17) mag =
+0.81 ± 0.06 mag. for the fluxes measured within 5 arcsec around the source position, in
which the point source component is dominant.
In 1993, Stickel et al. (1993) found that the host galaxy of AP Lib appears asymmetric
and elongated towards a nearby galaxy (≈ 65′′ to the north east). Therefore they suggested
that AP Lib is an interacting system. Further observations reveal that both galaxies are at
the same redshift indicating a real association (Pesce et al., 1994).
Pesce et al. (1994) found in R-band observations the same nearby galaxy than Stickel et al.
(1993). The galaxy appear lenticular with the same radius than the extended halo of the BL
Lac host galaxy. The visible morphology (see Fig. 8.11) suggest tidal interaction between the
two galaxies. The obtained spectra by Pesce et al. (1994) show several absorption lines for
the second galaxy resulting in a redshift of z = 0.048. This indicates that the BL Lac host
galaxy and the nearby galaxy are associated and the projected separation is 83 kpc (Pesce
et al., 1994).
One possible interpretation for the bending of the jet visible in X-ray and radio wavelengths
could be the tidal interaction between the BL Lac host galaxy and the nearby one galaxy.

8.7

Variability of the optical, UV and X-ray emission
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Figure 8.12: upper panel: X-ray light
curves (background subtracted) of the
Chandra observation of AP Lib from the
source region in binning of 200.0029 sec
per bin (t0 = 173738028.907 s is the starting time of the observation). In red the
bins influenced by the dither period are
shown. middle panel: The Declination
of the pointing versus observation time
showing the dither period. bottom panel:
The Right Ascension of the pointing versus observation time showing the dither
period.
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To create the light curve of the Chandra observation, the counts were extracted from the
source region and a large background region. The energy range was restricted to 0.2 to 8 keV
to be consistent with the range used for the spectral analysis. To optimise the used binning
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for the light curves, we use a multiple of the exposure time (12812.987675057 sec) divided by
the frame time (0.4 sec) and taking into account the deadtime of 40 µs. I found a periodic
signal in the extracted light curve (see Fig. 8.12), that can be explained by the dithering of
Chandra . Normally no influence of the data is visible due to the dithering. As mentioned
in 5 , the dither period become visible when the source pass a node boundary, some bad pixel
or the chip edges. The dither period in the detector X direction is 1000s (Y direction 707s)
for the ACIS detector, which could be made visible by the change of the declination with
time (see Fig. 8.12). In the case of AP Lib, the node between the detector coordinate in
X (CHIPX) of 511 to 512 is located in the dither direction for the source. This cause lower
count rates with a period of 1000 seconds.
To study the possible X-ray variability of AP Lib, the periods influenced by the dither
period (marked in red in 8.12) have been removed since no option to correct for this dither
effect exists and a constant has been fit to the remaining data points of the light curve. The
fit of a constant to the light cuve result in an average count rate of 0.497 ± 0.007 counts/sec
and a fit probability of pχ2 ∼ 30% (χ2 /dof = 61/65) and therefore no significant variation
could be detected.
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Figure 8.13: Swift light
curves of the X-ray, UV and
optical fluxes of AP Lib.
a) X-ray flux of AP Lib in
the energy range 2-10keV
measured by Swift -XRT. b)
Photon index of the power
law fit of the Swift -XRT
spectra. c) UV and optical
fluxes as measured by Swift
-UVOT. d) Optical fluxes in
the R and B band measured
by ATOM.
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The X-ray emission of AP Lib show only marginal variation between 2003 and 2011. In
5

http://cxc.harvard.edu/ciao4.4/why/dither.html
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2003, Chandra observed the source with a core flux of F2−10keV = (2.9±0.1)×10−12 erg cm−2 s−1 .
Swift observations have been conducted in 2007, 2008, 2010 and 2011 and an increase of flux
by ∼ 40% was detected between 2008 and 2010 while no spectral change appeared between
2007 and 2011.
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Figure 8.14: Zoom on the
first Swift pointing of April
8, 2007 showing the UV and
optical fluxes measured by
Swift -UVOT.
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The simultaneous observed UV and optical emission by UVOT on-board Swift satellite,
show in the UV bands a slight increase over the time range 2007-2011 by ∼ 0.3 mag. The B
and V filter observations show constant fluxes. The U band observations show slight increase
by ∼ 0.2 mag with similar trend to the UV observations, but a significant drop by ∼ 0.4 mag
appeared in July 2010 which unfortunately was not covered by the other UVOT filters.
The photon indices for the power law fits do not vary significantly and the average photon
index is Γ = 1.6 ± 0.1 and is comparable to the one obtained for the core (and jet) of
the Chandra observation. The flux in the energy range 2 - 10 keV has two different level
of F2−10keV = (3.2 ± 0.4) × 10−12 erg cm−2 s−1 in 2007/2008 to F2−10keV = (4.9 ± 0.5) ×
10−12 erg cm−2 s−1 in 2010/2011. A fit of a constant gives a flux of F2−10keV = (3.9 ± 0.2) ×
10−12 erg cm−2 s−1 and a probability of pχ2 = 6.6 × 10−5 . To check for short term variability
I created light curves with a binning of 200 s from each single observation (see Fig. E.2 in
appendix). I have to note here, that the Swift XRT data for one obsID are taken from several
distinct pointings over one day. No significant variation was detected on this short time scales.

8.8

Spectral energy distribution

In Fig. 8.15 a collection of data from radio to TeV γ-rays are shown to characterise the
spectral energy distribution (SED) of AP Lib. In the radio, observations in several bands
are shown from Kühr et al. (1981) as well as new results from PLANCK6 are shown. In the
optical bands, observations by ATOM are shown, but since the optical emission of the source
is very variable, this represents only one flux state of the source.
The host galaxy was studied with deep NOT observations by Pursimo et al. (2002) resulting in mhost = 14.29±0.01 mag and an effective radius of re = 6.72±0.04′′ in the R-band. The
measured radial profile (see Fig. 8.11) has been fitted by a PSF model to account for the AGN
and a de Vaucouleurs model for the host galaxy, resulting in in mAGN = 15.57 ± 0.01 mag,
mhost = 14.29 ± 0.01 mag and an effective radius of re = 6.72 ± 0.04′′ . The deviation from
the de Vaucoleurs model at distances > 20′′ with higher fluxes than expected, could be a sign
of the host galaxy morphology (Pursimo et al., 2002), e.g. the tidal interaction mentioned
above. NOT data confirms that it is a round elliptical galaxy. Also in H-band observations
made by Kotilainen et al. (1998), the galaxy appear like an elliptical galaxy. The radial profile
6

e.g. http://www.isdc.unige.ch/heavens webapp/integral
and http://tools.asdc.asi.it/
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Figure 8.15: Spectral energy distribution of AP Lib showing historical radio data from Kühr
et al. (1981), radio data from PLANCK (Planck Collaboration, 2011), optical data from
ATOM, UV data from GALEX, UV and X-ray results from the Swift observation in 2011,
the hard X-ray flux mentioned in the Swift /BAT catalogue (Cusumano et al., 2010) and the
GeV and TeV flux points from Fortin (2011). The UV fluxes (Swift ,GALEX) are shown as
upper limits, since the influence of the host galaxy is unknown. In addition the core (red) and
jet (blue) spectrum measured by Chandra in 2003 are shown. Both spectra are dominated
by the inverse Compton emission of AP Lib. A narrow synchrotron and a very broad inverse
Compton peak is visible and the X-ray domain is clearly dominated by the IC emission.
Therefore AP Lib is classified as LBL.
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from the H-band observations is measured up to around 8′′ and no deviation from the model
is detected.
In the UV, optical and X-ray regime, the simultaneous observations by Swift are shown
(see Fig. 8.15). The presented flux values are corrected by the influence of the host galaxy
using the template for elliptical galaxies at z = 0 (see table 1.1) by Fukugita et al. (1995).
Since the influence by the host galaxy in the UV is unknown, the fluxes are shown as upper
limits for the SED characterising the blazar. The UV and optical fluxes are also corrected
for dust absorption using E(B − V ) = 0.138 (Schlegel et al. (1998)). The X-ray spectra have
been corrected for the Galactic absorption. In near and far UV, results from the GALEX
satellite, corrected for extinction, are shown. They are marked as upper limits as well, since
they are not taken simultaneous to the UV observations by Swift and the influence of the host
galaxy is unknown.
As can be seen in Fig. 8.15, the extinction corrected UV fluxes exhibit a higher flux than
expected from the interpolation of the fluxes in the optical band. This peak like structure in
the UV band couldd result from the influence of the UV excess of the diffuse halo detected
by Visvanathan & Griersmith (1977) (mentioned in section 8.6) from the host galaxy to the
measured UVOT fluxes.
Together with the Swift spectrum, also the core and jet spectra taken from the Chandra
observations are shown here. Clearly a different flux level than with Swift is detected wherefore
any interpretation in combination with the shown UV and optical fluxes is not possible. A
slight change in spectral shape is visible between the core and the jet spectrum, but both
spectra are dominated by inverse Compton emission.
The hard X-ray instrument BAT on-board Swift detected a flux of F (14 − 150keV ) =
(1.4 ± 0.3) × 10−11 erg cm−2 s−1 within 39 months of observations (Cusumano et al., 2010).
The GeV and TeV flux points shown in Fig. 8.15 are taken from Fortin (2011). An update
on the GeV γ-ray spectrum using the recent information from the 2nd Fermi catalog (Nolan
et al., 2012) is shown in Fig. 8.16. Due to the longer integration time, the spectral data
points are more precise, but the shape of the spectrum is consistent with the one taken from
Fortin (2011), therefore the following modelling and conclusions on the SED are appropriate.
In the spectral energy distribution a narrow synchrotron and a very broad inverse Compton
peak is visible and the X-ray domain is clearly dominated by the IC emission. Therefore AP
Lib is classified as LBL.

