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ABSTRACT

Polarization is an important tool in astrophysics. But what more information does polarized light
harbor compared to the total intensity received by usual ingruments? In general, polarization itself
reveals much deeper insights into the intrinsic charactestics of astrophysical sources of radiation.
It even has some symmetry breaking character. Imagine the Uired Model of Active Galactic Nu-
clei (AGN) embedded in so called Host Galaxies consisting afhe central engine, a Supermassive
Black Hole (SMBH), material being accreted from an accretim disc around it, further surrounded
by a dusty torus of comparable cold material. Powerful jets ae symmetrically launched by such
a system perpendicular to the accretion ow and reach kilo-pasec scales until they diminish in
the intergalactic medium. These jets are formed and driven ly largely extended magnetic elds.
As logical and clear this image might appear there are still more questions as answers. For
example, how is the magnetic eld distributed starting from the surroundings of the black hole
continuing deep into the jet? How does the torus look like exatly? Is it a closed dense structure
or more a clumpy composite of separate clouds orbiting the c#ral engine? In this Master the-
sis methods are presented to follow the tracks to the answersn these exemplary matters of dispute.

One diers two major kinds of such AGN radio-loud ones where dgrong jets are present and
radio-quiet ones with non detectable jets. Depending on the iewing angle towards those, each can
be further classi ed.

The rst part of the thesis deals with a set of radio-loud AGN |, so called blazars where the
system is supposed to be viewed from an angle closely alignedth the jet-axis. | present the more
technical part the calibration of E elsberg polarimetry d ata of their radio jets. By now this has
only been done for data taken in the time-span of a few days. | dve the demanding techniques of
calibration forward to multifrequency and multi-epoch data of the F-GAMMA program taken from
2007 until now where many aspects have to be accounted for. Aditionally | focus on the analysis
of historical full Stokes polarimetry data of 3C111 combinel with VLBI data to gain more insight
into the time dependent behavior of polarized emitting regons.

The second part of this work deals with the radio-quiet AGN . The sources of interest form
a sample of 12 sources selected by optical polarized lines.h&y show broad lines only in polarized
light which are supposed to be polar scattered. Hence one caconclude that the viewing angle
should strike through the outer layer of the torus, a structural variable region where gas is assumed
to get evaporated due to in-falling radiation from the central source. In turn, also X-ray spectra are
expected to be variable. To show this, all archival data is béng analyzed and checked for column
density variability.

Both methods in this thesis deal with the assumption of validty of the Uni ed Model and give a
unique opportunity to probe the underlying theoretical assumptions.



CHAPTER1

INTRODUCTION

The history of astronomy is a history of receding horizons.

Edwin P. Hubble,

In the rst chapter | want to introduce the basics necessary for the understanding of the subse-
qguent chapters. First of all, an overview over radiation physics is given which is important regarding
the study of astrophysical objects of whatsoever kind. In tre following part the objects of interest,
highly luminous compact extragalactic objects as cores of @ive galaxies, are described.

1.1. RADIATION PROCESSES

For the following chapters it is crucial to understand the basics of radiation physics. Here, |
summarize the most important issues. The content of this setion is composed of elements from
Rybicki & Lightman (2004) and Wilms (2012), notes from various lectures, such as Astrophys-
ical Radiation Processes and Active Galactic Nuclei from J. Wilms, Sternatmosphéren und
Strahlungsphanoméne from N. Przybilla, both Dr. Remeis Observatory Bamberg & ECAP, The-
oretische Physik - Elektrodynamik from O. Pankratov, all U niv. Erlangen-Nurnberg, the primary
literature from Chandrasekhar (1960) and Mihalas (1978) aswell as notes from a school on low
frequency radio astronomy held at the National Centre For Ralio Astrophysics (NCRA), India in
1999 (ttp://gmrt.ncra.tifr.res.in/gmrt_hpage/Users/doc/W EBLF/LFRA/nodel.html).

1.1.1. SYNCHROTRONRADIATION

Synchrotron emission isthe emission mechanism for radio astronomy and is thus derivedni more
detail here.

Radio emitters such as AGN produce their radiation via charges moving on helical paths along
magnetic elds. The only direction a force is acting in is the Lorentz - force, i.e., perpendicular to
the magnetic eld. Thus the motion parallel to the eld is con stant which in total translates into
helical trajectories with the velocity vector v separating into jv,j = vcos( ) and jv,] = vsin( )
where is the pitch angle of the helix. A photon with momentum p = m ¢v encounters the force
F = mdv=dt= m cazr which equals the centrifugal force. Equating the Lorentz face with the
centrifugal force yields

gv B = m eazr: (1.1)


http://gmrt.ncra.tifr.res.in/gmrt_hpage/Users/doc/WEBLF/LFRA/node1.html
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Figure 1.1.: Top left: radiation pattern in the frame of rest, bottom left: beamed pattern, right:
charge on a circular trajectory around a magnetic eld (Rybicki & Lightman, 2004).

For a circular motion we are only interested in the componens perpendicular to the magnetic eld
with

2
V.
gv? B= mel (1.2)
and in a re-written form B |
Vo _ OB _ L _
CA === 1.
R m <C B (1.3)

with the gyration frequency ! g and the Lamour frequency! | of an electron performing circular
trajectories around the magnetic eld.
Electrodynamics shows that the radiated energy of a singlelarge is (Rybicki & Lightman, 2004)

dE 2¢¢ >
dt 3¢3
where a is the acceleration of the charge. This can be separated inteomponents parallel and

perpendicular to the magnetic eld written in the charge's frame of resta = 2a, andal= 3a.
transforming Eqg. 1.4 to

1
-
1

\

|
Q

(1.4)

2q

P=3c Ya3 + %al (1.5)
(Kembhavi & Narlikar, 1999). Using the relation a, = ! gv, = vsin( ) we can convert Eq. 1.5 to
2q* *BAV* _ 2 2 2
= —_——=F—-sIn =2 ¢ tUgsin 1.6
3 s SnC) 7Ug sin’( ) (1.6)
with = v=¢ the Thomson cross-section 1 = 8 e 4=3m2c* as derived in Sect. 1.1.2 and the

magnetic energy densityUg = B2=8 .

Averaging over all pitch angles yields a factor 23 in Eq. 1.6.

To derive a spectrum one transforms from the time to the freqency domain (Rybicki & Lightman,

2004). Therefore it is necessary to know the duration of one gise of radiation per orbit of the

charge around the magnetic eld (Wilms, 2012). In the rest frame of the charge the radiation
pattern follows Eq. 1.6 which is double-lobed perpendicularto the direction of acceleration. In
the observer's frame Lorentz transformation yields a forwad beamed cone (Wilms, 2012) in radial
boost-direction with opening angle 1= (Fig. 1.1). The observer will thus receive radiation from
an angle of =2= inatmeinterval of t= =l g =2=l . With respect to the Doppler

e ect, the di erence in arrival times of radiation from a cha rge at the positions 1 and 2 (Fig. 1.1,
right) is

2
tan = t?rr tgrr — |78(1 ) (1.7)
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Figure 1.2.: Power-law spectral energy distribution of syn@irotron radiation with a turnover to the
synchrotron self absorbed regime at 1 (Rybicki & Lightman, 2004).

which for the case of relativistic energies 1turns to t&" = 1= 3! 5 as the length of a pulse
of radiated photons viewed tangentially to the circular track of a charge. Therewith one de nes a
critical frequency ! ¢ 3l g sin( ).

As shown in detail by Rybicki & Lightman (2004), one basically calculates the Fourier transforma-
tion from the time domain to the frequency domain in order to nd an expression for a spectrum
radiated by one single charge. The result is

p§q~°’B sin( )F !

A (1.8)

P(l)=
¢) 2 MeC? e

which peaks at the critical frequency! .. Therefore the emitted frequency of a single patrticle is
constrained via the expression (! 31 ).

In AGN and other synchrotron emitters, whole bunches of eletrons are radiating each at the above
derived frequency. Assume a power-law particle distributim N( ) = No P depending on the boost
. Construct the synchrotron spectrum for a charge distribution as the integral of the radiated
intensity for one charge given by Eq. 1.6 constrained at the dtical frequency ! . weighted with the

particle distribution with the  -factor as variable of integration
2 4
P = 3 22c1tUg (! '%g)Ng Pd (1.9)

and nd (Rybicki & Lightman, 2004)

2 U ! Tz
szcTNol—B— :
‘L

5 (1.10)

This is again a power-law (Fig. 1.2) composed of a superposin of single electron spectra peaking

at their critical frequencies.

1.1.2. COMPTON SCATTERING

Compton scattering is closely related to Thomson scatterig in the low energy limit of photons.
Hence to start with simple elastic Thomson scattering, recl Eq. 1.4 which is the same start-
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ing point for the following derivation. Without averaging o ver all directions of radiation, after
Rybicki & Lightman (2004) the lobed emission pattern from Fig. 1.1 is given by

ap _ 842,

G = 23S0 ¢ (1.11)
Assume a chargeg oscillating with #  Eg sin(! ot).
De ne the dipole moment d = gr. From the ansatz F = m¢f = gEg sin(! ot) it follows that

o= €Eo sin(! ot) (1.12)
Me
using the averagetsin?®(! gt)i = 1=2
dpP eEZ
— = 1.1
3 &m0 (1.13)
or, averaged over all ,
- 85 (1.14)
-~ 8m2c¥ '
De ning the radiation per angle via the di erential cross section
dpP d
— = hSi — 1.15
| T o (1.15)
with hSi = cE§=8 and
— = sin“() = rgsin“() (1.16)

d pol m%C4

with rg as the classical electron radius

The above di erential cross-section only represents incidet linear polarized waves. For unpolarized
radiation, Rybicki & Lightman (2004) superpose two cross-setions of incident linear polarized
waves with perpendicular pointing vectors to nd

a = }r8(1+sin2( ) (1.17)
d unpol 2

Until now we treated the special case of Thomson scatteringhat is fully elastic meaning that the

energy of the incident wave equals the one of the scattered wave.

Now additionally consider quantum e ects that allow the photon to have a momentum itself which

causes a recoil of the electron and thus energy loss for the atering photon. Using the basic

relations of Compton scattering
0

mhec(l cos ) (1.18)

and

1 (1.19)

T 1+ moz(l  cos )

Quantum electrodynamics yield the more genericKlein-Nishina cross-section asymptotically turn-

ing into the Thomson cross-section for soft photons with c (Wilms, 2012)
d .3 1° 41 (sin? ) (1.20)
d 16 ' 1 '
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Figure 1.3.: Cross-sections for photoelectric absorptionléft), from Wilms et al. (2000), and Comp-
ton scattering (right), from Belikov & Hooper (2009).

The integrated cross section is shown in the right panel of Fj. 1.3 together with the cross-section
for photoelectric absorption in the interstellar gas as it is of importance for X-ray astronomy. The
Klein-Nishina cross-section drops for higher photon energig where the photon energy is su ciently
high to transfer energy to the electron. After some unit conersions (1 barn= 10 24 cm?) the plots
tell that both cross-sections are equal at around 10 keV.
Inverse Compton scattering is a very e cient way of transferring energy for relativistic electrons
Assuming small photon energies, the Thomson cross-section for the interaction with the electron
and photon in the electron's frame of rest. As we now treat a hghly relativistic electron gas,
we have to transform from the observers frame with high energtic electrons into the rest frame
where the scattering occurs. In this electron's rest frame lhe photon energy stays constant. After
transforming back into the laboratory system, the photons' energies are ampli ed by a factor of 2
(Rybicki & Lightman, 2004):

et 7 L (1.21)

For the case of isotropic distributions of electrons and a lav energetic photon eld scattering o
those one has to nd an average expression of the above relains. After some calculations one
nds for the energy gain of the photon eld due to single scattering o a whole eld
| = gn: g 1€ ?Urag (1.22)

with the energy density of the external photon eld Uqq.
Until now we assumed the electrons to be highly relativistic The photons scattering o those always
gain large amounts of energy. In contrast, there is also thease of low energetic electrons which are
Maxwell-distributed. Now, the -factor in Eq. 1.21 is nearly unity and the argument for or aganst
ampli cation of the photon eld is solely located in the ener gy of the electrons in the frame of rest.
We still assume the Thomson limit to hold with no (or if so) very little relative energy transfers of

= = =mec? in the frame of rest. Additionally assuming Maxwell distrib uted electron energies
we nd an ampli cation factor (Wilms, 2012)

_ 4kTe

A= —=2¢
MeC?

(1.23)
where A is the energy gain andT, the electron plasma temperature.