8.9

SSC model

The code by Krawczynski et al. (2004) has been used to produce SSC models to represent
the measured SED of AP Lib. We used a single power law electron distribution with n = 2.
AP Lib is one of few BL Lac objects in which the width of the inverse Compton emission
in the SED is ∆ν 2 and ∆ν for the synchrotron emission peak. With a single power law
distribution of the electrons the inverse Compton peak should have this width in comparison
to the synchrotron emission peak. As can be seen in the measured SED (see Fig. 8.15),
the main challenge for finding an appropriate SSC model is to reach very high energies, as
indicated by the measured TeV γ-ray spectrum, but to keep the synchrotron peak frequency
below 1015 Hz. In Fig. E.3 the changes by each parameter are shown to identify which set of
parameter could be a good description for the SED. As can be seen, only with a high magnetic
field or a very high maximum energy of the electron distribution one can shift the IC peak
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Figure 8.16: Spectral energy distribution as shown in Fig. 8.15 with the HE γ-ray spectrum
by Fermi taken from the 2FGL catalog (Nolan et al., 2012) show in magenta.
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to high energies, but due to the KN suppression, the TeV spectrum cannot be reached. And
with a higher magnetic field, also the separation between the peak frequencies becomes lower.
None of the other parameters can in parallel shift down the synchrotron peak to enlarge the
frequency difference between the synchrotron and IC peaks. Therefore I conclude, that no
appropriate model can be found with a single power law electron distribution to represent the
measured SED.
In addition I made the same parameter study with the steeper photon index n = 3 as
normally taken following the canonical cooling break in the broken power law distribution.
With this test I wanted to find out, if a two component model with the SSC model of
the electron distribution with n = 3 representing the high energy end of the SED and an
SSC model with n = 2 as photon index for the electron distribution for the low energy part,
dominant also in the synchrotron emission, could be a reasonable description for the measured
SED. Since the main problem of the previous presented model is due to KN suppression, the
high energies of the TeV γ-ray spectrum cannot be reached. As can be seen in Fig. E.4
the highest measured photons can be expressed in the model by a very high maximum for
the electron distribution. In the view of a two component model this could explain the high
energy part, while the synchrotron emission peak should be suppressed such that it does not
have a high contribution compared to a IC emission part from the second component. To
test this hypothesis, I have used a SSC model with a power law electron distribution with
photon index of 2 to describe the lower energy part of the SED (model 1a) and a power law
electron distribution with photon index of 3 to describe the higher energy part (model 1b) .
Both models and their sum can be seen in Fig. 8.18. The second component need a larger
photon index of 3 to represent the broad and flat shape of the SED at the higher energies.
The main difference between the two models is the magnetic field and the radius (see table
8.1). This could be interpreted as a population of electrons in the jet close to the black
hole in a small emission region representing the high variable optical emission and the X-ray
emission spectrum of the X-ray core region. In this region a higher magnetic field is needed
to collimate the jet at its base. The high energy part of the SED could result from the cooled
electrons (photon index of 3) expanded in a larger emission volume in a region further away
from the black hole where the magnetic field is lower and the jet broader. This would be in
agreement with the measured morphology of the jet in radio and X-rays. It could also be
that the magnetic field is distorted due to the past interaction with the nearby galaxy which
could have caused the bended, helical jet morphology.
Another two component illustration has been tested in which the model for the low energy
SED remains unchanged (model 2a) . The model for the high energy SED (model 2b) is
based on an electron distribution with a broken power law with photon indices n1 = 2 and
n2 = 3 to fit the broad and flat shape in the GeV-TeV range and the X-ray jet spectrum
(see table 8.1 for the set of parameters). The emission in the GeV-TeV range could therefore
be interpreted to originate in the jet which would also explain the larger radius and lower
magnetic field needed.
As further option, I have used the broken power law distribution for the electron distribution with n1 = 2 and following the canonical cooling break, n2 = 3. The resulting parameter
study can be found in Fig. E.5. The changes of each parameter show that only changes on the
electron distribution could result in a very high emission at the frequency of the TeV γ-ray
spectrum, but this result in an overestimation of the frequency of the synchrotron emission
peak. As can be seen from Fig. E.5, no reasonable model with such electron distribution
could be found to describe well the broadband SED.
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model
1a
1b
2a
2b

z
0.049
0.049
0.049
0.049

D
5
5
5
5

B [G]
1
3 × 10−3
1
6 × 10−4

W [erg cm−3 ]
0.3
0.3
0.3
0.3

R [m]
1.2 × 1014
3 × 1014
1.2 × 1014
7.1 × 1014

n1
2
3
2
2

n2
3

Emin [eV]
104
2 × 109
104
1 × 108

Ebreak [eV]
1 × 1010

Emax [eV]
2 × 109
1 × 1012
2 × 109
1 × 1012

Table 8.1: Parameter for the SSC model shown in Fig. 8.18, in which a combination of two
SSC model to describe the SED is illustrated. The model marked with a describe the low
energy part of the SED, while the model b represent the high energy part of the SED.

One has to note here that only the optical, UV and X-ray spectra from the Swift observation (shown as black dots) are simultaneous. But the Swift /BAT and Fermi/LAT spectra
are integrated over several months in which the source does not show significant variation
in these wavelength. Therefore we consider them together with the simultaneous spectra of
Swift UVOT and XRT to restrict the SSC models.
As can be seen from the radio and X-ray observations, the jet is measurable up to a
distance of some tens of kpc (in radio even up to some hundred kpc). Hence, the angle
between the line of sight and the jet, the viewing angle, is larger for AP Lib than for usual
blazars. From the available VlBA observations from the ’extended MOJAVE II’ survey7 , no
clear diferentiation of the radio emission blobs is visible so that a statement on the motion
and the velocities within the jet is not possible. This is also caused by the fact, that different
flux level are shown and different beam sizes used, therefore only with a detailed analysis
of the VLBA data a statement on the morphology and velocity of the jet and its emission
regions can be made. The viewing angle was not a parameter of the SSC model code used
throughout the thesis. In 2012, an updated version of the code by Krawczynski (Krawczynski
et al., 2004) included this option. To illustrate the effect of the viewing angle on the SSC
model, this updated code was used with parameters for the viewing angle from 0◦ to 20◦ and
the resulting models can be seen in Fig. 8.17. For larger values than 20◦ , the NLR and BLR
should be detectable in the spectra, which is not the case for AP Lib, since it has a featureless
optical spectrum as its characteristic for BL Lac objects. As can be seen in Fig. 8.17, the
change in viewing angle influence the total emitted flux, while the shape of the SSC model
remains, e.g. the flux ratio between the peak flux in the synchrotron and IC remain constant.
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Figure 8.17: SSC model based on the new
code by Krawczynski (Krawczynski et al.
(2004)) with different viewing angle from
0◦ to 20◦ . The following parameters have
been used to describe the model based on
a single power law with n1 = 2 for the
electron distribution: z = 0.049, D=5,
B = 4 × 10−8 T, R = 2 × 1017 m, W =
4 × 10−6 erg cm−3 , log(Emin /eV) = 9,
log(Emax /eV) = 11.

http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/1514-241.shtml
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Figure 8.18: Illustration of two SSC models to account for the low and high energy SED,
respectively. left: The model describing the low energy SED (model 1a) with a power law
electron distribution with photon index of 2 is shown in red. For the second model (model
1b), a power law electron distribution with photon index of 3 is taken. This model is shown
as blue line. right: The model (model 2a) which describes the low energy SED is the same
than in the previous image. For the second model (model 2b), a distribution of electrons
with a broken power law with photon indices n1 = 2 and n2 = 3 is taken to describe the
broad shape of the SED in the GeV to TeV energy range as well as the X-ray spectrum of
the jet. The parameters for all models shown here, are mentioned in table 8.1.

8.10

Summary and Conclusion

AP Lib is classified as low frequency BL Lac object and is one of the most active blazars
in the optical range. AP Lib is the first LBL with detected TeV γ-ray emission (Hofmann,
2010) and a clearly visible extended, non-thermal X-ray jet. I detected the X-ray jet in the
Chandra observation of 4. July 2003. The X-ray jet is located in south-east direction of the
source and is comparable with the jet visible in the radio band. The radial profile of the
X-ray jet reveals an extension up to ∼ 15′′ , while no counter jet could be detected. The
X-ray spectrum of the core region can be described by a power law with Γ = 1.58 ± 0.04
taking into account the Galactic absorption of NH = 8.36 × 1020 cm−2 resulting in a flux of
Fcore,2−10keV = (2.9 ± 0.1) × 10−12 erg cm−2 s−1 . The jet spectrum contain much less photons
than the core spectrum and can be described by a power law with photon index of Γ = 1.8±0.1
and has a flux of 10% of the core flux. No clear spectral change is visible between the core
and the jet region, also the radial profiles of the hardness ratios do not show a difference
between these two regions. A longer exposure observation with Chandra or XMM-Newton
would be needed to identify clearly a spectral change between the core and the jet spectrum.
Interestingly both spectra have a hard spectral index indicating the IC dominance in their
spectra.
Swift spectra obtained between 2007 and 2011 can be described by an average photon
index of Γ = 1.6 ± 0.1, comparable to the core spectrum measured by Chandra . This is
expected, since the core component is dominant in the Swift observations, because the jet
cannot be resolved and its flux is much lower than the core component.
The radio jet measured by Cassaro et al. (1999) with VLA emerge along the SE direction
as also detected with Chandra , but it bends towards NE after a dozen of arcseconds. This
behaviour cannot be detected with Chandra in the X-ray range, since the exposure is too
low to gain enough statistics for a detection further distant from the core than the measured
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extension. In addition, due to the used subarray, the observed part of the CCD is cut after
29 arcsec distance from the core position. On the larger scale observation with VLA, diffuse
emission on arcmin scale in the direction of the jet is visible.
We proposed for X-ray observations with XMM-Newton in AO-10, 2010 which was accepted with grade C, to identify the real extension of the X-ray jet and a better spectral
analysis. XMM-Newton is good for faint sources, like the extended jet, but the resolution is
less good than for Chandra , so that the inner part of the jet will be indistinguishable from
the core and measured as point source.
AP Lib was detected with the Fermi satellite and has a GeV γ-ray spectrum that can
be described by a power law with Γ = 2.05 ± 0.04 (Nolan et al., 2012). Its γ-ray flux is
F (100MeV − 100GeV) = (5.7 ± 0.3) × 10−11 erg cm−2 s−1 .
AP Lib was detected in June/July 2010 as TeV γ-ray emitter (Hofmann, 2010) with a
spectrum that can be described by a power law with Γ = 2.5 ± 0.2 (Fortin, 2011).
As known, AP Lib is very active in the optical emission band. During the time range
of the Swift observations from 2007 to 2011, the flux changes by a maximum amplitude of
≈ 0.6 mag with several peaks. The X-ray flux increased between 2007 and 2011 by ≈ 40%
while no spectral change appeared. The fluxes obtained in the UV observation with Swift
/UVOT show an increase of ≈ 0.2 − 0.5 mag. The U band how a slight increase with similar
trend to the UV observations, but a significant drop of ≈ 0.4 mag appear in July 2010, which
was not covered by the other UV observations. The B and V band fluxes remain constant
during this time range. But due to the less dense sampling, a behaviour as measured with
ATOM, can not be excluded with the measured constant flux of the optical bands B and
V of UVOT. In the two years of observation with Fermi/LAT in the GeV γ-ray range, no
significant variation could be detected.
In the previous sections, I present a collection of spectral data from the radio range to the
TeV γ-ray range to characterise the SED of AP Lib. The host galaxy has been considered
and subtracted from the measured fluxes in the optical regime. A very narrow synchrotron
peak and a very broad inverse Compton emission peak are visible in the SED.
A detailed parameter study on a one-zone SSC model has been conducted to find a reasonable description of the measured broadband spectra.
As first model, we used a single power law electron distribution with n = 2. AP Lib is
one of few BL Lac objects in which the width of the inverse Compton emission in the SED is
∆ν 2 and ∆ν for the synchrotron emission peak. With a single power law distribution of the
electrons the inverse Compton peak should have this width in comparison to the synchrotron
emission peak. As could be seen, the main challenge to find an appropriate SSC model is to
reach very high energies, as indicated by the measured TeV γ-ray spectrum, but to keep the
synchrotron peak frequency below 1015 Hz. This could be reached with a higher magnetic
field and maximum energy of the electron distribution, but none of the other parameters can
in parallel shift down the synchrotron peak to enlarge the frequency difference between the
synchrotron and IC peaks. Therefore I conclude, that no appropriate model can be found
with a single power law electron distribution to represent the measured SED.
As another model option, I have used the broken power law distribution for the electron
distribution with n1 = 2 and following the canonical cooling break, n2 = 3. The changes
of each model parameter show that only changes on the parameters describing the electron
distribution could result in a very high emission at the frequency of the TeV γ-ray spectrum,
but this result in an overestimation of the frequency of the synchrotron emission peak.
A two component model has been illustrated by two single SSC models without taking
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into account their interaction. The first model with an electron distribution with power law
with n1 = 2 for the low energy part of the SED and a second model with n1 = 3, larger radius
and lower magnetic field for the high energy part of the SED could be found to describe well
the overall measured SED. This could be interpreted as a population of electrons in the jet
close to the black hole in a small emission region. The high energy part of the SED could
then result from the cooled electrons expanded in a larger emission volume in a region further
away from the black hole where the magnetic field is lower and the jet broader. Another
option in which the second model has an electron distribution with a broken power law with
photon indices n1 = 2 and n2 = 3 to fit the broad and flat shape in the GeV-TeV range and
the X-ray jet spectrum. The emission in the GeV-TeV range could therefore be interpreted
to originate in the jet which would also explain the larger radius and lower magnetic field
needed.
The detected morphology of the jet could be interpreted as a jet pointing towards the
observer as indicated by the blazar characteristics of the source, with a helical structure as
based on the detected bending of the jet. This helical structure of the jet could originate in
the interaction with the close by galaxy, since the optical measured morphology of the galaxies
suggest tidal interaction between these galaxies. With the helical structure compared to a
straight confined jet, a larger surface appear and higher probability for interactions with the
surrounding photon fields.
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Chapter 9