Photons can either loose or gain energy in the case of non-reiastic electrons. Eq. 1.23 tells us
whether the photons are gettingup-scatteredor down-scatteredby an isotropic electron distribution
or vice versa: ifE . 4kTe (inverse Compton scattering ), energy will be transferred from
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electrons to photons, and the electron-gas cools down.

In the opposite case Compton scattering ) with E & 4kT, energy is transferred from photons
to electrons. The electron-gas heats up.

By now, only one electron is treated. We can further assume [ghly relativistic electrons in the hot

corona of AGNs and thus the case of highly e ectiveinverse Compton scattering. For multiple

up-scattering, the nal energy is Eeng = Einit AX after k scattering events. The resulting photon
rate at the energy E will in turn be N(Eeng) N (Einitiar (1 + A)* N (Einitiat ) (Eena=Einitiat )
which corresponds to a power-law.

Finally there is a direct link between Synchrotron radiation and (inverse-) Compton scattering
(Krolik, 1999). Combining Eg. 1.6 and Eq. 1.22 gives

I:)Compt — Urad . (1 24)
|::'Synch Umag

The ratio of the Synchrotron and invers Compton luminosities are thus equal to the ratio of the
energy densities of radiation eld and magnetic eld. This is a manifestation of the fact that in
gquantum electrodynamics Synchrotron radiation is just the same as inverse Compton scattering o
virtual photons.

1.1.3. RADIATIVE TRANSPORT

After having treated individual radiation mechanisms it is now high time to study how such pro-
duced radiation is transported to us as observers. Standarditerature besides Rybicki & Lightman

(2004) mainly used in this section is by Mihalas (1978) and Chndrasekhar (1960). Radiation and
thus intensity can either be emitted into a volume or absorbedscattered by/o a certain volume.

The radiated intensity is de ned as the energy cE emitted per area dA, in a time interval dt, in a
solid angle d and a frequency range d (Chandrasekhar, 1960)

dE
| = dAdtdd (1.25)
Note that there is a fundamental di erence betweenspectral brightness de ned as
dE
B = dAdtdd (1.26)

which is independent of distancedue to the conservation theorem and the normalization with the
solid angle d. The specic ux density on the other hand is de ned as

dE
dAdtd

which is indeed dependent on the distance. Thus in many casesne might want to use rather

the term uxiest source than brightest source to expres s that a source at leastappearsto be

brighter in the observer's frame. Two sources of the same imnsity will have equal brightness and
at all distances but di erent ux densities at di erent dist ances to the appropriate source. The
spectral luminosity L is de ned as the energy radiated per units of time and frequeny

(1.27)

L =4d?S (1.28)

with d the distance to the source.
Concerning cosmology theluminosity distance  (Wilms, 2011)

d. = Ror(1+ 2) (1.29)
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has to be taken into account with the current scale factorRg, co-moving distancer and redshift
z. This is because the scale factor equals={1 + z). For a at, expanding universe the time
dependent Hubble parameterH (t) = R=Rg has to be expressed with the cosmological constants
for matter, radiation and the dark energy and included into the luminosity distance. Thus it is
possible to derive the luminosity distance just by knowing Hubble parameter and redshift. The used
analysis softwarelSIS calculates the luminosity distance with the function flux2lum . The applied
cosmological parameters are approximated to ,, = 0:3, =0:7and =0 for a at universe.
For more precise values see for example the recent publicath of Sievers et al. (2013) analyzing the
cosmic microwave background's power spectrum with the Ataama Cosmology Telescope and the
Wilkinson Microwave Anisotropy Probe WMAP . The latest measurement of the Hubble parameter
with Spitzer and the Hubble Space Telescope HST (Freedman edl., 2012) constrains a value of
74:3kms Mpc ! excluding the by then assumed value of 70kms Mpc ! within the errors.
Furthermore the general equation ofradiative transfer (Chandrasekhar, 1960) is given by

d _
ds
with the speci ¢ emission coe cient | and absorption coe cient = n wheren is the number
density of absorbing material and  the cross-section of the appropriate mechanism of absorptio

or scattering. They represent the fractions of energy beingemitted or absorbed, respectively.
The solution for absorption only can be derived by neglectig j and integrating Eq. 1.30

|+ ] (1.30)

R
S2 0
| ()= | (sg)e = (& (1.31)
with the optical depth Z
2
= (s9ds? (1.32)
S1
Now one can also de ne themean free pathof photons asl =1= =1=n

In terms of X-ray astronomy the two most interesting mechanisns of attenuating source-intensity
are photoelectric absorptionand Compton scattering (see Sect. 1.1.2). For the interstellar medium
cross-sections can be calculated for both processes. The mmgquation one should have in mind
while talking about the composits of X-ray spectra in terms of absorption and scattering is

lobs € " Hlsource (1.33)

with either the photoelectric or Klein-Nishina cross-sectins pp or n .

1.1.4. POLARIZATION

It is additionally important to understand the physics of po larization in order to use this technique
to examine astronomical sources in greater detail. This séon begins with an introduction to
polarized light in general with focus on the Stokes formalign.

1.1.4.1. STOKESPARAMETERS

First, |1 discuss monochromatic plane waves. This is an oveigpli ed scenario regarding astro-
physics, but important to understand the physics behind.

Monochromatic plane waves are linearly and 100 % polarizedSingle photons resemble such waves.
As illustrated in Fig. 1.4, every single planar wave can be egressed as superposition of two orthog-
onal waves here in the linear (x;y) basis. In particular, one can write the net-electric vector in
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Figure 1.4.: lllustration of linear ( left), elliptical ( middle) and circular polarization (right).
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Figure 1.5.: Projection of an elliptical polarized wave in the Ex=E, plane.

the projected plane of Ex and Ey, marked in blue in Fig. 1.4 as
E =(exExe *+ ey € v)e " = Ege " : (1.34)
To describe, how the electric vector behaves with respect tdime, take the real parts of Eq. 1.34:
E =(exEx+ eyEy)=(exEccos(x !t)+(eyEcos(y !t)) (1.35)

For monochromatic waves , coherence, i.e., constant phase shifts with time, allowsofr the two
orthogonal waves to form either linear (both waves in phase ndelayed by multiples of = 2), circular
(phase dierence =4) or as intermediate state, elliptical polarized photons br a phase di erence
in between both cases. Depending on the actual phase di erare, the ellipse as generalization of all
possible polarization states drawn by the electric vectork is tilted by an angle called the electric
vector polarization angle (EVPA) towards the Ex=Ey - coordinate system. In the system of the
tilted ellipse shown in Fig. 1.5, one can write Eq. 1.35 to

E=(eEQJ+ eE))= eElcos()cost) (eyE)sin( )sin(!t) (1.36)

where the main axes of the ellipse are expressed via the phaséerences described above, here
called . Forthe case of =0or = =2, the ellipse collapses to a line, for = =4 itis a circle,
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drawn by the electric vector with elapsing time. Hence, linar polarization can be treated as just
an extreme case of elliptical polarization. The sign of tells the handness of the polarization, i.e.,
in which sense the electric vector performs the ellipse.

One can now take Eqg. 1.36 and rotate it with the EVPA  from the coordinate system of the ellipse
back into the Ex=Ey - coordinate system. TheStokes parameters are equations transforming
between the tilted coordinate system described by the set ofariables ( x, y, E, E/) and the
system of the ellipse itself described by, , ).

Realistically spoken, it is more adequate to assume incomun radiation, where phases and ampli-
tudes of the two orthogonal waves are variable in time, i.e.,E; E; x(t) and y(t). This leads
to the generic case ofquasi-monochromatic  waves, that can be treated as monochromatic
only on very short time scales. Therefore it is necessary toine average the electric vectors of
the two orthogonal modes forming the propagating wave and cotributing to the Stokes param-
eters. The following expressions for the Stokes parameterim a linear base are combined from
Chandrasekhar (1960), Rybicki & Lightman (2004) and http://gmrt.ncra.tifr.res.in/gmrt_
hpage/Users/doc/WEBLF/LFRA/node133.html:

| = hEXE,i + hEyE,i = hE}i + hE]i
Q= hExE,i h EyE,i = hEi hE i
= hExE,i + hEyE,i = 2hEihEjicos( x ) (1.37)

= i}(fExEyi h EyEi) = 2hEKihEi sin( x y)

Most radio receivers measure the polarized radiation via tle two orthogonal componentsg;| and E;
according to the left- and right handed circular polarized mponents of the electric vector instead.
Hence it is important to transform Eqg. 1.37 from the linear basis Ex=E, into the circular basis
| = hE|E,|i + hE,E,i = hEfi + hE?i
Q= hE(E,|i + hE, Eji =2hEihgi cos( r)
1 . : L (1.38)
U= i—(rErE||+rErE||)=2hE|hE||sm( | r)
V = hE(E,i h E\E,i = hEi hE ?i
The brackets denote a time averaging function (Burke & Grahan-Smith, 2009) in the generic form
1471
HEE,i = T Ei(t)E, (t)dt: (1.39)
0

As described in more detail in Sect. 2.2, radio receiver mease the power by evaluating the Fourier
transform of the auto-correlation function of one signal andalso cross-signals needed for Q and U.
The related theorem is the Wiener-Khinchin theorem.

Having found the Stokes parameters, one can make helpful staments quantifying the received
polarized signal with the degree of polarizationP and the EVPA (Chandrasekhar, 1960) de ned

as
P
[ pol Q2+ U2+ V2 1 U
p=-P% - = = — 1.4
i I and 5 arctan 9 (1.40)
For monochromatic  radiation, the degree of polarization is always 100 %.Ex and Ey trace out
full ellipses or circles. Using Eq. 1.38, one can show with #h Cauchy-Schwarz inequality that in

general

12 Q%+ U?+V? (1.41)

holds. In case of full polarization the square of Stoked equals the sum of the squares of the re-
maining Stokes parametersQ; U; V. For quasi-monochromatic  waves, the degree of polarization

10


http://gmrt.ncra.tifr.res.in/gmrt_hpage/Users/doc/WEBLF/LFRA/node133.html
http://gmrt.ncra.tifr.res.in/gmrt_hpage/Users/doc/WEBLF/LFRA/node133.html
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A A A

Figure 1.6.: Selected Stokes vectors in th&x=Ey plane. Panels(a) and (a’) correspond to the resp.
vectors (1,1,0,0) and (1,-1,0,0),(b) and (b") to (1,0,1,0) and (1,0,-1,0) and nally (c)
and (¢ to (1,0,0,-1) and (1,0,0,0).

must be smaller than 100 %. Polarized radiation is usually dscribed via the four-vector (I; Q; U; V).
Figure 1.6 shows a selection of Stokes vectors. Linear polaation can be fully described with the
parametersQ and U.

1.2. THEUNIFIEDM ODEL

Having revealed basics of radiative processes necessarydeal with high-luminous compact extra-
galactic objects, the latter are going to be introduced in the following. The Unied M odel (UM) of
A ctive Galactic N uclei (AGN) as suggested by Antonucci (1993) o ers an explaation for a wide
eld of phenomena connected with such sources.

AGN are thus the core of a so called host galaxy which can be bghter than the whole galaxy
itself. Reason for that is an active core with a Supermassiv&lack Hole (SMBH) and matter being
accreted over a disc further surrounded by a torus-shaped sticture of relatively cold gas and dust.
Radio-loud AGN  (Sect. 1.3) distinguish themselves fromradio-quiet AGN  (Sect. 1.4) by a
jet accelerating charges up to highly relativistic speeds $ect. 1.3.1). The basic statement that
the Uni ed Model makes is that di erent sub-classes of those AGN represent the same underlying
object just viewed under a di erent inclination angle (Fig. 1.7).

Thus, radio-quiet objects are further divided into the Seyfeat sub-classesSy | and Sy |l galaxies
named after Carl Seyfert (Seyfert, 1943) who stated two clases of spiral galaxies depending on their
optical lines. Broad lines are typical for Sy Is, where narrav lines mostly occur in Sy Il galaxies.
This is because Sy lIs are supposed to appear under a line ofght intercepting the torus while a
galaxy is classi ed as Sy | if there is an unobscured line of ght directly to the nuclear, inner region
revealing hot matter spiraling around the central SMBH with large velocities. This also explains
the width of optical lines emerging from those regions. The Xray classi cation refers to the amount
of obscuration of the soft X-ray energy band. After the primary literature of Beckmann & Shrader
(2012) and Kembhavi & Narlikar (1999) objects with measured column densities of larger than
10°?cm 2 are said to be Sy Il types.
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Figure 1.7.: Sketches and sub-classi cation of radio-loud Igft and center) and radio-quiet (right)
AGN.