Summary and Conclusions
The project of this thesis was based on the discovery of TeV emission of AGN for which few
multi-wavelength studies on the emission processes of their highly relativistic jets had been
applied. The majority of AGN detected at TeV energies belong to the class of blazars, mainly
high frequency peaked BL Lac objects. The basic aim of this thesis was therefore to study
with new, simultaneous multi-wavelength observations, if the emission processes of these TeV
BL Lac objects can be explained by the SSC model which is well established for the class of
BL Lac objects at lower energies.
A complete and simultaneous coverage of the synchrotron and inverse Compton peak region obtained by observations in the optical, UV, X-ray and GeV, TeV γ-ray regime, respectively, is crucial to determine the particle distribution function and macroscopic parameters
in the jets of active galactic nuclei. Due to the variability, every set of simultaneous observations give only a short inside in the actual state of the source. We proposed therefore
multi-wavelength observations in the optical, UV and X-ray regime for several blazars to be
conducted simultaneous to very high energy observations with the H.E.S.S. experiment.
At the beginning of this project, only for three blazars MWL observation (optical, UV
and X-ray) simultaneous to the H.E.S.S. observations have been conducted (see chapter 2).
The main aim of our proposed MWL campaigns was to study the SED of blazars with special
characteristics and to approach a complete sample of simultaneous broadband observations
of TeV blazars.
To shed light on the conditions in the high energetic jets of this TeV BL Lac objects,
I have studied in great detail the spectral energy distribution of different class of BL Lac
objects (HBL and LBL) as well as BL Lac objects with exceptional TeV spectra (soft and
hard spectra).
The conducted MWL observations as well as previous MWL observations of these sources
have been analysed and detailed variability and spectral analysis have been conducted in
each waveband range. To obtain the intrinsic emission spectra in the different energy bands
of the high energy jet of the TeV blazar, it was important to consider precisely the following
absorptions: dust extinction for the optical, UV range, NH absorption for the X-ray range
and pair creation (EBL) absorption in the very high energy range. Also the influence of
the host galaxy of the AGN has to be considered for the optical and UV fluxes to obtain
the jet spectrum. I have taken into account these corrections to obtain the intrinsic SED of
the blazar. The commonly used theoretical jet model, the synchrotron Self-Compton model,
was then applied to the SED to study if this model can appropriate describe the emission
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Figure 9.1: Spectral energy distribution of PKS 2005-489 (upper left), 1ES 0229+200 (upper
right), RGB J0152+017 (lower left) and AP Lib (lower right) with the best SSC model as
described in the previous chapters. For AP Lib no appropriate SSC model could represent
the measured spectra. The shown MWL spectra are not all taken simultaneous, see previous
chapters for details.
processes in these blazar. The characteristic macro- and microscopic parameters describing
the emission of the high energetic jet could be determined by this application of the model
to the intrinsic SED.
In the following items, a short summary of the discussed TeV blazar, their special characteristics and the most important results of the previous chapters are given.
• PKS 2005-489:
We proposed a multi-frequency campaign on the bright TeV blazar PKS 2005-489, which
shows the softest TeV spectrum ever measured with Γ = 4 (Aharonian et al., 2005a).
It is detectable simultaneously in GeV and TeV, covering the IC spectrum which allow
detailed analysis of the IC emission process. The MWL campaign with observations
in the VHE γ-ray, HE γ-ray, X-ray, UV and optical band has been conducted between
May 22 and July 2, 2009. PKS 2005-489 was observed in a very bright X-ray state,
comparable to the historical maximum. These multi-wavelength observations cover well
the two emission peaks in the spectral energy distribution. A one zone SSC model was
used to fit the broadband spectra. The characteristic broken power law shape of the Xray spectrum yields a clear break of the synchrotron emission, restricting the parameter
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range of the SSC model. In comparison with previous observations in the X-ray and
TeV γ-ray range of 2004 (H.E.S.S. Collaboration, 2010), the X-ray flux has changed by
a factor of ∼ 50 while the VHE γ-ray flux shows smaller variations by a factor of ∼ 2.
This large change in synchrotron emission with very small changes in inverse Compton
emission is unusual for high-frequency peaked BL Lac objects.
• 1ES 0229+200:
This source was detected as TeV blazar in 2006 with emission up to 10 TeV. 1ES
0229+200 is beside 1ES 1426+428 (Aharonian et al. (2003)) the only source with z >
0.1 that was measured up to this high energy which show a very hard intrinsic VHE
spectrum, therefore it is well suited for EBL studies. A multi-wavelength monitoring of
the source was initiated with coverage in the optical, UV, X-ray and TeV γ-ray range.
An intense study on all available X-ray observation have been conducted. The high
quality XMM-Newton spectrum has inferred an absorption higher than the nominal
Galactic column density, which could be intrinsic to the source or caused by Galactic
excess absorption. Together with the simultaneous UV and optical observations, the
XMM-Newton spectra yield a very good coverage of the synchrotron emission. The
host-galaxy, extinction-corrected optical and UV fluxes provide strong evidence that
the cut-off of the low energy part of the synchrotron emission is located between the
optical and X-ray regime. Therefore, the minimum energy of the electron distribution
has to be rather high to account for this cut-off. A narrow electron distribution, as
indicated by the high minimum energy, results in a hard intrinsic VHE γ-ray spectrum
as deduced for 1ES 0229+200. The hard X-ray spectrum up to 15 keV together with
the long-term spectrum by Swift/BAT illustrates that the synchrotron peak is extended
up to ∼ 100 keV without any significant cut-off in the X-ray spectrum. 1ES 0229+200
is defined as a high-frequency peaked BL Lac object, and the measured synchrotron
emission peaks at higher frequencies (> 100 keV) than usual for HBL and belongs
therefore to the class of extreme blazars.
• RGB J0152+017:
In 2007 TeV emission of RGB J0152+017 was detected with the H.E.S.S. experiment.
Direct ToO observations in the X-ray and UV band has been obtained to measure
for the first time the SED from optical to TeV energies with simultaneous observations. I have conducted spectral and variability studies on these and following multiwavelength observations. The observation in the X-ray, UV and optical domain show
non-monotonically variation on time scales of ∼ 10 days and in the R-band also IntraDay-Variability (IDV) was measured, which yield the conclusion that the emission region
is very compact. The variability in X-ray, UV and optical and the constant flux in TeV
show that the synchrotron emission varies in flux while the shape of the IC emission
stays constant. The quantification using the log-parabolic model results in a clear shift
of the peak energy of the synchrotron emission spectrum to lower energies with time
while the peak fluxes are compatible. Therefore within one month the peak energy decreased from ≈ 40 eV to ≈ 2 eV and the synchrotron spectrum gets UV dominated. In
comparison with other TeV blazars, for which simultaneous UV and X-ray data exist,
RGB J0152+017 has one of the lowest peak energy (≈ 2 − 40 eV) of the synchrotron
spectrum.
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• AP Librae:
AP Librae (AP Lib) is classified as low frequency peaked BL Lac object and is one of
the most active blazars in the optical range. In 2010, TeV emission of AP Librae was
detected with the H.E.S.S. experiment. My instantaneous study of MWL data result in
the detection of an X-ray jet. Therefore AP Lib is the first low frequency peaked blazar
with detected TeV γ-ray emission and a clearly visible extended non-thermal X-ray jet,
which I detected in the Chandra observation of July 4, 2003. No clear spectral change
is visible between the core and the jet region, also the radial profiles of the hardness
ratios do not show a difference between these two regions due to the low statistics in
the jet region. A collection of spectral data from the radio range to the TeV γ-ray
range have been shown to characterise the SED of AP Lib. The host galaxy has been
considered and subtracted from the measured fluxes in the optical regime. A very
narrow synchrotron peak and a very broad inverse Compton emission peak are visible
in the SED. A detailed parameter study on a one-zone SSC model has been conducted,
but no reasonable description of the measured broadband spectra could be found. As
first model, we used a single power law electron distribution with a photon index of
n = 2. AP Lib is one of few BL Lac objects in which the width of the inverse Compton
emission in the SED is ∆ν 2 and ∆ν for the synchrotron emission peak. The main
challenge to find an appropriate SSC model is, to reach very high energies, as indicated
by the measured TeV γ-ray spectrum, but to keep the synchrotron peak frequency
below 1015 Hz. Since none of the set of parameter could account for, I conclude, that
no appropriate model can be found with a single power law electron distribution to
represent the measured SED. As another model option, I have used a broken power
law distribution for the electron distribution with n1 = 2 and following the canonical
cooling break, n2 = 3. The changes of each model parameter show that only changes on
the parameters describing the electron distribution could result in a very high emission
at the frequency of the TeV γ-ray spectrum, but this result in an overestimation of the
frequency of the synchrotron emission peak. Therefore no appropriate one zone SSC
model can be found to represent the measured spectra. A two component model has
been illustrated by two single SSC models without taking into account their interaction.
The first model with an electron distribution with power law with n1 = 2 for the low
energy part of the SED and a second model with n1 = 3, larger radius and lower
magnetic field for the high energy part of the SED could be found to describe well the
overall measured SED. This could be interpreted as a population of electrons in the jet
close to the black hole in a small emission region. The high energy part of the SED
could then result from the cooled electrons expanded in a larger emission volume in a
region further away from the black hole where the magnetic field is lower and the jet
broader. Another option in which the second model has an electron distribution with a
broken power law with photon indices n1 = 2 and n2 = 3 to fit the broad and flat shape
in the GeV-TeV range and the X-ray jet spectrum. The emission in the GeV-TeV range
could therefore be interpreted to originate in the jet which would also explain the larger
radius and lower magnetic field needed.
As general conclusion in this project, we found out that the SSC model is a reasonable
description for the SED of HBL detected at TeV energies. For the LBL AP Lib instead, a
multi-component model or external Compton (EC) model is needed to represent the intrinsic
broadband spectra. This is likely connected to the lower energy of the electrons which request
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Figure 9.2: Spectral energy distribution of 1ES 0347-121 (upper left) Aharonian et al. (2007b),
1ES1101-232 (upper right) (Aharonian et al., 2007d), PKS 2155-304 (lower left) taken from
Aharonian et al. (2009b) and H2356-309 (lower right) (Aharonian et al., 2006a). In the TeV
band, the measured spectra are shown. The black line represent the SSC model (as shown in
Kaufmann et al. (2010)) obtained with the code by Krawczynski et al. (2004) using similar
parameter than in the references mentioned above. The blue line represent the sensitivity
curve of Fermi for one year of observation.
EC or multi-component model to describe the detected VHE γ-ray emission.
As can be seen in Fig. 9.1, the SEDs of the discussed sources have different shapes with
flux and spectral changes over different time scales, e.g over months as for RGB J0152+017
and over years as for PKS 2005-489 shown in this figure. I have studied the SED for the
different extrema of the TeV spectra and found significant differences in their synchrotron
spectra. The peak of the synchrotron emission of 1ES 0229+200 is at high X-ray energies
(∼ 100 keV) and the emission has a clear cut-off in the optical regime. For PKS 2005+489,
the synchrotron emission peak appears more flat ranging from the optical to X-ray energies
with a clear restriction at some keV. Also the IC emission peaks differ significantly as assumed
already by the different TeV spectra. The synchrotron and IC emission peak frequencies differ
for PKS 2005-489 and 1ES 0229+200 by around ∼ 103 Hz. It is crucial to have well coverage
of the SED peaks as for PKS 2005-489 and 1ES 0229+200 to study the physical model in
detail. Their spectra give strong constraints on the model and the peaks are well covered. For
RGB J0152+017 instead the determination of the peaks of the distribution is more uncertain.
1ES 0229+200 and AP Lib have both extended ratio jets up to 30′′ and 55′′ , respectively.
Therefore rather low beaming factors are expected, but 1ES 0229+200 has a very high energy
synchrotron peak and a high beaming factor is needed to account for the measured SED. With
the hard intrinsic TeV spectrum a very high peak frequency result for the IC emission peak.
This can only be achieved reasonably by a high beaming factor. This could be interpreted
such that the location of the accelerated electrons must be located very close to the BH to
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Figure 9.3: left: Illustration of the best fit SSC model for 1ES 0229+200 (black), PKS 2005489 (red) and RGB J0152+017 (blue) shown in luminosity scale for better comparison of the
different sources. right: The SSC model describing 1ES 0347-121 (black), 1ES 1101-232 (red)
and H2356-309 (blue) in luminosity scale.
achieve the highest beaming factor. The higher energy emission (above radio energies) from
further out in the extended jet of 1ES 0229+200 should then be suppressed, since no extension
could be detected in the X-ray or VHE γ-ray range.
The determined peak frequencies show comparable distance in frequency between the
synchrotron and the IC peak and the ratio of the peak flux in IC to synchrotron ranges from
0.1 to 0.56 with the SED being synchrotron dominated, but off 1ES 0229+200 which is IC
dominated with a ratio of 1.1.
It is difficult to compare the different SEDs, since some TeV blazars are detected in flaring
states and as one could see for PKS 2005-489 it is often not easy to explain which changes
in the jet could account for huge flux and spectral changes in the synchrotron and few in the
IC emission.
To compare the characteristics of the presented blazars to the more comprehensive sample
of all blazars observed with H.E.S.S. using simultaneous X-ray and TeV γ-ray observations as
of 2009 (Kaufmann et al., 2010), in Fig. 9.2 the SEDs of this sample are shown. A collection
of simultaneous data in the X-ray and TeV band are shown in this figure with appropriate
SSC models using the parameter described in the original publication of each source.
One conclusion on the study of all HBL is, that the SSC model is a good description of
their simultaneous determined SEDs. Instead from the comparison of physical parameters to
describe the emission processes, it is difficult to find strong conclusion since as can be seen
in table 9.1, they are strongly different. Since ∼ 10 model parameter are used for the SSC
model, the best would be to keep as many parameter fixed for all sources for comparison.
But since the blazars show very different shapes of the SEDs, no good basic set of parameter
could be found which could account for all SEDs. Also the search for a kind of average model
which could be applied to all TeV HBL with small changes of some parameters to account
for the different characteristics, was not successful. As example, 1ES 0229+200 need rather
extreme high energy electron distribution and high beaming factor to represent the measured
cut-off of the synchrotron emission at optical energies and the hard intrinsic TeV spectrum.
For the parameter studies I tried to use low Doppler factors, since it is known from studies
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source
1ES 0229+200
PKS 2005-489
RGB J0152+017
1ES 0347-121
1ES 1101-232
H 2356-309

z
0.14
0.071
0.08
0.188
0.139
0.165

D
40
15
18
25
25
18

B [G]
3.2 × 10−5
0.02
0.38
0.035
0.1
0.16

R [m]
1 × 1016
4 × 1015
1.98 × 1013
3.2 × 1015
1.2 × 1014
3.4 × 1013

W [erg cm−3 ]
4 × 10−5
3.3 × 10−5
6 × 10−2
2.3 × 10−3
2.4 × 10−3
5.4 × 10−2

n1
2.6
2
2.2
2.35
1.7
2

n2
3.6
3
3.2
3.35
3.6
4

Emin [eV]
2 × 1011
7.9 × 108
3.2 × 109
5 × 105
5 × 105
5 × 105

Ebreak [eV]
3.2 × 1013
2 × 1010
6.3 × 109
4 × 1010
9 × 1010
1 × 1011

Emax [eV]
1 × 1014
1 × 1012
2.5 × 1012
1.6 × 1012
5 × 1011
1.6 × 1012

Table 9.1: Collection of parameters for the SSC model used for the BL Lac objects presented
before.
source
1ES 0229+200
PKS 2005-489
RGB J0152+017
1ES 0347-121
1ES 1101-232
H 2356-309

νFν,Sy [erg cm−2 s−1 ]
9.7e-12
8.8e-11
8.2e-12
1.5e-11
2.3e-11
5.8e-12

νFν,Sy /νFν,IC
0.9
6.1
1.1
3.3
13.7
1.8

νSy [Hz]
3.5e19
1.3e16
6.0e15
3.5e19
4.0e17
6.8e17

νIC [Hz]
1.5e27
1.1e25
2.6e24
1.5e27
6.1e25
5.5e25

Table 9.2: Synchrotron and Inverse Compton peak fluxes in νFν and the peak frequencies for
the above shown SSC models.
of the blazar jets at radio energies that they should be rather low.
To compare the SSC models of the different HBL, I calculated their luminosities and show
them in Fig. 9.3. Since the redshift of the sources are z < 1, the Hubble law z = (H0 /c) ∗ dL
could be applied to calculate the luminosity distance dL using H0 = 70km/(s Mpc). The
luminosities have been then obtained by L = 4π · d2L · F where F represent the fluxes. As
can be seen in the illustration of Fig. 9.3, the SSC models of this sample of HBL show very
different shapes. No trend of peak luminosities with peak frequencies can be identified, as it
was studied as blazar sequence (e.g. Fossati et al. (1998)) for the SED of blazars up to GeV
energies detected with EGRET.
One should also note here that the sample of TeV blazar has a selection effect, since only
the brightest blazar in the TeV energy range can be detected. Knowing about the variability
history of blazars, it could be that most of these discoveries were performed during high states
of the sources. But this is difficult to identify, since for most sources few is known about the
low state fluxes in the very high energy range.
Nowadays is a golden age for high energy AGN studies with the available instruments
Fermi and AGILE in the GeV energy range and H.E.S.S. for very high energies and the future
instrument CTA (Cherenkov Telescope Array). These instruments give the opportunity for
detailed, complete studies on the MWL broadband SEDs of blazar. The future experiment
CTA will give further insight in the blazar physics since the sample of blazar detected at TeV
energies will increase. Also the faint blazar can be studied as well as the low state of most
known TeV blazars as it could be performed only on PKS 2155-304 and Mrk 421 so far. This
will shed light on the physical difference between the low and the flaring states and the high
energy jet physics in general.
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Appendix A

Parameterstudy SSC model
The resulting SSC models of the complex, general parameter study, described in section 4.6,
are shown in the figure 4.8. As simple quantitative description of the changes in the model,
we use the ratio of the peak frequencies and peak fluxes for the synchrotron and inverse
Compton spectral emission peaks in the νFν presentation (see table 4.1). In this appendix,
the illustration of the changes of the peak flux, frequency and their ratios with changes of the
parameters are shown in the following figures.
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Figure A.1: Illustration of the changes of the peak flux and frequency of the synchrotron and inverse Compton peak and their ratios
based on table 4.1. From left to right are the changes of the parameters redshift (z), Doppler factor (D), magnetic field (B) and radius
(R).
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Figure A.2: Illustration of the changes of the peak flux and frequency of the synchrotron and inverse Compton peak and their ratios
based on table 4.1. From left to right are the changes of the parameters energy density (W), minimum (Emin ), maximum (Emax ) and
break energy (Eb ) of the electron distribution.
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Appendix B