Radio-loud AGN are also sub-classi ed depending on the incliation angle of the line of sight to-
wards the main symmetry axis of the system, aligned with a hidply relativistic jet (Kembhavi & Narlikar,
1999). However, rst focusing on the morphology of the radiojets, one can distinguish two major
classes, the Fanaro -Riley classe$R | and FR Il after Fanaro & Riley (1974). FR | sources
are in general less luminous. Their brightest region is the are with asymmetric uncollimated jets
of extended emission. In FR Il radio galaxies not the core butso called radio-lobes with bright
hot-spots, fed by highly collimated spine-like jets, dominake the radio luminosity. If the source
is appearing under a steep inclination angle, only one sidefdhe jet approaching the observer is
visible due to relativistic beaming. See (Beuchert, 2010) for analytical calculations.

Both FR | and FR Il morphology-types can appear as Narrow/Broad Line Radio Galaxies
(NLRG/BLRG) again depending of the inclination angle of the line of sightwith respect to the
main symmetry axis. Similar to Sy Il galaxies, NLRG show narrow optical lines but additionally
a strong radio dominance in the multi-wavelength spectrum. The smaller the angle between line
of sight and jet, the stronger the radio luminosity. For such a steep angle, the term radio galaxy
is replaced by radio-loud quasar. Is the line of sight totally aligned with the jet axis, the source
appears point-like and is classi ed asblazar or BL Lac named after the prototypical blazar BL
Lacertae. Sources with only marginal jet-contribution viewed under some inclination angle are
called quasi-stellar objects (QSO)  or quasars.

1.3. Rabpio-Loub AGN

This section is dedicated to the strong radio emitters of AGN The main sources of non thermal
radio emission are jets that are introduced in more detail inthe following.

1.3.1. RADIO-LOUD JETS ANDPOLARIZATION

Jets are powerful collimated streams of matter being accefated to relativistic speeds and launched
near the Supermassive Black Hole into the symmetry axis of A®Il. Jets are also seen in galactic
sources (Meier, 2003) such as X-ray binaries (micro-quasar)r protostellar discs and must be
considered for a generic jet model. Although micro-quasarsra much closer to Earth and such
easier to study, there are still many unsolved problems. Mair (2003) and Meier et al. (2001) for
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example claim that X-ray binaries shall host disc driven jets whereas AGN-jets seem to be black
hole driven. This is, however, not yet proven. Some other qu&tions are:

How are jets launched magnetohydrodynamically? How can mauggtic elds collimate an accretion
disc in ow and eject it to kilo-parsec scales?

Jets are besides disks very important candidates to carry aay angular momentum in several sys-
tems. The angular momentum grows with the inverse of the momst of inertia.

For a complete review on the early work on extragalactic radd sources and patrticularly jets see
Begelman et al. (1984).

Blandford & Konigl (1979) present an analytical calculation of the radio emission of a steady state
jet hosted by an AGN. VLBI observations, however, rather suggest a variable con guration with
moving blobs. In their publications they also suggest the occurrence of moving clouds being
accelerated by the overall jet ow and expand adiabatically on their way downstream of the jet.
Marscher & Gear (1985) followed up the idea of moving shocks.Here power-law energy distri-
butions of electrons are fed into the jet and get acceleratedo relativistic speeds. Within the
frame of a moving shock electrons are also accelerated folng the front and thus loose energy
via synchrotron radiation while moving on helical paths around the collimating jet-magnetic eld
(Sect. 1.1.1).

One single shock will then emit a power-law synchrotron specum with a turnover frequency where
the spectrum becomes opaque towards synchrotron self abgaiion. This frequency depends on the
con ning magnetic eld. Assuming some turbulent magnetic eld in the jet with equal parts of
eld components parallel as well as perpendicular to the jetaxisB, B\, Marscher & Gear (1985)
state two boundary conditions. Either a eld lying fully ali gned or perpendicular with the jet axis
which results in the eld to decay with B R 2 with R along the jet axisand a=1for B = B, or
a=2 for B = By. Locally at the position of the shock that is compressing theturbulent magnetic
eld to some fraction of B-, the case ofB R 1is realistic (Marscher, 1996, 2006). Using this
assumption they nd that the turnover frequency of a shock moving in a magnetic eld getting
weaker with R ! also drops with R 1.

For the emitting radio spectrum of an overall jet this leads to a superposition of individual syn-
chrotron spectra from several shock regions at di erent disances to the central engine, the SMBH,
and thus a at radio spectrum that is steepening if the shocked agglomeration of electrons is ex-
panding adiabatically. The turnover frequency will now drop not only because of the decay of the
embedding magnetic eld but also because of the decaying opity due to less synchrotron self ab-
sorption (Valtaoja et al., 1992). At the same time the emitted intensity drops. Although the whole
model jet is adiabatic at each time, this decay stage is saidd be dominated by adiabatic looses.
That only means that the shock looses energy while diminishiig, leading to less ordered magnetic
elds and thus to less importance of synchrotron emission. Wiile expanding adiabatically, shocks
also loose density. Due to Synchrotron self absorption of Sychrotron produced photons at the
electron gas (Fig. 1.2), only photons with highest frequenies can emerge electron clouds of highest
density. Therefore one de nes the so called = 1 border of regions visible at a certain observing
wavelength. The larger the frequency, the closer one can I&aowards the actual launching point of
the jet the most dense region. As one newly shocked jet-compuent evolves, the according are is
thus moving through the frequency space. Figure 1.8 (left pael) shows that behavior for a historic
are of 3C 111 around 1997 (Kadler et al., 2008). The approprate spectral power-law index in the
right panel is steepening with time. What is remarkable for 3C111 is that the overall ux levels of
the di erent light curves do show a gradient with frequency at almost every time. In other words,
the overall spectral index is scattering around a value ok  0:5 except of the time where the new
component is ejected and the are rises to its maximum. Here he spectrum is getting temporarily
at.

Having discussed the overall jet phenomenon, let us move taavds the launching region. The part
of the jet closest to the central engine being visible on highresolution VLBI images is called the
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Figure 1.8.: Light curves and Spectral index curve adaptedrom Kadler et al. (2008) where shaded
regions correspond to evolving structures seen in radio imtrferometry maps.
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Figure 1.9.: Inner Jet model proposed by Marscher et al. (208).

radio core of the jet. This is the region that is most dense but still optically thin at the observing
frequency regarding synchrotron self absorption. Thus wHe rising the frequency at which VLBI
maps are measured, the visible jet core will move towards thectual central launching point (e.g.
Mdiller et al., 2011). Doeleman et al. (2012) even claim to reeh the actual launching point of the
jet of M87 using mm-VLBI at 1.3 mm.

Normally this innermost region stays obscured to radio obsevers but is getting observable at
even higher frequencies from IR over optical bands to the UVMarscher (1996) explicitly state an
acceleration- and collimation-zone (Fig. 1.9) that is a regon beyond the radio jet where an ordered
helical magnetic eld is proposed. The shocking region prasmably consists ofe" e - pairs created
via pair creation out of photons entering the jet nozzle in canbination with the surrounding mag-
netic eld (McKinney, 2005). The surrounding helical eld i s a natural con guration suggested
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by theoretical MHD-calculations such as by Blandford & Znajek (1977) and Blandford & Payne
(1982). However as Homan (2005) state, many di erent three-imensional magnetic eld con g-
urations can produce the same two-dimensional polarizatiorpattern such as a eld composed of
toroidal and polodial elements. | will further require helical elds to be the magnetic eld pat-
tern at least in inner jets. Following Vlahakis (2006) a distribution of plasma also follows helical
paths within the constraining helical magnetic eld but wit h a wider pitch angle as illustrated in
Fig. 1.9. On this path the whole electron-positron distribution is most probably accelerated due to
magnetic driving (Vlahakis & Konigl, 2004) caused by a magnéic pressure-gradient within the jet.
This acceleration mechanism is much more e cient on larger pt scales compared to centrifugally
driven non relativistic jets or even thermal driving. At the distance of 10*Rg from the SMBH
the shocked blob is supposed to enter some standing shock amden further upstream to develop
a moving shock itself compressing a chaotic magnetic eld ashe authors state.

This model is very good to explain the comparatively large dgree of polarization at outer expanded
regions of the jet, where the magnetic eld is getting locally aligned perpendicular to the jet axis
due to compression. The integrated degree of polarizationften exceeds 30% here and drops to
< 10% towards the nucleus (Saikia & Salter, 1988; Hogbom & Caslson, 1974). Integrating over a
larger region covered with helical magnetic eld lines nearthe nucleus suppresses the overall degree
of polarization. It has to be noted that the outer borders of helical elds show a larger fraction of
eld lines being aligned parallel to the jet axis. Thus jets with helical elds appear more polarized
at the edges (Saikia & Salter, 1988). Marscher et al. (2008)lao support this idea due to the detec-
tion of two distinct ares for BL Lac rst appearing in the Opt ical, X-rays and Gamma wavelength
most probably due to a new component of plasma being injectedhto the inner acceleration- and
collimation-zone. As the authors claim, the second are occus while the component encounters the
standing shock and forms a moving shock beyond the radio coreAdditionally a swing of the optical
polarization angle as also seen, i.e., for 3C 454.3 (Jorstagt al., 2010) can explain the propagation
of plasma through the external helical eld. Lyutikov et al. (2005) give the necessary theoretical
background. They show that a hypothetical rotationally symmetric jet with embedded helical eld
produces a net linear polarization being oriented either pgoendicular or parallel to the jet axis
while electron charges are performing helical paths arounthe helical wounded magnetic eld lines.
In the model of Vlahakis (2006) the shocked plasma is itselfdllowing a helical path within the
magnetic eld-cone. Thus it is possible to reach intermediae EVPA orientations between the two
extreme parallel or perpendicular cases. A possible obseational veri cation can be the smoothness
of EVPA rotations detected, e.g., by Marscher et al. (2008) hat can not be explained by random
walks of the EVPA in a turbulent eld.

The study of evolution of polarization in general can thus trace many open questions and uncer-
tainties in these assumptions.

1.4. RADIO-QUIETAGN

In opposite to radio-loud AGN, radio-quiet AGN have no, or at least no jet that would be worth
to be studied in the radio. They emit both thermal and non-thermal radiation, where the latter
is high-energy (X-ray to Gamma) radiation due to invers Compton up-scattering of softer photons.
X-ray spectroscopy turns out to be a useful tool to get accessat many physical properties of such
kind of sources.
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Figure 1.10.: Re ected and composite (re ected plus direc) spectra for a at, optically thick, cir-
cular slab isotropically illuminated by primary X-rays located at some height above
the center. The here shown re ection spectra are corresporidg to a mean inclination
angle of cos() = 0:5 and a photon index of 2 (W. Eikmann, priv. comm.).

1.4.1. MULTI WAVELENGTH ANDX-RAY SPECTRUM

1.4.1.1. GENERAL SPECTRAL FORMATION

The underlying spectral continuum of all AGN in rst instanc e is a power-law continuum produced
via multiple inverse Compton up-scattering (Sect. 1.1.2) ofUV-photons by coronal relativistic elec-
trons to X-ray energies as nicely described in detail by Turne & Miller (2009).

Depending on the inclination angle of the AGN towards the line of sight, Compton re ection of
incident power-law photons is more or less e ective (George &abian, 1991; Lightman & White,
1988). Let us review the process o€ompton re ection  in general. Typical continuum shapes of a
re ected power-law spectrum are shown in Fig. 1.10. The two m@ competing mechanisms are pho-
toelectric absorption and Compton down-scattering. As distssed in Sect. 1.1.2, the cross-section for
photoelectric absorption goes with E 2 because high Z elements necessary for photo-absorption
are getting less abundant at higher energies. It reaches alib the same value as the Klein-Nishina
cross-section at 10 keV which is decaying starting at photon eergies of around 100 keV. This means
that in the energy range of interest for X-ray spectra (0.3 10keV) the Klein-Nishina cross-section
can be approximated with the energy independent Thomson cres-section 1. In general one
can assume that power-law photons irradiate the accretion dic or the inner side of the torus
(Ghisellini et al., 1994) again while getting redirected dwe to Compton re ection in the Thomson
regime at intermediate energies and also su er energy lossug to electron recoil at higher energies
of E & 30keV where the Thomson cross-section fades into the regimd the overall Klein-Nishina
cross-section where scattering events can not be treated aslfy elastic any more.

The combination of photo-absorption at lower energies, the redirection out of the line of sight
and energy attenuation of photons due to Compton (down-)scatering yield the typical Compton
re ection continuum peaking at energies around 30keV. Eary work on the high energy bump
as a signature of cold matter in Seyfert galaxies is also donby Matt et al. (1991) as well as
Haardt & Maraschi (1991).