Additional studies on PKS 2005-489
B.1

Details on MWL observations and X-ray spectra

In the following, some details of the studies on PKS 2005-489 are specified. The dates and
times for the coordinated multi-wavelength observations of the campaign in 2009 are summarized in table B.3. The detailed results of the spectral analysis of the X-ray observations
in 2009 made with Swift and RXTE are shown in table B.1. The spectral fit results of the
observations with Swift from 2005 to 2007 are mentioned in table B.2.
date
2454973.5
2454975.5
2454977.5
2454978.5
2454979.5
2454980.5
2454981.5
2454983.5
2454984.5
2454985.5
2455012.6
2455013.3
2455014.4
2455015.3

Γ
2.46 ± 0.06
2.46 ± 0.05
2.45 ± 0.04
2.49 ± 0.04
2.47 ± 0.04
2.46 ± 0.04
2.47 ± 0.04
2.48 ± 0.04
2.42 ± 0.04
2.41 ± 0.04
2.42 ± 0.1
2.47 ± 0.06
2.40 ± 0.08
2.44 ± 0.07

χ2 /dof
24.9/26
17.3/26
19.9/26
17.9/26
23.2/26
19.3/26
20.1/26
23.6/26
20.4/26
14.7/26
22.6/26
12.7/26
13.6/26
11.3/26

F2−10keV / erg cm−2 s−1
(1.14 ± 0.01) × 10−10
(1.27 ± 0.01) × 10−10
(1.26 ± 0.01) × 10−10
(1.25 ± 0.01) × 10−10
(1.24 ± 0.01) × 10−10
(1.24 ± 0.01) × 10−10
(1.24 ± 0.01) × 10−10
(1.25 ± 0.01) × 10−10
(1.23 ± 0.01) × 10−10
(1.22 ± 0.01) × 10−10
(1.14 ± 0.03) × 10−10
(1.19 ± 0.02) × 10−10
(1.14 ± 0.02) × 10−10
(1.14 ± 0.02) × 10−10

Table B.1: Spectral fit results of the RXTE spectra of PKS 2005-489 taken from May 22 to
July 2, 2009. A power law taking into account the Galactic absorption has been used to fit
the spectra. χ2 /dof describes the goodness of each fit. The flux is given for the best fit model
to the simultaneous observations by RXTE and Swift on June 1, 2009. This broken power
law model has photon indices of Γ1 = 2, Γ2 = 2.5 and a break at Energy Eb = 3.8 keV.
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Date
2005-03-31
2005-04-05
2005-04-06
2007-09-27
2007-10-07
2007-10-08

photon index
2.75 ± 0.06
2.98 ± 0.06
3.00 ± 0.03
2.7 ± 0.2
2.8 ± 0.1
2.8 ± 0.1

χ2 /dof
80/74
82/67
190/175
9/10
16/17
16/26

F2−10 keV /erg cm−2 s−1
(2.6 ± 0.2) × 10−11
(6.8 ± 0.4) × 10−12
(5.3 ± 0.2) × 10−12
(3.9 ± 0.8) × 10−12
(2.3 ± 0.3) × 10−12
(2.3 ± 0.2) × 10−11

Table B.2: Result from the spectral analysis of the Swift observations taken in 2005 and 2007
using a single power law taking into account the Galactic absorption of NH = 3.94×1020 cm−2
(LAB Survey, Kalberla et al. 2005).

Date
22. May 2009
23. May 2009
24. May 2009
25. May 2009
26. May 2009
27. May 2009
28. May 2009
29. May 2009
30. May 2009
31. May 2009
1. June 2009
2. June 2009
3. June 2009
4. June 2009
5. June 2009
10-18. June 2009
21. June 2009
22. June 2009
24. June 2009
25. June 2009
26. June 2009
27. June 2009
28. June 2009
29. June 2009
30. June 2009
1. July 2009
2. July 2009
3. July 2009

RXTE / UTC
2:52 - 4:05

Swift / UTC

H.E.S.S. / UTC
2:01 - 2:29

ATOM / UTC
2:10
3:08

0:19 - 1:36
2:51
2:23
1:47
1:23
2:26

-

4:06
3:36
3:00
2:46
3:30

1:41 - 2:46
1:19 - 2:12
2:26 - 3:14

2:42 - 3:11, 3:13 - 3:41
1:38 - 2:06, 2:09 - 2:37
2:35 - 3:03, 3:05 - 3:33
1:03 - 2:45

20:56 - 22:48

1:40 - 2:03,
21:28
19:21
18:52

18:40 - 19:19
- 22:00
- 19:59
- 19:32

1:48 - 2:16, 2:23 - 2:42
1:16 - 1:44, 1:46 - 2:14
2:25 - 2:53, 2:56 - 3:24

1:49 - 2:17
1:48 - 2:17, 2:19 - 2:47
1:08 - 1:36, 1:39 - 2:07
1:10 - 1:38, 1:40 - 2:08
1:11 - 1:39, 1:41 0:58 - 1:26, 1:28 0:46 - 1:14
1:10 - 1:38, 1:40 0:58 - 1:26, 1:28 1:32 - 2:01

2:10
1:56
2:09
1:57

2:39
3:27
3:02
2:25
2:05
2:57
2:14
2:12
1:50
2:34, 22:32
3:28
1:26
every day
2:24
2:25
2:19, 20:59
2:10, 21:48
2:29,4:30,21:22
2:19, 20:31
2:06, 20:42
2:10
2:10, 20:51
1:59,20:19
1:46
1:43

Table B.3: Multi-wavelength observations on PKS 2005-489 during our proposed and organized campaign. For H.E.S.S. only the time for the good qualtiy data sets are shown, but
more observations have been conducted. For ATOM, the R-band observations (exposure 300s)
starting times are given.
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UVW2 mag

12.8

179

a)

13
13.2
13.4
13.6
12.8

UVW2 mag
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Figure B.1: Detailed tests
on the second observation
in the UVM2 filter on PKS
2005-489 and on the second
brightest source in the field
of view. For detailed explanation, see the text.
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Details on the second UVW2 pointing

In the second Swift/UVOT observation in the UVW2 band, the two distinct pointings change
by 0.2 mag, therefore in the nightly binned light curve a large uncertainty representing the
deviation is visible. To test if this change is real variation in the source or if it is due to an
effect by the detector, we performed the following tests (see also Fig. B.2):
(a) - performed the standard analysis with a source and background region of radius 5′′ and
40′′ , respectively
(b) - performed a standard analysis without using a source and background region, but giving
the coordinates of the source. The tool compute then the sigma-limiting magnitude in which
a significance level of 3σ was used to compute the background limit. Different magnitudes
than in case (a) resulted, but the decreasing trend remained.
(c) - performed standard analysis using a different background region, which result in the
same flux values than for test (a).
(d) - performed a test to find out, if this is an effect by the instrument: with the standard
analysis, the magnitude of another source, which is the second brightest, has been obtained.
This source show constant flux for both pointings.
Therefore the measured change seems to result from the source, but it is in contradiciton
with the measurement of the adjacent UVW1 and U band. In addition, this determined
amplitude of variation of around 0.2 mag was not found in the ATOM optical measurements
over the full time of the MWL campaign.
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D
15

B [G]
0.02

R [m]
4 × 1015

W [erg cm−3 ]
3.3 × 10−5

n1
2

n2
3

Emin [eV]
7.9 × 108

Ebreak [eV]
2 × 1010

Emax [eV]
1 × 1012

Table B.4: Parameter for the SSC model which describes best the SED of PKS 2005-489 and
which is shown as black line in Fig. 5.18.

B.3

SSC model parameter study

I performed a systematic study to find the most appropriate set of parameter for the SSC
model which reproduces the spectral energy distribution of PKS 2005-489. A set of parameter
describing already rather good the measured spectra have been used as base for this study
(see table B.4). To illustrate the effect of change due to each single parameter, each of the 10
parameters have been changed by a large amount while the other parameters remained fixed
(see Fig. B.2). To illustrate the changes of the model in the TeV domain, a zoom in the high
energy part of the SED is shown in Fig. B.3. This study was helpful to find a good set of
parameters to reproduce the spectral shape of the SED of PKS 2005-489.
In addition also the change of shape for the synchrotron and inverse Compton emission is
tested for different spectral indices for the underlying electron distribution, as can be seen in
Fig. B.4.
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Figure B.2: Systematic study on the SSC model. Each of the parameters have been changed to higher and lower values to represent
the effects on the SSC model shape. The red line represents a model chosen as base for this study. Its parameter set is described in
table B.4. The green line represent the change to higher and the blue line the change to lower values. a) change of Doppler factor
from 7.5 to 30 b) change of magnetic field from 0.002 to 0.2 G c) change of radius from 0.8 × 1015 to 45 × 1015 m d) change of electron
energy density from 0.3 × 10−5 to 33 × 10−5 erg cm−3 e) change of Emin from 1.6 × 108 to 4 × 109 eV f) change of Ebreak from 4 × 109
to 1 × 1011 eV g) change of Emax from 2 × 1011 to 5 × 1012 eV
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Figure B.3: Zoom in the TeV range to illustrate the effect for the intrinsic and EBL absorbed spectra and the fit to the shown TeV
γ-ray spectrum. The parameter changes are the same than in Fig B.2 with the same order of plots. The solid line represents the SSC
model and the dashed line the absorption effect by the EBL as calculated by Franceschini et al. (2008).
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Figure B.4: Illustration of the effect on the SSC model due to the change of the photon indices for the electron distribution. The
remaining parameters are fixed to the values given in table B.4. a) n1 = 2, n2 = 3 b) n1 = 2, n2 = 3.5 c) n1 = 2, n2 = 4 d)
n1 = 2, n2 = 4.5 e) n1 = 2.5, n2 = 3 f) n1 = 1.5, n2 = 3 g) n1 = 2, n2 = 4.8 and change of Emax = 1 × 1012 → 2.5 × 1012 eV,
Ebreak = 2 × 1010 → 3.2 × 1010 eV
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Appendix C

Additional studies on
1ES 0229+200
C.1

Details on X-ray observations

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

counts / second

counts / second

In the following, some details of the studies on 1ES 0229+200 are specified.
The light curves shown in Fig. C.1 and C.2 are obtained with the MOS1 detector on the
source and a background region with a binning of 100s. In Fig. C.3, the light curves for the
MOS2 detector in timing mode are shown in a binning of 10, 100 and 500s.
In the spectral X-ray analysis of the XMM-Newton data, the tool epatplot has been used
to study if the spectra are influenced by pileup as described in section 1.3.3. The output of
this tool is shown in Fig. C.4.
In table C.1, the fit results of the Swift spectra taken from October to November 2009 are
shown.
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Figure C.1: left: MOS1 light curve of 1ES 0229+200 in a binning of 100s of the observation
on August 21, 2009. The last bin is truncated therefore a count rate close to zero appeared.
right: MOS1 light curve of the background region in the same binning. t0 = 367202924.4868 s
is the starting time of the MOS1 observation on August 21, 2009.

C.2

X-ray sources in the XMM-Newton field of view

The table C.2 summarizes the sources detected on the MOS and PN detector in the XMMNewton pointing of 1ES 0229+200 which are marked in Fig. 6.2. The names have been given
based on the J2000 Coordinates following the name convention of XMM-Newton. The given
fluxes are measured in the energy range 0.3 − 12 keV.
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Figure C.2: left: MOS1 light curve of 1ES 0229+200 in a binning of 100s of the observation
on August 23, 2009. The last bin is truncated therefore a count rate close to zero appeared.
right: MOS1 light curve of the background region in the same binning. t0 = 367375202.286 s
is the starting time of the MOS1 observation on August 23, 2009.
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Figure C.3: upper left: Light curve (background subtracted) of the MOS2 timing mode
observation of August 21, 2009 with a binning of 17.5 second. lower left: Zoom in the
light curve (background subtracted) of the MOS 2 timing mode with a binning of 17.5 seconds. upper right: Light curve (background subtracted) of MOS2 in binning of 100 seconds. lower right: Light curve (background subtracted) of MOS2 in binning of 500 seconds.
t0 = 367202890.1085 s is the starting time of this MOS2 timing mode observation.

1
2
3

NH
/1020 cm−2
13 ± 5
9±2
13 ± 2

Γ

χ2 /dof

2.0 ± 0.2
1.60 ± 0.09
1.80 ± 0.07

60/34
129/115
229/152

F2−10keV
/ erg cm−2 s−1
(9.6 ± 0.9) × 10−12
(1.33 ± 0.06) × 10−11
(1.60 ± 0.06) × 10−11

F2−10keV,unabs
/ erg cm−2 s−1
9.7 × 10−12
1.34 × 10−11
1.61 × 10−11

Table C.1: Spectral fit results of the Swift spectra of 1ES 0229+200 taken from October to
November 2009 for which consecutive pointings were binned in three ten-days intervals. A
power law taking into account free absorption has been taken into account. χ2 /dof describes
the goodness of each fit.
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Figure C.4: Output from the
tool epatplot. The upper plot
show the spectra using single (s,
red), double (d, blue), triple (t,
green) und quadrupel (q, light
blue) pixel pattern. In the lower
plot, the fraction of each spectrum of the different patter to
the total amount of events is
shown as well as a model describing the expected fraction for
each pattern. Especially the single and double pattern fraction
are influenced in case of pileup
and the results of a spectral analysis would be affected. In our
case, no deviation is found from
the expected shape and therefore
no pileup affected the spectra.
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Name
1ES 0229+200
XMMU 023228.6+202349
XMMU 023227.3+200711
XMMU 023147.2+201348
XMMU 023318.0+201237
XMMU 023212.7+200318
XMMU 023315.5+201323
XMMU 023229.9+200639
XMMU 023314.7+200626
XMMU 023248.2+202858
XMMU 023315.2+202553
XMMU 023230.4+201704
XMMU 023233.2+200539
XMMU 023219.6+201201
XMMU 023323.5+202140
XMMU 023321.4+202330
XMMU 023314.7+200852
XMMU 023254.6+202352
XMMU 023307.2+201040
XMMU 023328.0+202342
XMMU 023310.8+201929
XMMU 023211.7+201721

Coordinates (J2000)
02:32:48.592,+20:17:16.15
02:32:28.690,+20:23:49.10
02:32:27.371,+20:07:11.61
02:31:47.287,+20:13:48.93
02:33:18.050,+20:12:37.19
02:32:12.738,+20:03:18.55
02:33:15.554,+20:13:23.39
02:32:29.933,+20:06:39.66
02:33:14.715,+20:06:26.90
02:32:48.277,+20:28:58.01
02:33:15.208,+20:25:53.65
02:32:30.426,+20:17:04.60
02:32:33.215,+20:05:39.75
02:32:19.684,+20:12:01.90
02:33:23.568,+20:21:40.04
02:33:21.475,+20:23:30.11
02:33:14.791,+20:08:52.69
02:32:54.603,+20:23:52.74
02:33:07.248,+20:10:40.15
02:33:28.066,+20:23:42.91
02:33:10.871,+20:19:29.55
02:32:11.773,+20:17:21.75

F0.3-12 keV (erg cm−2 s−1 )
3.71 ± 0.04 × 10−11
1.96 ± 0.20 × 10−12
1.16 ± 0.21 × 10−12
8.08 ± 2.33 × 10−13
4.84 ± 2.82 × 10−13
4.19 ± 2.01 × 10−13
3.83 ± 2.02 × 10−13
2.55 ± 1.34 × 10−13
2.37 ± 1.52 × 10−13
2.29 ± 1.13 × 10−13
2.12 ± 0.90 × 10−13
2.10 ± 0.54 × 10−13
1.71 ± 1.12 × 10−13
1.64 ± 0.87 × 10−13
1.63 ± 0.75 × 10−13
1.17 ± 0.61 × 10−13
0.33 ± 1.11 × 10−13
9.12 ± 4.85 × 10−14
8.31 ± 4.00 × 10−14
7.51 ± 6.09 × 10−14
4.70 ± 3.32 × 10−14
1.32 ± 2.72 × 10−14

Possible counterpart (radio, IR, optical)
NVSS 023248+201716, GSC2.2 N3312301936
GSC2.2 N33123012274
NVSS 023227+200711, GSC2.2 N331230310473
GSC2.3 NC6R014254
–
–
NVSS 023314+201330, IRAS 02304+2000
GSC2.2 N331230310392
–
–
GSC2.3 NC6P013245
–
GSC2.3 NC6R010173
NVSS 023219+201204
GSC2.3 NC6P013116
GSC2.3 NC6P002203
GSC2.3 NC6R010904
–
GSC2.3 NC6R011298
IRAS 02306+2010
GSC2.3 NC6P001373
GSC2.2 N3312301924

Table C.2: X-ray sources detected in the XMM-Newton observation on 1ES 0229+200. Their possible counterparts in the radio, IR,
and optical regimes were searched in the Guide Star Catalogue (GSC) (Lasker et al., 2008), the IRAS faint source catalogue (Moshir,
1990), and the NRAO VLA Sky Survey (NVSS) (Condon et al., 1998).
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Nr
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
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Extinction correction in the optical and UV bands

In table C.3, the extinction for each filter of the OM is mentioned and the ratio of the observed
to the initial emitted flux was calculated.
filter
UVM2
UVW2
UVW1
U
B
V
R

Aλ /(E(B − V ))
9.7
8.3
6.7
5.2
4.12
3.2
2.65

Foriginal /Fobs
3.34
2.81
2.3
1.9
1.67
1.49
1.39

Fobs /Foriginal
∼ 30%
∼ 36%
∼ 43%
∼ 52%
∼ 60%
∼ 67%
∼ 72%

Table C.3: Extinction correction of the observed fluxes using E(B − V ) = 0.135 mag from
Schlegel et al. (1998) (A = −2.5 log(Fobs /Foriginal )). The Aλ /(E(B − V )) values are based on
Seaton (1979) for the UV and Zombeck (1990) for the optical filters.

C.4

SSC model parameter study

I performed a systematic study to find the most appropriate set of parameter for the SSC
model which reproduces the spectral energy distribution of 1ES 0229+200. A set of parameter
describing already rather good the measured spectra have been used as base for this study.
In figure C.5, the SSC model based on a single power law distribution of electrons as well
as on a broken power law are shown. The changes of the model with different energies for the
electron distribution are illustrated. In figure C.6, the change in flux of the IC peak is shown
when the SSC model is adjusted to account for the high state measured with Swift with the
change of differnt paramters.
During the parameter study, I determined a model which describes equally well the synchrotron emission peak but which improved the IC emission peak to fit better to the intrinsic
TeV spectrum (see table C.4 for parameters of previous model1 and improved model2). Fig.
C.7 show the comparison of these two models and illustrate the changes by each parameter
to achieve the improved model. In Fig. C.8 some additional changes of the parameters are
shown, e.g. the change of the Doppler factor to very high values, to visualize their effect on
the shape of the model.

model
m1
m2

z
0.14
0.14

D
40
40

B [G]
2 × 10−4
3.2 × 10−5

R [m]
1.8 × 1015
1 × 1016

W [erg cm−3 ]
4.2 × 10−4
4 × 10−5

n1
2.6
2.6

n2
3.6
3.6

Emin [eV]
8 × 1010
2 × 1011

Ebreak [eV]
2 × 1013
3.2 × 1013

Emax [eV]
3.2 × 1013
1 × 1014

Table C.4: Parameter for the SSC model which was found first (model1) as best description
of the SED of 1ES 0229+200 and the improved model 2.
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Figure C.5: Tests on the SSC model to illustrate how the IC emission peak changes when
the electron distribution changed. The solid black line represents the model 1 as described
in C.4. a) single power law for the electron distribution with photon index of n = −2.6 (red
solid line); The following model shown in red represent a model based on a broken power law
distribution of electrons with n1 = 2.6 and n2 = 3.6 and the following changes in parameters:
b) Emax change from 1013.5 to 1015 eV, c) Emax changed from 1013.5 to 1014 eV, d) Emax
changed from 1013.5 to 1013 eV and Ebreak changed from 1013.3 to 1013 eV, e) Ebreak changed
from 1013.3 to 1013 eV.
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Figure C.6: Test to find out which flux changes are caused in the inverse Compton emission
when changing the parameters of the model to account for the high flux state measured with
Swift. a) magnetic field changed from 2 × 10−8 T to 2.8 × 10−8 T, this cause a change in IC
peak flux by a factor of 1.7, b) radius changed from 1.8 × 1015 m to 2.1 × 1015 m, this cause
a change in IC peak flux by a factor of 1.9, c) Doppler factor changed from 40 to 45, this
cause a change in IC peak flux by a factor of 1.7, d) electron energy density changed from
4.2 × 10−4 to 7 × 10−4 erg cm−3 , this cause a change in IC peak flux by a factor of 2.8.
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Figure C.7: Comparison of the old model in red and the new version found as best description
of the measured SED. The parameters have been changed each by each (shown as red curve)
while the remaining parameters stayed fixed to the initial value to illustrate the changes in
the shape.
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Figure C.8: Comparison of the old model in red and the new version found as best description
of the measured SED. Some additional changes on the electron distribution and on the Doppler
factor have been made to visualize their effect on the shape of the model (shown as red line).
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Appendix D

Additional studies on
RGB J0152+017
D.1

Details on X-ray spectra

The detailed results of the spectral analysis of the X-ray observations made with Swift and
RXTE are shown in table D.3. In the residuals of the fit of the power law model, taking into
account the Galactic absorption, of the Swift XRT spectra, a deviation of the low energy data
from the model could be seen. Therefore an additional amount of absorption was assumed
(see table D.1) and an average additional absorption of (4 ± 2) × 1020 cm−2 was found. To
test if this model wit additional absorption is a statistical better description than the model
with Galactic absorption, an F-test was applied (see table D.2). Another option to account
for the deviatioin is a broken power law model (using the Galactic absorption) which has also
been tested on the spectra. As can be seen from the F-test result (see table D.2), a model
with additional absorption is a significantly better description than the model with Galactic
absorption. The broken power law model is indistinguishable from the model with additional
absorption.