The continuum is accompanied also byemission features due to creation of new photons by
recombination, bremsstrahlung, collisional excitation and uorescence e ects strongly dependent
on the degree ofionization of the medium where also Compton re ection takes place.

The ionization parameter is de ned as = L=nr 2 with the irradiating luminosity L and the column
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Figure 1.11.: Re ection Spectra for constant density slabsfor three values of getting illuminated
by a power-law spectrum with photon index of 2 (Liedahl & Torres, 2005).

density n of material at a distance ofr from the nucleus. It measures the degree ionization of gas
situated in the upper layers of the accretion ow (corona) and the torus due to irradiation.

Two extreme cases are used in many publications, e.g., by Zicet al. (1994), Turner & Miller
(2009) and Fabian & Ross (2010). In highly ionized, hot plasna most electrons are stripped of the
elements leading to a decrease of the e ciency of photoelecic absorption and in turn a dominance
of the unabsorbed re ected continuum as well as less emisgideatures in the soft X-rays. Low ion-
ization states of the plasma in opposite allow the occurrene of emission features and a dominance
of photoelectric absorption of the incident photons causimg less photons to be re ected. In a cold
plasma with weak external irradiation and low , the thermal black body radiation from the disc
as well as collisional events are still su cient to partly io nize elements such as carbon, nitrogen
and oxygen allowing the occurrence of recombination lines.

Figure 1.11 nicely shows the e ects of . For detailed calculations of ionized absorption and further
illustrations of the e ect of di erent ionization paramete rs, see Garcia & Kallman (2010).

On top of the re ected continuum the Fe K line produced by uorescence line emission is mostly
dominant. Iron is the last element towards high energies wih still abundant electron shells. Fluo-
rescence is the ionization of an electron from the Iron K-shéland another electron lling that gap
from the L-shell while emitting a photon at  6:4keV. An Iron edge at at  7:1keV often appears
due to the rapid fall-o of the photo-absorption cross-section (Wilms et al., 2000) in Fig. 1.3.
Moreover re ection is getting more e ective for larger column densities (Ghisellini et al., 1994).
Photons are scattering only several times until they emergehe disc. At each scattering event the
photon can also be absorbed. As derived in Sect. 1.1.3 the opidy  is proportional to Ny «kn
witg the column density Ny. For multiple scattering events the photons encounters a ttal opacity
of , " which will get very large already for small n. That means that for additionally large
Ny values, Compton scattering will be the only contribution to the measured spectrum as the
photons being absorbed by the same medium of course do not reaout. In other words, when the
obscuring column density is so large that the primary contiruum is obscured up to (and beyond)
10keV (Ny & 10%*cm ?2), we speak of re ection-dominated or Compton-thick objects.
Both terms are used synonymously, although the former is mog the phenomenological appearance,
the latter the underlying cause.

Combining the above discussed elements of

" the incident power-law spectrum

"~ re ection / re-procession of the incident power-law at dense, partly ionized regions around
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Figure 1.12.: Sketches of possible geometrical interpretns of the detected 0.3 10keV band
spectra for radio-quiet AGN / Seyfert galaxies seen under anriclination angle of
i =45 : left: partial covering, right: Compton re ection

the accretion disc or the inner side of the torus, most likelyalso being the source of
" emission features

we can now combine an overall spectrum emerging a region with the obscuring torus. Thus the
measured spectrum can be assumed to consist of the sum of thecident power-law spectrum com-
ing directly from the nucleus and the power-law reprocessedhi the outer layers of the disc.

Now, the dusty torus as well as other surrounding gas have to & further considered as obscur-
ing matter. In other words, we have to distinguish between Syl and Il galaxies in the following
which are the same objects just viewed at di erent inclination angles towards the torus' symmetry
axis. For some inclination angles in between it is legitimae to assume that the overall spectrum
consists of continuum or line photons originating from multiple paths as illustrated in Fig. 1.12,
right panel. Those are the incident power-law directly emergng the nucleus (green, dotted-dashed
line), striking through the edge of the obscuring torus (red dashed line on the left side), second
the component reprocessed at the inner side of the torus seenom an unobscured line of sight
(red, dashed line on the right side). If re ection occurs in the absorbing torus, it may be partially
obscured and not detectable. Whether the reprocessing occsl in the torus or the accretion disc
can only be judged using variability studies. The sum of the @mpton re ected and the incident
but absorbed power-law spectrum has a break somewhere abové® keV (see also the composite
spectrum of Fig. 1.10). Thus it is challenging if not impossble to constrain a Compton re ection
component with the X-ray instruments used in this thesis as they are sensible only up to 10keV.
Next to cold absorption occurring most likely in the torus consisting of relatively dense and
cold gas and dust, there is also less dense gas in the NLR paatly ionized by radiation from the
central engine being responsible fowarm absorption  producing also absorption line features
depending on the ionization state of the gas. As Costantini 2010) and many more authors con-
clude due to the measurement of Doppler shifted absorptionihes, this is in particular evaporated
gas from, e.g., the outer torus layers being driven outwardsy the radiation pressure of the X-ray
source. Systematic studies show that at least half of all AGNharbor such out owing warm absorb-
ing gas (Reynolds & Fabian, 1995; George et al., 1998; Picoalli et al., 2005; Blustin et al., 2005;
McKernan et al., 2007).

At last a very interesting feature is the soft excess (Guainazzi & Bianchi, 2007). This is an excess
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in form of extra continuum or line emission in the soft on top o a power-law tting to the hard

2 10keV band, extrapolated into the soft. For the origin one has to separately consider obscured
Sy Il and unobscured Sy | galaxies.Sy Il galaxies have only little intrinsic emission due to strong
absorption. While Sy Is allow us a direct view onto the nucles and emission features due to par-
tially ionized gas as discussed above, the same is obscuredtwa dusty torus for Sy lIs. However
the excess photons of emission features together with soft-xay continuum photons are e ectively
scattered into the line of sight by the highly ionized large <ale low dense gas above the torus,
most likely coinciding with the NLR (Bianchi et al., 2006). T he spectrum on the direct line of
sight through the torus is mostly absorbed in the soft band davn below 4 keV. The high ionization
state of the NLR, however, makes photo-electrical absorptia in general insigni cant in contrast to
scattering of soft X-rays and also optical to UV photons (Mushotzky et al., 1993). On the other
hand the soft excess of unobscure®y | galaxies can be explained by Compton re ection from
dense, partially ionized gas around the accretion disc intahe line of sight (Pounds et al., 2001)
an example for Compton dominance also in the soft energy band

Popular attempts to model such soft excess that is still subgct of debate are models of thermal
bremsstrahlung or Comptonization (Brenneman et al., 2007) re ection from ionized medium as
discussed above and black body radiation.

1.4.1.2. PARTIALCOVERING AND WARM ABSORPTION

In particular, partial covering is a frequently used model description to account for the cold ab-
sorbers partially obscuring the line of sight. Figure 1.12 left panel shows the situation. Again we
assume radiation to arise from di erent paths for a line of sight striking through the outer edge of
the torus. In principle also Fig. 1.12, right panel shows a cae of partial covering. Depending on
the site where Compton re ection occurs, it is generally spaking possible that one line of sight is
getting obscured and the radiation is partially covered.

Here, | want to discuss partial covering visible in the obsevable 0.3-10keV band. For the as-
sumed line of sight towards intermediate Sy I/Sy Il types incident power-law radiation again strikes
through the outer edge of the torus which is moderately dens¢Ny of the order of 1G?cm 2) and
thus only absorbs down to some keV. On the other hand, photongan also be Thomson scattered
into the line of sight. This scattering most likely occurs in the NLR while only a fraction of the
incident power-law photons arrive the observer. Thus the oveall spectrum is the superposition of
a power-law attenuated in normalization and the incident power-law absorbed in the soft by cold
matter which gives the typical S-shaped spectrum. The modd for such a spectrum combines as

[(l C) c e N Hinternal ](E + GFe)e N H galactic (142)

with the covering factor c and a power-law plus Iron K line G (Dauser et al., 2010) absorbed by
the source itself and our own galaxy given by the column densies Nyinemar @nd N galactic -
Ceballos & Barcons (1996) nicely test the importance of parial coverers for a sample of 65 Sy | and
Sy Il sources by examining the relation of the soft and the had X-ray uxes. The partial covering
model is best understood with Fig. 1.13. Here every source aords to one data point in the hardness
ratio vs. ux ratio diagram. After the idea of the Uni ed Mode |, Sy |l galaxies appear under a
line of sight that is obscured by a molecular torus. Experimentally one nds that those sources
are obscured by column densities oNy 10?3 cm 2 whereas Sy | galaxies with average column
densities of Ny 10?2cm 2 are not supposed to be absorbed by that structure as this coln
density is of the order of the intergalactic Ny. See the primary literature by Kembhavi & Narlikar
(1999) for examples from modern research.

The sources discussed here, again intermediate Sy I/Sy Il smces with a line of sight striking
through the outer torus layer, can be assigned to the samplefoSy | in Fig. 1.13 in terms of the
measured quantities ofNy.
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Figure 1.13.: ROSAT PSCP hardness ratio versus ux ratio fora set of 65 Sy | (lled squares) and
Sy Il (open triangles) sources (Ceballos & Barcons, 1996).

The gure gives an overview over the parameters of models béglescribing the source's spectra.
Solid lines are lines of equal covering factor starting withc = 0:2 at the very bottom risingto c=1:0
at the top of the panel. While tracing those lines of equal coering factors from right to left, the
column density rises fromNy =10%°cm 2to Ny =3 10?%8cm 2. Thus strongly absorbed sources
such as Sy Il (open triangles) are found at the upper left of the gure where column densities and
covering fractions are large and in turn the spectra are hardr. The sample of less absorbed Sy | and
also the intermediate Sy I/Sy Il galaxies partially included in this sample of Ceballos & Barcons
(1996) conglomerate at the lower right of the gure where Ny values are low, covering fractions
intermediate and the spectra more soft. Some soft excess nfigalso be existent for soft sources
with lower covering factors, however hard to determine with partial coverer models.

Thus the covering fraction is directly correlated with the Ny parameter . Having shown
that partial coverers are indeed physical mechanisms of smgral formation one might ask if also
warm absorbers play a role for sources of that kind. Indeed Ceballos & Barcos (1996) conclude
that one needs a combination of neutral and partially ionized absorbers to fully account for both
the absorption of the continuum and absorption line features.

1.4.2. VARIABILITY STUDIES

Variability in ux and absorption is ubiquitous for Seyfert galaxies (Risaliti et al., 2002). They
explicitly state two reasons for spectral variability that are variations in the irradiation and
thus the ionization state of the warm absorber (Krolik, 1999 as well as variations of the absorber
itself.

The mentioned intermediate Sy I/Sy Il galaxies are sources @vealing possible variability of the
absorbing gas in the line of sight through the outer torus layer. The goal is to nd a sample of
those sources to test for the variable structure of the outertorus layer and to give a contribution to
probe the verity of the Uni ed Model. The following section i s dealing with those sources in detalil
de ning an appropriate sample.

1.4.2.1. POLAR SCATTERELDY | GALAXIES

The Uni ed Model of Active Galactic Nuclei (Antonucci, 1993 ) shows that Sy | and Sy |l galaxies
are the same type of galaxies, but seen under di erent incliation angles (Fig. 1.14). At inclinations
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45 Sy | galaxies are typically either optically unpolarized or polarized due to predominantly
equatorial scattering. Sy Il galaxies have an inclination ¢ & 45 and show mainly optical polar-
ization features due to polar scattering, as the line of sighof Sy Il galaxies passes through the
optically thick torus.

The spectra analyzed in this work do not reveal any soft emigsn features in the X-rays but indeed
in form of scattered emission lines the optical and UV. In dedil, as shown in the illustration, there
are two scattering regions of polarized light. One located ear the accretion disc, correlated with
the broad line region (BLR), and one farther outside, to be identi ed with the Narrow Line Region
(NLR). The former is the source of polarized light with a polarization angle (PA) parallel to the
torus' symmetry- or polar-axis, also called the equatorial scattering region (green scattering
trail in Fig. 1.14). From the latter, polar scattering region , one receives mainly polarized light
with a PA perpendicular to the polar axis (red scattering trail). Here the measured broad, polarized
line photons are scattered on large scale gas above the systeas pointed out in the last section in
respect of soft excess emission. Hence, the dominating mestism for Sy | galaxies is equatorial
scattering, for Sy Il galaxies polar scattering. In reality, both scattering regions contribute to the
e ective polarization. It is important to note, that for bot h the degree of polarization increases
for an increasing inclination of the line of sight towards the symmetry axis. Furthermore, if both
regions contribute to one line of sight, one has to take into acount partial cancellation of polariza-
tion, as both PAs are orthogonal. Additionally, photons from the unpolarized continuum follow the
same scattering path as the polarized ones. So, also dilutioof the unpolarized continuum takes
place.

Using characteristics of optical polarized emission to costrain the geometrical situation, Smith et al.
(2004) state a sample of 12 so calledolar scattered Sy | galaxies  with an assumed line of sight
of 45 . But why are those still dominated by polar scattering?

Figure 1.14.: Geometric interpretation of the observation of optically di erent polarized Seyfert
galaxies (Smith et al., 2004).

The answer depends on the system geometry: equatorial sca&tted polarized light can pass the outer
less dense layer of the obscuring gas as shown in Fig. 1.14 aisdtherefore attenuated towards the
optically polar scattered light.

X-rays produced near the nucleus presumably follow the sames€attering) paths and thus also
paths through the outer layer of the torus consisting of evamrated inhomogeneous gas and dust.
This should result in signi cant soft X-ray variability due t o strongly variable column densities and
photoelectric absorption.

21



CHAPTER 1. INTRODUCTION

1.4.2.2. ORIGINS OFX-RAY COLUMN-DENSITY VARIATION

The basic model assumption for all sources is a partial covarg of the line of sight with cold gas
and dust from the outer torus layers. For the high resolution XMM -data it is possible to nd
better model descriptions including additional warm absotbers and for spectra with very high S/N
even Compton re ection components. In order to stay consisént within the model descriptions of
all compared observations it is necessary for more complex odels to always include elementary
starting models. This bottom-up procedure of starting with basic models and gradually testing
more advanced ones is particularly important for comparingcolumn densities.

After a simple absorbed power-law model, a partial coverer (8ct. 1.4.1.2) is the standard model
which is successfully tted to most of the available data. However, speaking of variability, a
partial covering scenario of that kind might be less physich concerning ndings of rapid dips in
X-ray light curves of obscured Seyfert galaxies such as Faitb9 (Loh nk et al., 2012), Centaurus A
(Rivers et al., 2011), Mrk 348 (Akylas et al., 2002) and NGC 327 (Lamer et al., 2003) which is
also in my sample. In all cases dips are found IRXTE light curves. Further examples of Ny
variations on short time-scales are given by Risaliti (2010) As a side-note: RXTE is not used in
my analysis due to the lack of sensitivity in the soft X-ray range which is essential for a spectral
identi cation of absorption of lower column densities of the order of 1&2cm 2 as present in my
sample.

Also the rapid column density changes found by Puccetti et al (2007) in NGC 4151, a prototypical
source in that case, lead to the insight that a partial covere with homogeneous distributed cold
absorbing matter obscuring the direct line of sight towardsthe nucleus while unobscured photons get
Thomson scattered into that line of sight is less meaningfulcompared to the model of aclumpy
torus proposed and applied by Holt et al. (1980) with a good model eglanation provided by
Nenkova et al. (2008). This model is also used as explanatioim most of the above stated examples
of detected X-ray dips. The basic assumption is that the absdper is no longer homogeneous
but consisting of a large, Poisson distributed number of clads each of a certain column density.
Variability is said to be due to uctuating cloud numbers int he observer's line of sight. Considering
the small cloud size, a partial covering nowwithin the solid angle of the observer is possible
(Holt et al., 1980).

That kind of clumpy-torus model including a large number of small clouds has been tested for many
sources WithRXTE . The timescale of variability is expected to be limited by the light crossing time
at the inner side of the torus. Also X-ray absorption variability detected on time scales of hours to
days by Risaliti (2010) can be better explained by the notionof clouds moving in front of the line
of sight. Although this ansatz of partial covering clouds opens the door to the internal structure
of the obscuring torus, the partial covering with a homogeneus shield as used in this work is
su cient to describe variability itself (de Rosa et al., 200 7). It is important to note that both the
homogeneous shield and the clumpy torus models are succasdsf tting the data. Also variability
can be explained by both. The homogeneous shield assumes arleud drifting over the line of sight,
the clumpy torus model many Poisson distributed clouds insead. Measurements yield time scales
of hours to days at the maximum (Risaliti, 2010). It is thus a more physical approach to include
relatively small clouds directly into the underlying model as being most likely the components of
obscuring torus (Krolik & Begelman, 1988).

All those assumptions are hypothetical as no one could rese¢ the inner regions of AGN by now.
Understanding the partial coverer as partial covering of the direct line of sight towards the nucleus
instead of a contribution of di erent regions of the system (Fig. 1.12) is a legitimate ansatz towards a
more realistic understanding of the physical processes ifre considers the scienti ¢ results achieved
in terms of short term variability of absorption of many systems.

22



CHAPTER 1. INTRODUCTION

The model of a homogeneous shield in the line of sight can alsexplain homogeneous clouds
performing orbits around the central SMBH and obscuring the line of sight for a certain period
of time. The smallest measured time scale will then set an uper limit on the radius of orbits if
assumed to be circular.
This can be determined if assuming that the obscuring cloud $ moving on circular Keplerian
orbits around the central SMBH. Loh nk et al. (2012) in parti cular use this ansatz to calculate
an upper limit on the distance of the absorber for Fairall 9, where several absorption dips were
found. Assume a spherical cloud of radiug = xrs with the Schwarzschild radius rg = GM=c?
where G is the gravitational constant and M the mass of the central SMBH. Let the cloud move
on a circular orbit with the radius R = B(r s. Equating the centrifugal force with the gravitational
yields for the velocity of the cloudv = GM=R = X 172c. The duration of one eclipse triggered
by the obscuring cloud of radius r moving in front of the line of sight is approximately t 2r=v.
Inserting the result for the velocity v yields

|

x= (1.43)
2xGM '
and therefore 1
R= Xrg= tzczrs,p (1.44)

for the radial distance of an obscuring cloud from the centrdengine. Risaliti et al. (2002) re-write
this equation in order to include information of density n (units cm 3) and column-density, Ny
(units cm 2) of the obscuring cloud to

M BH n 2 t 2 NH 2

R 3 10
101°M 108cm 3 5Ms 10%2¢cm 2

cm (1.45)

where the radius of a spherical orbiting cloud can be used toajn the cloud density out of measured
column densitiesN. Additionally to this estimate of the distance of an absorbea with neutral/cold
Ny, Krolik (1999) derives a relation for a partially ionized absorber to be

= t 1=2 Z 2
R 50057 1}'2” Te

pc (1.46)

with Lion as the ionizing luminosity [...] de ned as the luminosity i n the continuum corresponding
to the ion in question (Krolik, 1999) derived from X-ray mode | ts, Z, the charge of the ion of
interest, and tjon as the time where an order of unity change occurs in ionizatio.

My focus lies on the variability of neutral absorbing matter and in turn on varying column densities
as derived from model ts of the data. Also visible in the data is a variation of the total ux itself
due to changes in activity of the radiation emerging from the vicinity of the black hole. The
ionization state of warm absorbing gas in turn also answers W#h variability (Zycki et al., 1994)
remembering the relation for the ionization state = L=nr? with the irradiating luminosity L.
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CHAPTERZ2

POLARIMETRY OFRELATIVISTIGIETS

What would you be if you were attached to another object by amélined plane,
wrapped helically around an axis? Screwed!

S. Cooper,Big Bang Theory

In the previous chapter radiation processes and di erent types of AGN as sources of measurable
radiation are discussed in detail. After Sect. 1.3 the radieloud sub-types of AGN host jets embedded
in magnetic elds as shown in Fig. 1.9. They are the main soure of partially polarized Synchrotron
radio emission that can be measured both in total and polaried intensity with (single-dish) radio
telescopes. Saikia & Salter (1988) review the most importainachievements in interferometric and
single-dish polarimetry until 1988. Polarimetry is the key to the overall structure of magnetic elds
as lying perpendicular to the EVPA vectors for a resolved map The magnetic eld reveals insight
in the basic, yet not understood physics of jets and their fomation.

One interesting nding in terms of the theories stated in Sed. 1.3.1 is that for FR | radio galaxies
where both jet and counter-jet are visible, the magnetic eld is mostly parallel to the jet axis behind
the hot spots and perpendicular towards the core, whereas fd-R Il types the eld is predominantly
parallel to the axis.

Not only the magnetic eld structure but in particular the dy namics and variability induced by
shocks moving downstream the jets is measurable both in todeand polarized intensity. This is done
for the extended radio galaxy 3C 111 in this chapter. First | gve an introduction to this source,
explaining the technical issues of single-dish radio astrammy with the 100-m E elsberg telescope
in the following section to nally use those techniques to aralyze and interpret data of 3C 111.

2.1. THEFR Il RpDIO GALAXY 3C 111

The nearby radio galaxy 3C111 ¢ = 0:048) is a unique source to study a broad variety of phenomena.
In contrast to blazars with jets dominating the whole frequency range from radio to X-rays, 3C111
as a FR Il type Broad Line Radio Galaxy (Sargent, 1977) is jet-cominated in the radio regime (see
Fig. 2.1) and shows Seyfert like spectra in the optical and X-ays (Chatterjee et al., 2011). This is
on the one hand because of the jet position angle of about 63reported by Lin eld & Perley (1984)
meaning that the line of sight is highly inclined towards the jet axis. On the other hand a reason
can be a probably low external photon eld allowing the synchrotron peak in the radio-to-gamma
spectral energy distribution (SED) not to reach X-ray wavelengths and dominate the accretion
disc X-ray emission. Groups like Hartman et al. (2008), Chaterjee et al. (2011) and Tombesi et al.
(2012) studied multi wavelength data especially from the ralio to X-rays in order to trace the
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Figure 2.1.: 3C 111 mapped with the VLA at 3.6 cm, contours at 15 (-2,-1,1,2,4,...) mJy beam 1
(Leahy et al., 1997). The x-axis shows right ascension, the yxas declination coordi-
nates.

accretion disc jet connection, the key to understand the feeding of jets. Studying this eld is

moreover implied by strong structural variability detecte d with VLBI experiments on parsec scales
reported by Kadler et al. (2008) and Grossberger et al. (2012 The overall jet-morphology of the

FR 1l type is shown by Lineld & Perley (1984), Leahy et al. (19 97), Jorstad et al. (2005) and
Chatterjee et al. (2011). In the present work | present full Sokes data measured with the 100-m
E elsberg radio telescope in the framework of the F-GAMMA project from 2007 until now. Data

of the MPIfR 5 GHz and 10 GHz receivers are reduced as presemntén Sect. 2.2. In addition to the

work done on VLBI scales to study the remarkable variability of 3C 111 in the radio, the study is
extended to global scales also considering polarization as tool being very sensitive to variability

in general. This makes it possible to both con rm the results already reached on high resolution
scales and beyond that to understand the interaction of coreactivity with global structures as well

as the morphology itself.

2.2. SINGLEDISHRADIO ANALYSIS

A popular development besides Single Dish radio astronomysithe Very Long Baseline Interfer-
ometry (VLBI)  using networks of single antennas spread over a large area (Kermann & Moran,
2001). The so called synthesized beam and thus the network'spatial resolution goes with =D
where D equals to the largest distance between two antennas as partfdhe network and is thus
much smaller than the one of a single dish. Furthermore VLBI dlows us to directly calculate an
image out of the information of amplitude and phase recordedby each telescope. The algorithm
basically cross-correlates all signals and is using Fourigtechniques to reconstruct a map of the
source of radio radiation. For primary literature regarding radio interferometry technigues see the
textbook of Thompson et al. (2004). Also very useful is the poceeding collection of the frequent
school of synthesis imaging and radio interferometry held aithe NRAO in Socorro, New Mexico,
edited by Taylor et al. (2008).

The only way to measure maps withsingle antennas is to slew the spot of maximal gain, also
called beam across the source. In my Bachelor thesis (Beuwert, 2010), | calculate in detail how
such beams are formed. The appropriate resolution, howeveiis worse. With VLBI one reaches
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Figure 2.2.: The 100-m E elsberg telescope, image taken by MKadler.

images of extragalactic radio sources with resolutions ner seen before. Now one starts to ask for
the necessity of single-dish observations while VLBI resoliions even allow us to study the magnetic
eld- and general structure in great detail, not only of AGN j ets. Though, it is combined with
great logistical and nancial e ort to maintain a VLBI netwo rk which is often spread over the whole
globe. Furthermore, global networks consist of antennas ofli erent kinds, making calibration also
an elaborate task.