D.2

Details on the fit of log-parabolic model

As described in section 7.4, a log-parabolic model has been applied to the simultaneously
obtained UV and X-ray spectra corrected for absorption. The spectra and the model for each
data set is shown in Fig. D.1 and the parameters are described in table 7.2. Due to the low
statistics of the spectra, different weighting methods for the spectral fits with xspec have
been applied. The methods are described in section 3.5.3 and the results of the fit for each
data set are given in table D.4.

D.3

SSC model parameter study

I performed a systematic study to find the most appropriate set of parameter for the SSC
model which reproduces the spectral energy distribution of RGB J0152+017. A set of parameter describing already rather good the measured spectra have been used as base for this
study. To illustrate the effect of change due to each single parameter, each of the parameters
195
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dataset

date

JD

002
003
004
005
006
007
008
009
010
011

13-11-2007
14-11-2007
15-11-2007
02-12-2007
10-12-2007
16-12-2007
23-12-2007
30-12-2007
06-01-2008
13-01-2008

2454418.4
2454419.4
2454420.4
2454436.6
2454444.6
2454450.9
2454457.6
2454464.5
2454471.7
2454478.6

additional NH
1022 cm−2
0.07
0.07
0.05
0.03
0.02
0.06
xx
0.06
0.05
0.04

∆NH
1022 cm−2
-0.04/+0.04
-0.03/+0.04
-0.03/+0.04
-0.02/+0.02
-0.03/+0.03
-0.03/+0.03
xx
-0.03/+0.04
-0.04/+0.04
-0.04/+0.05

additional NH
1022 cm−2
0.08
0.06
0.03
0.03
0.03
0.06
3e-08
0.05
0.04
1e-05

∆NH
1022 cm−2
-0.05/-0.05
-0.05/-0.05
-0.03/+0.05
-0.16/+0.17
-0.03/+0.04
-0.03/+0.04
-2.91062e-8/+0.07
-0.04/+0.05
-0.04/+0.05
-1.45247e-05/+0.08

Table D.1: Additional absorption for the fit on each Swift spectrum with a grouping of 15
(left part) and 25 counts per bin (right part). The average additional absorption is NH,add =
(0.04 ± 0.02) × 1022 cm−2 .

ds
002
003
004
005
006
007
008
009
010
011

pow
χ2
red /dof
1.57/17
1.47/19
1.34/18
1.01/32
0.67/19
1.43/21
1.00/8
1.41/16
1.05/19
1.32/8

add. abs.
χ2
red /dof
1.18/16
1.08/18
1.13/17
0.87/31
0.65/18
1.08/20
xx
0.99/15
0.91/18
1.22/7

prob.
> 95%
> 95%
> 95%
> 95%
–
> 95%
xx
> 95%
> 95%
–

bknpow
χ2
red /dof
1.20/15
0.92/17
0.89/16
0.90/30
xx
1.08/19
xx
1.02/14
0.78/17
xx

prob.
> 95%
> 95%
> 95%
> 95%
xx
> 95%
xx
> 95%
> 95%
xx

pow
χ2
red /dof
1.19/17
1.47/19
1.31/18
0.95/32
1.14/19
1.03/21
1.05/8
1.00/16
0.92/19
0.77/8

add. abs.
χ2
red /dof
0.74/16
1.28/18
1.30/17
0.84/31
1.13/18
0.62/20
1.19/7
0.82/15
0.81/18
0.88/7

prob.
> 95%
> 90%
–
> 95%
–
> 95%
–
> 90%
> 90%
–

bknpow
χ2
red /dof
0.58/15
1.08/17
xx
xx
xx
0.61/19
xx
0.75/14
0.70/17
xx

prob.
> 95%
> 90%
xx
xx
xx
> 95%
xx
> 90%
> 95%
xx

Table D.2: The goodness of fit for a power law (pow), a power law with additional absorption
(add. abs.) and a broken power law (bknpow) model. The probability is given for the F-test
comparing the model with additional absorption to the power law with Galactic absorption
and a broken power law with Galactic absorption to the power law with Galactic absorption.
Only a probability > 95% is shown here which means that the new model is with this probability better description of the spectra. The left part for the spectra with grouping of 15 and
the right part for the grouping with 25 counts per bin.
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Figure D.1: Simultaneous UV and X-ray spectra corrected for absorption shown with the
best fitting log-parabolic model (see table 7.2 for the used parameters).
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have been changed while the other parameters remained fixed (see Fig. D.2). In addition also
the change of shape for the synchrotron and inverse Compton emission is tested for different
spectral indices for the underlying electron distribution (see Fig. D.3).
After two years of Fermi observations, GeV emission from RGB J0152+017 has been
detected. The GeV spectrum mentioned in the 2nd Fermi catalog (Nolan et al., 2012) has
been included in the SED. This new information give raise to a constraint on the IC emission
peak and a new model has been applied. Fig. D.4 shows the SED and a new model in which
the radius is still constrained by the variability aspect. As can be seen, a difficulty of this
model is that the UV data cannot be reproduced, since any adjustment in the synchrotron
emission yield an overestimation of the IC. Only with much lower radius a better model could
be created. The problem with such low radius is, that it would be too close to the black hole.
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date
2454418.4
2454419.4
2454420.4
2454436.6
2454444.6
2454450.9
2454457.6
2454464.5
2454471.7
2454478.6

Γ
2.3 ± 0.1
2.3 ± 0.1
2.3 ± 0.1
2.14 ± 0.08
2.2 ± 0.1
2.19 ± 0.08
2.5 ± 0.2
2.4 ± 0.1
2.0 ± 0.1
2.2 ± 0.2

date
2454417.5
2454418.5
2454419.5
2454434.5
2454435.5
2454436.5
2454438.5
2454440.5
2454441.5
2454444.5
2454445.5
2454447.5
2454446.5
2454441.5
2454444.5
2454445.5
2454446.5
2454447.5
2454448.8
2454449.8
2454450.8

Γ
3.5 ± 0.2
3.2 ± 0.2
2.0 ± 0.2
3.0 ± 0.2
3.6 ± 0.2
4.0 ± 0.3
1.5 ± 0.3
3.3 ± 0.2
3.0 ± 0.3
2.7 ± 0.1
3.0 ± 0.3
2.8 ± 0.1
2.7 ± 0.2
2.8 ± 0.3
2.1 ± 0.4
4.1 ± 0.7
2.8 ± 0.3
3.1 ± 0.2
3.3 ± 0.1
3.1 ± 0.1
3.9 ± 0.2
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Swift/XRT
χ2 /dof
F2−10keV / erg cm−2 s−1
20.3/17
(3.8 ± 0.5) × 10−12
28/19
(4.1 ± 0.5) × 10−12
23.6/18
(3.6 ± 0.6) × 10−12
30.3/32
(4.6 ± 0.4) × 10−12
21.7/19
(3.4 ± 0.5) × 10−12
21.7/21
(5.3 ± 0.5) × 10−12
8.4/8
(1.2 ± 0.3) × 10−12
16.02/16
(1.2 ± 0.2) × 10−12
17.4/19
(4.0 ± 0.5) × 10−12
6.1/8
(1.7 ± 0.5) × 10−12
RXTE
χ2 /dof
F2−10keV / erg cm−2 s−1
10/16
(9 ± 2) × 10−12
15/16
(6 ± 1) × 10−12
12/16
(7 ± 1) × 10−12
10/16
(6 ± 1) × 10−12
9/16
(7 ± 2) × 10−12
13/16
(7 ± 3) × 10−12
12/16
(5 ± 1) × 10−12
8/16
(6 ± 2) × 10−12
12/16
(5 ± 2) × 10−12
3/16
(6 ± 1) × 10−12
6/16
(7 ± 2) × 10−12
10/16
(8 ± 1) × 10−12
13/16
(6 ± 1) × 10−12
8/16
(9 ± 2) × 10−12
15/16
(4 ± 1) × 10−12
4/16
(7 ± 6) × 10−12
8/16
(5 ± 2) × 10−12
11/16
(8 ± 2) × 10−12
15.4/16
(8 ± 2) × 10−12
14/16
(7 ± 1) × 10−12
7/16
(9 ± 3) × 10−12

Table D.3: Spectral fit results of the Swift and RXTE spectra of RGB J0152+017. A power
law taking into account the Galactic absorption has been used to fit the spectra. χ2 /dof
describes the goodness of each fit.
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ds
2
3
4
7
8
9
10
11

a
2.17
2.46
2.64
2.35
2.93
2.67
2.18
2.69

ds
2
3
4
7
8
9
10
11

a
2.3 ± 0.1
2.5 ± 0.1
2.6 ± 0.1
2.44 ± 0.07
2.8 ± 0.2
2.7 ± 0.1
2.22 ± 0.08
2.6 ± 0.2

ds
2
3
4
7
8
9
10
11

a
2.3 ± 0.1
2.5 ± 0.1
2.6 ± 0.1
2.44 ± 0.09
2.8 ± 0.2
2.7 ± 0.2
2.2 ± 0.1
2.6 ± 0.2

normal
b
norm.
0.05
0.0023
0.20
0.003
0.27
0.003
0.13
0.0003
0.31
0.0001
0.20
0.001
0.03
0.002
0.20
0.001
weight churazov
b
norm.
0.10 ± 0.05 0.0023 ± 0.0002
0.20 ± 0.05 0.0028 ± 0.0002
0.24 ± 0.04 0.0028 ± 0.0002
0.18 ± 0.03
0.003 ± 0.0002
0.26 ± 0.08
0.001 ± 0.0001
0.21 ± 0.06
0.001 ± 0.0001
0.05 ± 0.04
0.002 ± 0.0002
0.15 ± 0.08
0.001 ± 0.0001
weight gehrels
b
norm.
0.10 ± 0.06 0.0023 ± 0.0002
0.20 ± 0.05
0.003 ± 0.0002
0.24 ± 0.05 0.0028 ± 0.0002
0.18 ± 0.04 0.0034 ± 0.00002
0.3 ± 0.1
0.001 ± 0.0001
0.21 ± 0.07
0.001 ± 0.0001
0.04 ± 0.04
0.002 ± 0.0002
0.15 ± 0.08
0.001 ± 0.0001