This leads us to the vast advantages of single-dish observatns. Although the resolution is con-
strained to the width of a single beam being much larger than he synthesized beam of an array,
such a beam covering large fractions or even the whole sourder compact objects captures all
information of the source at one time and in one data point. The caveat: also in terms of polar-
ization only a value integrated over the beam can be measuredMore explicitly, zones of di erent
orientation of the polarization angles (EVPA) are washed ou to one net orientation by vector
addition. However, single-dish observations have easy acge to a much larger eld of research.
Most important, long term monitorings at a wide set of di ere nt frequencies is a ordable. Basic
guestions on the matter of AGN can only be answered by multi-fequency long term observations
of the global AGN system properties. For example, the obsertion of megamasers by Braatz et al.
(2010) allows direct measurement of the cosmological cormstt Hg. Another unique example for
the importance of single-dish observations is the possibily of a ordable long term monitorings of
full Stokes polarization properties at multiple wavelength and a large set of sources. The MPIfR,
Bonn leads a prominent campaign with the 100-m E elsberg telscope together with the gamma-
ray observatory Fermi-GST called F-GAMMA (Sect. 2.2.3.4). Historic polarimetry data of this
campaign is the interest of the following sections startingwith introductions to the instrument and
its data analysis.

2.2.1. THEEFFELSBERAOO-M TELESCOPE

Probably the best instrument amongst existing radio dishesfor gathering polarimetry data of high
quality and signal to noise is the 100-m E elsberg telescopedcated in the Eifel, Germany (Fig. 2.2).
It is operated from the Max-Planck Institute for Radio Astron omy in Bonn. The mount is operating
in the azimuth/elevation (az/elv) coordinate system. Blazars as the target sources of the following
analysis are measured using driven cross scans in azimuth drelevation.

26



CHAPTER 2. POLARIMETRY OF RELATIVISTIC JETS

Table 2.1.:

Details for the 6cm and 2.8 cm MPIfR receivers: cetral frequency, temperature of the
noise diode as calibrator, the aperture e ciency and the Full Width Half Maximum of
the beam.

freq [GHz] T.a sensitivity [K/Jy] AP eciency [%] FWHM [arcsec]

4.85 1.8 1.55 53 146
10.45 75 135 47 68

Table 2.2.:

2.2.1.1.

Channel allocation for the 5GHz and 10 GHz receiers in Broad Band (BB) setup;
TP A/B equals the total power in backend channels A and B (U. Bach, MPIfR, priv.
comm.).

channel Polarization output signal horn

a LCP TP A 1
b RCP TP B 1
c cross (Q) cos(A/B) 1
d cross (U) Sin(A/B) 1
e LCP TP A 2
f RCP TP B 2
g cross (Q) cos(A/B) 2
h cross (V) sin(A/B) 2

6CM AND 2.8CM RECEIVER

The 5GHz/6 cm and 10 GHz/2.8 cm receivers are used for the angbis of polarimetric data. The
channel allocation is listed in Table 2.1. Both receivers hge approximately the same design and
are operated with a main and weather horn. For total intensity it is necessary to subtract the
weather horn signal from the main horn signal to reach the deised best signal-to-noise ratio. The
polarimetric cross-channels cos(AB) and sin(AB), however @ not include the weather due to the
foregoing cross correlation. Hence a weather horn subtrain is only necessary for total intensity

channels.

The feed horns themselves, i.e., circular feeds are sensiito the polarized signal in its left- and
right handed circular polarized (LCP/RCP) wave-components, which are orthogonal in the circular
base. A monochromatic wave can on the other side also be decpwsed into two linearly polarized
waves orthogonal to each other in the linear base (see Sect.114). As a single dipole measures
only one of these orthogonal components, a linear feed in prciple consisting of two orthogonal
dipoles can measure both at one time. Similar, a circular fed measures both the LCP and RCP
signals just as a helical formed antenna with a only one handghelix just measures one component.
Hence, the feed can be understood as a combination of two of tise helical antennas with opposite

handing.

The necessary introduction to polarized radiation and its mmponents is given in Sect. 1.1.4. Eq. 1.38
lists the Stokes parameters depending on the signals captad by the circular feed, namelyE, for
LCP and E; for RCP.

After the signal is divided into a LCP and RCP signal, both are treated equally within the receiver.
A sketch of the MPIfR 6 cm receiver can be found in Fig. 2.3. The6 cm receiver being described in
the following is similar to the 2.8 cm one and shall be repreggative. The details are also discussed

in Turlo et

al. (1985), however referring to an older versionof the 6 cm receiver.
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Figure 2.3.: The MPIfR 5GHz four-channel receiver, http://www3.mpifr-bonn.mpg.de/div/
electronic/content/receivers/6¢cm.html

After passing a linear receiver and thus being ampli ed and timmed to a nite bandwidth B, the
signal is getting down-converted to a lowerintermediate frequency with the local oscillator (LO).
This simply allows one to use cheaper and simpler electronidevices. Also a separate weather horn
contributes a signal into the circuit which is not drawn in th e sketch. At the same time when the
local oscillator is fed into the path, the signals can also bghase switched with the S5 switch as
drawn in Fig. 2.3. Table 2.2 includes the channel allocatiorof the digital backend. The total power
signals of LCP and RCP are directly extracted as TP A and TP B and led to the autocorrelator
stage (Eqg. 1.39) to convert voltage to power. A and B simply deote the two main signal paths
inside the receiver. The polarimeter in turn calculates the cross terms cosf=B) and sin(A=B)
from those signals, which will then themselves enter an autcorrelator. At this point the phase
switch gets important, as it delays one signal path with 180 . Within the polarimeter delayed and
undelayed signals are subtracted in order to get rid of posbie o sets formed inside the polarimeter.
This is due to the fact that signals that are getting multipli ed as it is the case in the polarimeter,
always have positive noise that contributes to the resultirg signal. A signal being delayed by 180
in turn will have negative noise. Subtracting both will lead to a signal scattering around zero and
a more stable calibration.

In detail, the analyzed E elsberg data are recorded by spliting the recorded signal in four phases
with a length of 16 ms each. In the last two phases, the noise dde is switched into the cycle to
do a Voltage Kelvin conversion. The system records two sigals (P resembles the phaseD the
phase of a noise diode signal):

Sig= P+ Py +(P3+ D3)+(Ps+ Dg)=4P +2D

(2.1)
cal= P1 Po+(P3+ D3)+(Ps+ Dy)=2D
The conversion to Kelvins is performed with the equation
_ Sig
Ta = 2C8.|Tca| (2.2)

with T¢g, the temperature of the noise diode as assumed to be constanith time (see Table 2.1) and
Ta the calibrated antenna-temperature (Angelakis, 2007). In @her words, this is the temperature
an antenna-encircling black body would have while radiatingwith the same total power as the
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Table 2.3.: Phase distribution of the MPIfR 5 GHz/6 cm receiver for the main horn only. Listed
are the four channels a-d each carrying a di erent signal of ptarization and combining
four phases of 16 ms time-intervals to one channel-signal.

channel Polarization output signal sig combination  cal conbination

a LCP TPA(LCP) a+tay+az+ ay a; a+az+ ay
b RCP TPB(RCP) bi+bhh+ I+ by b+ g+ by
c cross (Q) cos(A/B) €T C+C ¢4 i+t C+C ¢4
d cross (V) sin(A/B) di dy+d3 dy di+dy+d3 dg
—1
1

Figure 2.4.: Eight sub-scans, four in azimuth, four in elevaton of the source PKS 2155-304 with
the same scan number 6569.

observed source. Table 2.2 gives an overview which backenditput (Fig. 2.3) accords to which

phase combination plus the correct signs for the di erent ptases used in Eq. 2.1. This is important
for the data extraction. The negative signs of the cos and sinerms of cos@@=B) and sin(A=B)

belong to phases delayed by 180that are getting subtracted from the undelayed phases as dested

above. The phase switch of the 2.8 cm receiver was broken froduly 2010 on. This can be xed
afterwards by setting the nos5 option in the reduction software toolbox .

2.2.2. STOKESI CALIBRATION

After having done the Voltage-Kelvin calibration of the backend data for all four polarimeter-
channels LCP, RCP, Stokes Q and Stokes U, one needs to calibmthe data to ux units measured
in Jansky (Jy). The detailed steps are fully described in Set 3.5.3 of (Beuchert, 2010). In the
available data, joint total-power cross-pro les are extracted for the channels a+b (LCP+RCP) from
Table 2.3 and separate pro les for Stokes Q (channel ¢) and Skes U (channel d). Figure 2.4 shows
the basic scan method of E elsberg the cross scans. Usuallythe beam is driven at least two
times back and forth over the source both in azimuth and elevéion. The basic analysis steps are
sketched in the following. For more detailed information se Beuchert (2010).
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Gaussian ts:

Gaussians represent a fairly good approximation of the bearpro le as produced while sweep-
ing over a point-source. This automatically gives a measuredr the resolution of the telescope,
i.e., = =D with the observed wavelength andD the aperture of the radio dish. Having
tted the Gaussian, the amplitude is the value one proceeds th. For the data le system un-
til July 2010, the measured line pro le is already pre-calibrated to Kelvins. Each data-point
is thus derived by integrating the received signal over 64 mand nding Ta with Eq. 2.2.
After July 2010, no Kelvin pre-conversion is done. The Gaussin pro les appear in arbitrary
units. However, all following steps are performed in the sara way.

opacity correction:

Based on the equation for radiative transport (Eq. 1.30) andthe elevation dependency of the
atmospheric absorption 5m = z(1=sin(elv)) with , the opacity in the zenith one can derive
a formula for the measured system temperature with varying &-mass to be

Toys= To+ Tam (1 e (7sinEV)) "o+ Tam ,(1=sin (elv)): (2.3)

Due to measurements of the air-mass againstsys, which have a linear dependency following
Eq. 2.3, one can directly deriveTym , from its' slope.

pointing correction

The high resolution of the E elsberg beams at various frequacies, requires a pointing correc-
tion. Using the ansatz of a 2-dimensional Gaussian as approxiation of the beam or point
spread function (PSF) regarding a point source, it is possile to recalculate the pointing
o0 sets in azimuth and elevation just using the driven scans n both directions.

gain correction and ux conversion The az/elv mount of E elsberg allows only elevation-
dependent e ects to play a role in the gain calibration. The gain of a receiving system like
E elsberg solely depends on the observing wavelength with te mean e ective ared bAi =
2=4 . See Table 2.1 for the aperture e ciencies of the appropriat receivers. Consequently,
the antenna gain is getting worse for shorter wavelength, whe the beam FWHM also shrinks
with =D (Table 2.1). However it is su cient to measure the gain as function of the elevation
for the observed frequencies to correct for it. Reason for tl gain variation with elevation is
the deformation of the dish, which remains parabolic at all devations.
The sensitivity- or ux conversion from pre-calibrated unit s of Kelvin to Janskys is done by
knowing the exact ux for several observed calibrator soures.

The sensitivity factors given in Table 2.1 include all calibration steps from Kelvins to Janskys.

2.2.3. CALIBRATION OF POLARIMETRY DATA

2.2.3.1. EXTRACTION OFPOLARIMETRYDATA

Sect. 2.2.2 basically also describes the calibration stepg®r the polarized channels, however there
are two caveats:

- a so called Muller matrix can be found for full Stokes polarmetry data including all internal
calibration factors.

- for the new data system (change to FITS les) from July 2010 o, no Gaussian ts are applied
to the Stokes Q and U pro les. The values for Q and U are read o & the position of the

Lhttp://www.cv.nrao.edu/course/astr534/ERA.shtml
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Stokes | (=LCP+RCP) maximum projected on the Stokes Q and U pro le's base. The reason
for this approach is the beam squinte ect for LCP and RCP signals in a feed system being
laterally displaced from the center of the focal plane (Fielig et al., 1991). As LCP and RCP
signals are orthogonal to each other in the frame of circulafeeds and thus produce di erent
beams being o setted from each other.