χ2 /dof
26/19 = 1.4
48/25 = 1.9
64/25 = 2.5
78/37 = 2.1
25/13 = 1.9
51/23 = 2.2
28/25 = 1.1
42/14 = 3
χ2 /dof
27/19 = 1.4
37/25 = 1.5
37/25 = 1.5
51/37 = 1.4
15/13 = 1.2
43/23 = 1.8
26/25 = 1.04
29/14 = 2.1
χ2 /dof
20/19 = 1.1
25.5/25 = 1.02
26/25 = 1.05
36/37 = 0.97
11/13 = 0.8
33/23 = 1.5
20/25 = 0.8
21/14 = 1.5

Table D.4: Results from the fit of the log-parabolic model to the UV and X-ray spectra using
three different weighting methods (described in chapter 3).

z
0.08

D
15

B [G]
0.55

R [m]
1.65 × 1013

W [erg cm−3 ]
0.2

n1
2.2

n2
3.2

Emin [eV]
5 × 108

Ebreak [eV]
3 × 109

Emax [eV]
1 × 1011

Table D.5: Parameter for the SSC model which describes the SED of RGB J0152+017 and
which is shown as red and blach line in Fig. D.2 and Fig. D.3, respectively.
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Figure D.2: Parameter study of the SSC model to find the best description of the measured
SED. The red curve remains the same model in all figures (see table D.5 for parameters).
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Figure D.3: Change of the photon indices of the electron distribution to illustrate the resulting
changes in the SSC model to find the best description of the measured SED. The red curve
remains the same model in all figures with an electron distribution described by a broken
power law with n1 = 2 and n2 = 3. The remaining parameter of the SSC model are the same
than shown in the previous study as red curve and shown here as black curve (see table D.5
for parameters).
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Figure D.4: Spectral energy distribution of RGB J0152+017 with absorption corrected UV
and X-ray spectra from Nov. 15 (red) and Dec. 30 (blue), 2007. The TeV spectrum has
been extracted from the full period of VHE observations and corrected for the absorption
by the extragalactic background light (EBL) using Franceschini et al. (2008). In green, the
GeV spectrum obtained with the Fermi satellite as given in the 2nd catalog (Nolan et al.,
2012) is shown. The downward arrows represent upper limits. The following parameters are
considered for the SSC model: D = 22, B = 0.07 G, R = 2.42 × 1013 m, W = 0.25 erg cm−3 ,
Emin = 105 eV, Ebreak = 3.2 × 1010 eV, Emax = 1013 eV. The radius is choosen to be the
maximum radius based on the variability argument.
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Appendix E

Additional studies on AP Lib
E.1

Details on X-ray observations

The dates and times of the observations with Swift and RXTE are summarized in table E.1
and E.2, respectively. Details on the exposures for each instrument as well as on the used
filters for the UVOT observations are given in table E.1. The light curves of the Swift/XRT
detector for each Swift pointing with a binning of 200s are shown in Fig. E.2. The spectral
fit results of the observations with Swift and Chandra are given in table E.3.

Figure E.1: left: X-ray count map with adaptive smoothing using a Gaussian with radius 3
pixel using ds9, from 0.2 to 8keV extracted from the 14ks observation by Chandra on AP
Lib from 4. July 2003. The non-thermal jet is clearly visible. Due to the timed exposure
mode, the observed frame is cut at the left part of the image, indicated by the line. Therefore
the real extension of the jet is not measurable. right: Overlapped are the radio contours of
the VLA observation of AP Lib in A+B configuration at 1.36 GHz. The restoring beam is
3.0x2.0 arcsec in PA 28◦ (Cassaro et al., 1999). The peak flux density is 1625 mJy/beam and
the r.m.s. noise on the image is 0.15 mJy/beam (Cassaro et al., 1999).
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obsID
00036341001

startTime
2007-04-08 10:47:58

exposure XRT
2894.8 sec

00036341002
00036341003
00036341004
00036341005

2007-05-14
2008-01-17
2008-01-25
2010-02-20

09:08:01
08:20:01
13:58:01
04:35:02

157.8 sec
5363.7 sec
4551.1 sec
1085.7 sec

00036341006
00036341007
00036341008

2010-02-22 10:48:00
2010-07-07 17:05:04
2011-02-16 03:25:00

3904.0 sec
5380.8 sec
1312.6 sec

00036341009
00036341010

2011-02-16 00:20:01
2011-02-17 19:30:01

641.9 sec
2903.3 sec

UVOT filter (exp. in sec)
B(113),U(416),
UVW1(2125),UVW2(71)
none
none
none
B(92),U(92),V(92),
UVW1(184),UVW2(368),UVM2(235)
UVW2(3908)
U(5379)
B(107),U(107),V(107),
UVW1(214),UVW2(428),UVM2(278)
U(642)
UVW2(2900)

Table E.1: Available Swift pointings, which have been used for the presented analysis. The
second pointing on May 2007 was not used for the analysis, due to the very low exposure.

obsID
95141-01-01-00
95141-01-02-00
95141-01-03-00
95141-01-04-00

startTime
2010-07-10 20:42:01.7
2010-07-11 18:45:52.7
2010-07-12 18:22:02.8
2010-07-14 18:58:19.2

exposure RXTE in sec
3595
3308
3402
3003

Table E.2: RXTE pointings on AP Lib in 2010.

Date

Γ

Norm.
(ph

4-07-2003

1.58 ± 0.04

4-07-2003

1.76 ± 0.14

2454199
2454482.8
2454491.1
2455247.7
2455250
2455385.2
2455608.6
2455610.3

1.7 ± 0.2
1.7 ± 0.1
1.6 ± 0.1
1.5 ± 0.2
1.5 ± 0.1
1.6 ± 0.1
1.7 ± 0.3
1.6 ± 0.1

cm−2 s−1

χ2 /dof

F2−10 keV
(erg cm−2 s−1 )

165/147

(2.9 ± 0.1) × 10−12

9/19

(2.6 ± 0.3) × 10−13

5.4/9
13.5/15
5.5/14
4/7
12.6/16
22.6/24
19/9
6.7/12

(3.6 ± 0.4) × 10−12
(2.9 ± 0.3) × 10−12
(3.4 ± 0.8) × 10−12
(5.1 ± 0.6) × 10−12
(5.4 ± 0.6) × 10−12
(4.8 ± 0.4) × 10−12
(4.3 ± 0.7) × 10−12
(4.9 ± 0.6) × 10−12

keV−1 )

Chandra core
(6 ± 0.2) × 10−4
Chandra jet
(7 ± 0.6) × 10−5
Swift
(10 ± 1) × 10−4
(7 ± 0.7) × 10−4
(7 ± 0.8) × 10−4
(10 ± 2) × 10−4
(9 ± 0.9) × 10−4
(10 ± 0.8) × 10−4
(11 ± 2) × 10−4
(10 ± 1) × 10−4

Table E.3: Results of the fit of a power law taking into account the Galactic absorption
(NH = 8.36 × 1020 cm−2 , LAB survey, (Kalberla et al., 2005)) of the X-ray spectra from AP
Lib obtained with Chandra and Swift.
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model
3a
3b

z
0.049
0.049

D
5
5

B [G]
1
1 × 10−3

R [m]
1.2 × 1014
6 × 1014

W [erg cm−3 ]
0.3
0.3

207
n1
2
2

n2
-

Emin [eV]
1 × 104
1 × 104

Ebreak [eV]
-

Emax [eV]
2 × 109
1 × 1011

Table E.4: Parameter for the SSC model shown in Fig. E.6, in which a combination of two
SSC model to describe the SED is illustrated. The model marked with 3a describe the low
energy part of the SED, while the model 3b represent the high energy part of the SED.

E.2

SSC model parameter study

I performed a systematic study to find the most appropriate set of parameter for the SSC
model which reproduces the spectral energy distribution of AP Lib. A set of parameter
describing already rather good the measured spectra have been used as base for this study.
To illustrate the effect of change due to each single parameter, each of the parameters have
been changed while the other parameters remained fixed. As first, a parameter study on a
model based on an electron distribution described by a single power law with n = 2 was
conducted and the resulting model are shown in Fig. E.3. As anther option, an electron
distribution with a power law with photon index n = 3 was choosen (see Fig. E.4). And as
third option, an SSC model based on an electron distribution described by a broken power
law with photon indices of n1 = 2 and n2 = 3 was applied (see Fig. E.5).
In section 8.9, a two component SSC model was found to describe well the SED of AP
Lib. One further test model is shown in Fig. E.6 with the parameters mentioned in table E.4.
Each of the two SSC model is based on a power law distribution of electrons with photon
index of n = 2. As can be seen in Fig. E.6, this two component model cannot account well
for the TeV spectrum.
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Figure E.2: Light curves with a binning of 200s of the XRT detector for each single Swift
pointing from left top to right bottom.
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Figure E.3: SSC model based on a single power law model with n1 = 2 for the electron
distribution. The change of the model due to each parameter is shown. The remaining
parameters stayed fixed to the following values: z = 0.049, D=5, B = 5 × 10−6 T, R =
3 × 1014 m, W = 0.3 erg cm−3 , log(Emin /eV) = 1, log(Emax /eV) = 10.
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Figure E.4: SSC model based on a single power law model with n1 = 3 for the electron
distribution. The change of the model due to each parameter is shown. The remaining
parameters stayed fixed to the following values: z = 0.049, D=5, B = 5 × 10−6 T, R =
3 × 1014 m, W = 0.5 erg cm−3 , log(Emin /eV) = 7, log(Emax /eV) = 10.
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Figure E.5: SSC model based on a broken power law model with n1 = 2 and n2 = 3 for
the electron distribution. The change of the model due to each parameter is shown. The
remaining parameters stayed fixed to the following values: z = 0.049, D=5, B = 5 × 10−6 T,
R = 3 × 1014 m, W = 0.3 erg cm−3 , log(Emin /eV) = 1, log(Emax /eV) = 11, log(Ebreak /eV) =
10.
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Figure E.6: Illustration of two SSC models to account for the low and high energy SED,
respectively. The model describing the low energy SED (model 3a) with a power law electron
distribution with photon index of 2 is shown in red. Also for the second model (model 2a),
a power law electron distribution with photon index of 2 is taken with different parameters.
This model is shown as blue line. The parameters for these models are shown in table E.4
.
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