2.2.3.2. MULLERCALCULUS

The Mdller formalism facilitates the complete calibration chain (Turlo et al., 1985). It relates the
Stokes four-vector Sgps (Sect. 1.1.4) for the observed data toS¢y which is well known for the used
calibrator sources by

Sobs = Mjj Rjj Scar: (2.4)

Sobs and S¢g are the Stokes vectors in the observer's and the source framdoth are transformed
into each other by applying the generic Mduller-matrix. It ¢ an further be separated into two
matrices taking over the roles of gain calibration and instumental e ects on the one hand (Mj; )
and a rotation (R;; ) of the linear EVPA projected on the horizontal az/elv system just by the
movement of the source on the sky on the other. It is su cient to treat this as a purely three
dimensional problem, as we do not expect an high fractional mount of circular polarization for
synchrotron emission of AGN sources (Sect. 1.1. l) Writinghe components of Eq. 2.4 one nds

0 1 0 10 1
My1 My m13 0

| 0 |
BOX = Bmay ma ngﬁ%o cos(@) sin2Q)X QKX (2.5)
U

M3.1 M32 Ma33 0 sm(2q) COS(Z:]) U

obs cal

where the rotated vector with nominal calibrator values (I; Q; U )ca can be parallactically rotated
with the matrix R;; to (I;Q;U ), which yields

0 1 0 10 1
My1 M2 M3

ED(IDX —%)m21 M2;2 mzsg E@QX (2.6)
U

obs mzi mz2 mzz U 0
Figure 2.5 relates the equatorial to the horizontal coordirate system as it could be seen from the
latitude of the 100-m E elsberg telescope. It has an az-elv mont and is thus constrained to the
horizontal system here shown in green. The tilted earth equeor projected to the sky is the base for
the equatorial coordinate system marked as blue. An obsengesource follows tracks parallel to the
celestial equator. In Fig. 2.5 a possible tracking path of tke radio telescope is drawn as an orange
dashed line. As a source moves with time, also the parallaatiangle

cos()sin( H)
sin()cos( ) cos()sin( )cosH)

being included in the overall Miller matrix as a transformation from the observer's to the source's
system changes. In Eq. 2.7, is the geographical latitude saying constant for the present telescope,
H =LST the hour angle with LST as the local sidereal time, the right ascension and the
declination.

The hour angle is just the angle between the plane through thebserver's zenith and the earth axis
(meridian) and the plane through the source and the earth axs. Combined with the right ascension
as measured from the vernal equinox, the hour angle measuré®w much sidereal time has passed
after the source was intersecting the meridian. Sidereal the is a time related to the earth rotation
and the resulting propagation of stars on the sky.

The source of interest 3C111 (Sect. 2.1) shows extended mmghology. Thus, it changes it's

(2.7)

g = arctan
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Figure 2.5.: Equatorial and horizontal coordinate system wth right-ascension /declination and
azimuth/elevation. The parallactic angle q is the angle betveen the main axes of
declination and elevation.
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Figure 2.6.: The path of an extended source such as 3C 111 ovtite sky.
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orientation projected on the horizontal observer's and hee also the telescope's coordinate system
while propagating over the sky as shown in Fig. 2.6. Theparallactic angleis the angle between the
main axes of declination and elevation of the source- and tekcope's coordinate systems where the
source is measured in. In other words: while the orientatiorof the source in the ra/dec coordinates
never changes, it changes direction on the observed in azAelcoordinates with the parallactic angle
g. This is the same rotation as described by the rotation matrk R; in Eq. 2.4.

Determining the Miuller matrix elements is the main task of the analysis part of this thesis.
As one might imagine, it is demanding and related to many aspets one has to be aware of.

The principle idea behind in turn is very simple and follows Turlo et al. (1985) and Kraus (1997).
Thus, expand Eq. 2.6 to three dependent equations

S1 = lobs = Maalp + M12Qp + My3Up
S2 = Qobs = Maalp + M22Qp + Ma3Up (2.8)
S1 = Ugps = Ma1lp + M32Qp + ma3Up

insert the observed and known calibrator data and perform a inear regression (Sect. 2.2.3.3). One
can account for the fact of the correlation afterwards by varing the calibrator values to nd the
best t for all three equations. This is possible as calibraibrs such as 3C 286 have been observed
frequently enough in the past to state reliable and constantvalues for the Stokes parameters. The
whole tting process requires knowledge about the rough behvior and meaning of the individual
matrix components. Again referring to Eq. 2.4, it is clear that the diagonal elements are the sen-
sitivity factors [K/Jy] or [arbitrary unit/Jy] for Stokes | ,Q and U assuming the calibrator values
to be in ux units of Janskys and the raw data in pre-calibrated Kelvins or uncalibrated arbitrary
units. The observed values within the F-GAMMA campaign (sec.2.2.3.4) of monthly observations
have been pre-calibrated to units of Kelvin using the noise ddde until July 2010. After that data
are provided in arbitrary units without pre-calibrating the cross scans themselves. The matrix
formalism however does not depend on the input units. The reslt will be di erent calibration
factors for whatsoever units the raw-data has.

Having already separated o the rotation matrix between Stokes Q and U due to the parallactic an-
gle, there still remains an instrumental rotation due to the elementsmy,; ma3; M32; M3 (Turlo et al.,
1985). In other words, these components describe the relain between the measured and nominal
source-values of Stokes Q and U. As shown in Sect. 2.2.3.4, thmeasured uncorrected data will
spread over a deformed circle in the Q-U plane when measured ali erent parallactic angles. The
amount of deformation gives information about these 2 2 matrix elements making use of the par-
allactic rotation spreading the data over a circular shape.

The entries m1, and m;3 describe the over ow of polarized intensity to total intensity by the so
called depolarization q

mi,+ mi;
jmagj

In opposite, also total intensity can ow over to polarized intensity. This is then called the instru-
mental polarization

Pdepol = (2.9)

q —
m3; + mj;
Pinstr = 7]“111] : (2.10)
The EVPA rotation angle induced by instrumental e ects is th us de ned as
m
instr = arctan 3 (2.11)
mazy

while the additional rotation of the EVPN itself described by the sub-2x2 matrix m22; ma3; ms2; mas
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is given by
m
arctan M3z Ma3 ; (2.12)
M2z + M33

2.2.3.3. LOG-LIKELIHOOD AND LINEAR REGRESSION

Having derived Eq. 2.8, one has to t these equations to the oberved data. One observing epoch
of the F-GAMMA program (Sect. 2.2.3.4) contains cross scan ogervations of approximately 70
extragalactic sources. In each epoch, also several calilioa sources with more or less known
Stokes values are observed multiple times in the best case. oTalso study the time dependent
behavior of the Miiller matrix, di erent matrices for every o bserving epoch are determined. Thus
the input of Eq. 2.8 for one epoch is all calibrator measuremats for (1; Q; U )ops and the appropriate
assumed default values forI; Q; U )cq O, respectively, (I; Q; U ), when corrected for the well known
parallactic angle at the present observing time. In the bestcase, the measurements of the Stokes
Parameters are linearly aligned in the (; Q;U ),-space, whilst the parametersmjj represent some
kind of slope of the linear dependency in the multi-dimensiomal space.

The general approach is to minimize the deviation of model ad data for each equation separately.

L(s1;:::;Spjm) = v f (sijm) (2.13)
i=1

function f being equal to the Gaussian distribution for normal distributed data around the model.
i denotes the Gaussian distributed error of each measuremenAssuming a t with a model being

equal to the representative equation ; = mal}, + myQj, + msU}, the Likelihood then turns out to
be
. A 1 (si_ )?
L(s1;::1;Snjmy; Ma;my) = pﬁe 227 (2.14)

i=1
There is one model function ;(m) per measurements; equalingto|!; Qi, or U,i) depending on which
equation one wants to t, as the parallactic angle changing fom observation to observation is also

included in the parallactic rotated Stokes calibrator values. Furthermore, it is more convenient to
use the log-Likelihood

In(L(s1;:::;Snjm1; m2; m3)) =1In 9217 X u (2.15)

2 - 2 2
The absolute value of the second term is equal to the known 2, which is basically Eq. 2.15 with
opposite sign. After summing up all the individual error-weighted deviations from the model for
each data point, the Log-Likelihood InL(m) is just a function of the parameters m. The aim is to
maximize this Log-Likelihood function to nd the best t of the model to the data. The appropriate
2 function, being de ned as the sum only, then has to be minimizd.
Depending on the amount of datan, the number of free parameters and the individual errors, the
parameter space meaning the Log-Likelihood function within the coordinate system given by the
free parameters looks more or less smooth and the global mamum is more or less prominent and
clear. In some cases as it is pointed out in Sect. 3.1, it is vgrdi cult to nd a global maximum
(or minimum for the 2, respectively). The global extremum might be covered with multiple local
extrema, where the algorithm can get stuck.

Lhttp://www-zeuthen.desy.de/~kolanosk/smd_ss02/skripte/ls.pdf
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The following calculations are after Bevington & Robinson (2002) and the lecture script of van Eldik
(2010). For simplicity we assume the extremum to be prominenharound the center equaling the
best t value of the given set of parametersm = fmq; m»; M3g. This is equal with developing the
Log-Likelihood around this maximum and neglecting the seris after the second order:

@nL) 1 @(n L)

InL(m)=In L(h)+ @m T

(m m)%+:::: (2.16)
"

(m )+
m

At the best t value, the second term is zero by de nition. Hen ce, the Log-Likelihood function turns
out to be a parabola around the best t value. The Likelihood function in turn is the Gaussian

1 @mhL )2
L(m)= L(m)e? @n ™™ (2.17)

in rst approximation. In other words, understanding this r esult as the Gaussian distribution of
possible parameteram around the best parameterm, the appropriate squared error must be

" y
5 @InL .
@m '

rh

(2.18)

which is the variance. In Eq. 2.16 we disregarded correlated terms. Being more aocate the second
term approximation in the Taylor series should be

1 @L
—(m; mMm))(m mM)—-— 2.19
which leads to the generic expression for the&ovariance matrix
@L
Vi t= ——— 2.20
! @ma@m (2.20)
Back to the linear model we want to t to the observed data. The Log-Likelihood is
X (si myl)+ meQp + maUyp)?
In(L(s1;:::;Snjm1; m2; m3)) =1In p% S ! > iQ 3 p) (2.21)
i=1
After calculating the according derivations we nd for the appropriate covariance matrix
TOE e
1 P i P i
L= %a (@2 Loy ; (2.22)
0 0  (U)

The 1 parameter errors are then included in the inverseV of Eq. 2.22. Get the best t values
fmaq; my; msg by evaluating the rst derivative of the Log-Likelihood func tion. Some intermediate
calculations yield the solution for the best t parameters to be

0 1 0 i 1 0 1

mj X 1 I 1

oMK =V SS@AK =V oK (2.23)
ms i i Uil) 3

So the whole linear regression or maximization of the Log-Liklihood can thus be solved analytically

starting from a very generic ansatz. For more complicated ad non-linear model functions as it is

the case in X-ray astronomy (see Sect. 3.1) an algorithm has tbe chosen to iteratively search for
the maximum of the In L parameter space.
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Performing this above described tting for all three equations from Eg. 2.8, we in princ}_ple nd three
di erent covariance matrices. Here one just uses the diagoal variance terms mj = = cov(j;j ) of
the three derived covariance matrices to nd a matrix containing errors for the appropriate values
of the Muller matrix.

After having derived the matrix, it can be inverted in order t o recalculate corrected Stokes quantities.
Errors of the observed Stokes quantities are propagated whé applying the inverse Miller matrix
using simple Gaussian error propagation. The parameter eors of the matrix elements themselves
are not further used. Lefebvre et al. (2000) describe how thderived errors for the inverse covariance
matrix Vj ! can be propagated with the operation of matrix inversion. The basic idea is to link the
error propagation on a set of inverting functions relating the original matrix elements with those
of the inverse functions. Applying this method and including also errors of the matrix elements
into the nal error of the reconstructed Stokes values, the @rors do not get signi cantly larger.
Therefore this method of propagating errors in matrix inversions is no longer pursued. Additionally,
a repeatability error will be imposed due to the variability of the corrected full-Stokes data. This
error will be much larger than the errors of the observed datauntil July 2010 (see Sect. 2.2.3.4)
and especially the error imposed of the matrix inversion.

2.2.3.4. REALIZATION WITHEFFELSBER®ATA — THEF-GAMMA PROJECT

The present work has been done in the framework of the F-GAMMA pogram® (Angelakis et al.,
2010). Within this program, over 60 AGN are observed monthly since 2007 with the 100-m E els-
berg telescope and the IRAM 30-m telescope. Also APEX is proding even more frequent data at
frequencies up to 345 GHz. The F-GAMMA project is a multi wavelength program with congruent
high energy data from the Fermi-GST satellite.

This is the rst time this historic recorded polarimetric da ta are getting analyzed over the full
range of time from 2007 until today at the two di erent freque ncies of 5 and 10GHz. The rst
consequent application of the here presented technique farross-scan observations with E elsberg
was performed by Kraus et al. (2003) for Stokes |, Q and U. Seelso the PhD thesis of A. Kraus
(1997). E. Cenacchi (2009) is expanding the work of Kraus etla (2003) by adding the Stokes V
parameter and examining the formalism from a more formal pat of view.

The observations are divided into epochs starting with EPO, having reached EP70 right now. In
Beuchert (2010) multi wavelength Stokes | data of the blazarPKS 2155-304 are analyzed until
EP42 (July 2010).

For the full Stokes analysis of all historic epochs, it is vey important to be aware of the switch to

a new FITS- le system and hence coming along with a newtoolbox . Two major di erences are

explained in the following.

" EPO-EP42:
Data recorded in binary raw tables are extracted with the cont2 tool inside the former
toolbox . Stokes I,Q and U cross scan pro les are formed out of four phses of recorded data
for every data point in the prole. Gaussian ts to the pro les yield the amplitudes of the
scans, the appropriateerrors are derived from partial derivatives of the Chi-squared.

" EP43-today:
The data le system changed to FITS- les. The data extraction is done with a newtoolbox
that treats the derivation of Stokes | values identically to before. Stokes Q and U values are
extracted di erently from the mostly deformed scan pro les, which is due to weak signals on
the one hand and possible beam squinting on the other hand. Gassians are not any more
assumed to be adequate approximations of the scans. Hencepfes Q and U values are just
the values of the pro les at the point of the maximum of the Gaussian for to the Stokes |

Lhttp://www3.mpifr-bonn.mpg.de/divivibi/ffgamma/fgamma.html
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Figure 2.7.: Data processing using the MPIfR 2.8 and 6 cm reéeer of the 100-m E elsberg telescope.
See the text for detailed explanation.

pro le. Furthermore, the pro les are attened by tting a po lynomial function to the Stokes
Q and U scans. The appropriate errors to Q and U are the amplitwle of the residuals of the
polynomial t. This yields a much more realistic guess of the error of the polarization data
than just taking the calculated amplitude error from Gaussian ts, which is getting reduced
due to the constraint of the Gaussian shape.

For the raw data input into the Muller calculus, the choice is not to adapt any kind of post-data
calibration, as the sensitivity factors of the Muller matri x will do this at once with respect to the
observed full-Stokes calibrators. Figure 2.7 illustrates he whole data processing chain. First the
feed marked as open triangle is capturing the cosmic signalsThe receiver rack processes them as
exposed in Sect. 2.2.1.1 and passes its output to the four bkend channels according to the two
total power channels TPA and TPB as well as the cos( A=B) and sin( A=B) cross terms
leaving the polarimeter. The next block marks the process pdormed by the toolbox software
combining four phases of di erent kind for each channel to fam the nal signals of Stokes 1,Q and
U. Now there are two possible ways of either pre-calibrating he data to Kelvins using the noise
diode, or not as it is the case for the recent epochs. In the fdwing step, the scan-pro le treatment
is sketched via two boxes for either the rst epochs until EP4 with included pre-calibration, or
the latter epochs until today with no pre-calibration. In the former case amplitude and errors
are derived due to Gaussian ts to all Stokes scan-pro les, inthe latter one, the projection of the
position of the Stokes | Gaussian maxima onto the Stokes Q antll pro les derives the appropriate
values plus errors from the data-scatter. After all these preprocessing steps, the Stokes raw-data
table including values for all observed sources of the preseepoch enters the main data-loop. The
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Table 2.4.: Stokes parameters of the used calibrator souresecombined to total power, fractional po-
larization and the electric vector position angle both for the 5 GHz and 10 GHz receivers.
See the according text for references.

3C286 3C48 3C161 NGC7027

10GHz / 2.8cm

Stokes | [Jy] 4.44 2.68 2.99 5.92
fractional polarization PD [%] 11.7 5.9 2.4 0.0
EVPA[ ] 33.0 116.0 93.8 0.0
5GHz / 6cm
Stokes | [Jy] 7.48 548 6.62 5.48
fractional polarization PD [%] 11.0 4.2 4.8 0.0
EVPA[ ] 33.0 106.6 1224 0.0

Python-script doing this calculation has been developed by M Angelakis (MPIfR) and myself. It
is basically performing the Muller calculus described in Set. 2.2.3.2. Therefore, the raw-data are
inserted into the matrix tting code together with more or le ss well known calibrator values. The
emerging matrix including all elements of possible data digrtion due to the system is then applied
to the previously inputted raw-data table yielding recalculated Stokes parameters (POL_corr table
in Fig. 2.7) that should ideally accord to the well known parameters in source space. As this is
not the case in reality, the double sided arrow now compareshe average recalculated parameters
of all observations of each calibrator at one epoch with the ominal values. The smaller the 2 of
the Muller matrix ts are, the smaller are the deviations of t he recalculated average values to the
nominal values. Thus the script now gives the opportunity to change the calibrator parameters as
input of the matrix-element tting process in order to yield b etter ts. This is legitimate, as most
calibrators are not monitored good enough in history to nd their unaltered source-frame Stokes
parameters. Furthermore the linear regressions in the 4-diransional space and the too small data
errors for epochs until EP42 turn the multi-epoch-consistent tting of the three dependent equa-
tions into a challenging procedure. The calibrator parameers assumed as default values in rst
instance are listed in Table 2.4. For references see Tabara &oue (1980) as a summary of full
Stokes data of a large set of radio sources published befor®28 and Turlo et al. (1985) who list
a summary of published monitorings of calibrator sources tlemselves and the recent edition of the
Astronomical Almanac?!. For the latter, data derived with the 100-m E elsberg telescope are listed,
for other references mainly measurements of the VLA are used

Examining all publications coming into consideration it is clear that only the calibrator 3C286 has
been monitored well enough to be able to trust the stated paraeters for ux, partial polarization
and the EVPA. Hence, for the tting procedure that has to be done by hand to account for the
correlation between the three equations for 1,Q and U of Eq. 2, one can legitimately use the
approach of slightly varying the given calibrator parameters of sources being di erent of 3C286. As
a consequence the values for 3C286, recalculated with eachted Muller matrix, can be adjusted
as close as possible to the default values listed in Table 2.40ing so, it is proven of value to, e.g.,
rise the calibrator value of the PD of one source, if the valuefor another source recalculated with
a Muller matrix tted in the former step is lower than suggest ed by the nominal calibrator value.
This approach will iteratively nd the best 2 for all three equations.

Ihttp://asa.usno.navy.mil/

38



CHAPTER 2. POLARIMETRY OF RELATIVISTIC JETS

Table 2.5.: Systematic repeatability errors on the values $kes I, PD and PA from histogrammed
light curves at the two observing wavelengths 2.8 and 6 cm.

1[Iyl po [%]  pa[]

28cm 0.122 0.458 1.0
6cm 0.054 0.127 15

2.2.3.5. RESULTS

Following the previous exposed steps, Miller matrices aredund for all analyzed epochs of data
from the beginning of 2007 until mid 2012. The light curves deived both for 2.8cm and 6 cm
wavelength reveal a good quality of reconstruction of the chbrator data from literature putted
into Eq. 2.4. The recovered values of the (EV)PA occasionall had to be shifted by 90 to coincide
with the literature values. This is possible, because the PAdened as = 0:5arctan(U=Q) can
together with the de nition for the fractional polarizatio n p= " U2+ QZ2=| be split into the two
modesQ = pl cos(2 ) and U = pl sin(2 ). These equations imply that for the same fractional
polarization p, all values of shifted by 90 yield the same values forQ and U.

Clearly apparent are the overall larger data errors from MJD55400 on, which coincides with the
switch to the new toolbox where the di ering scan-pro le analysis allows the statemert of such
enhanced error estimates.

However even the average of the scattering data points with nderestimated errors due to the
former epochs are consistent with literature values (Table2.4). This can be further underpinned
by calculating histograms along the time line (Fig. 2.12 andFig. 2.13).

Obviously the most frequent observed calibrators are 3C28&nd 3C48 which also yield the best
histograms for Stokes I, PD and PA. Here best means the mostGaussian-shaped histograms based
on the largest amount of underlying data. The width of equally binned Gaussian ts denoted as
the -value of the ts, are in general larger for all calibrators di erent of 3C286. This is because
we choose 3C286 as the calibrator with the highest reliabity and thus adjust the ts of the Muller
matrix elements such that the published calibrator values d 3C286 are preserved. Especially in
the case of NGC 7027 at 6 cm the large scatter is apparent. Thigs mainly because of the smaller
data errors of the former epochs which make the ts unstable.Thus requiring 3C286 to stay at the
nominal value makes it necessary for NGC 7027 to take over soarpercentage of partial polarization
even though being unpolarized at least as stated in literatue.

All these calibrators take part in the nal goal of nding tho se Miller matrices that keep the
reconstructed calibrator parameters of Stokes |, PD and PA & close to the literature values when
being applied to the observed raw data. The set of derived maices is indeed able to keep the
calibrator values recovered from observed values in averagclose to the nominal input values. The
Gaussian width  of the appropriate histograms will later be applied as an addtional systematic
error to the statistical errors from the scan pro les in rst instance as propagated due to the matrix-
recovering process. It is legitimate to apply the largestrepeatability error of all observed calibrators
to data of non calibrator sources as we assume calibrators tbe non-variable.

Table 2.5 lists those additional errors as outcome of the himgrams. These calibrator-related
repeatability errors can also be interpreted as a 1 uctuation of a value that ought to be constant
just like the background. The detection limit is de ned to be roughly a few sigma. Of course
it would be more precise to plot histograms of the background uctuations at the base of the
scans. Now knowing that the Muller matrices reproduce the clbrator parameters well, the time
dependency of the matrix itself has to be studied.

Starting with the sensitivity factor msq for Stokes I, Fig. 2.14 shows a constant behavior within
the rst and second block of epochs. As mentioned before, afir EP42 (MJD 55400 or July 2010)
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Figure 2.8.: 2.8 cm Light curves of re-calculated calibratompolarimetry data for 3C286 and 3C48; the
red dashed line marks the nominal calibrator values from Talbe 2.4, the black dashed
line the mean value of the re-calculated calibrator values baed on observational data.
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Figure 2.9.:

2.8cm Light curves of re-calculated calibrator polarimetry data for 3C161 and
NGC7027; the red dashed line marks the nominal calibrator vlues from Table 2.4,
the black dashed line the mean value of the re-calculated cdrator values based on
observational data.
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Figure 2.10.: 6 cm Light curves of re-calculated calibrator plarimetry data for 3C286 and 3C48; the
red dashed line marks the nominal calibrator values from Talte 2.4, the black dashed
line the mean value of the re-calculated calibrator values based on observational data.
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Figure 2.11.: 6 cm Light curves of re-calculated calibrator plarimetry data for 3C161 and NGC7027;
the red dashed line marks the nominal calibrator values fromTable 2.4, the black
dashed line the mean value of the re-calculated calibrator iaes based on observa-
tional data.
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Figure 2.12.: Histograms of the 2.8 cm light curves for the oberved calibrator sources 3C286, 3C48,
3C161 and NGC7027 for Stokes llgft), the PD (middle) and the PA (right). The red
histogram resembles a Gaussian t with the same binning. Thewidth of the Gaussian
is noted as inside the panels.
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Figure 2.13.: Histograms of the 6 cm light curves for the obswed calibrator sources 3C286, 3C48,
3C161 and NGC7027 for Stokes Iléft), the PD (middle) and the PA (right). The red
histogram resembles a Gaussian t with the same binning. Thewidth of the Gaussian
is noted as inside the panels.
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Figure 2.14.: Time evolution of the total power sensitivity factors for the MPIfR 2.8 cm (top) and
6 cm (bottom) receivers.

Table 2.6.: Sensitivity factors for the MPIfR 2.8 and 6 cm reivers.

EPO-EP42 EP43-today
Mmia mlll mi mll1

28mm 1.24 0.81 0.17 5.65
60mm 150 0.68 0.85 1.17

the le system and also the extraction procedure with the toolbox changed. The major change,
namely the missing pre-calibration to Kelvins in the second tbock can be identi ed as jumps of the

[K/Jy] to [arbitrary/Jy] sensitivity factors of dierent v  alues. The mean derived sensitivity factors
are listed in Table 2.6. Also the sensitivity factors of the inverse matrix are listed as they are
the actual factors translating the units after data extraction (Kelvins or some non-pre-calibrated
arbitrary units) directly to Janskys. These values are clo® to the proposed values given in the
online documentation of the receivers also listed in Table 2. Now the rest of the matrices are
further examined. Remember the equations Eqg. 2.9 Eq. 2.12dr the instrumental e ects resembled

by di erent elements of the Miller matrices. The depolarization is not further discussed, as the
values seem to be strongly variable on large scales and canus not be properly interpreted. This

behavior has also been seen by A. Kraus (MPIfR, priv. comm.) m similar data.
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Figure 2.15 and Fig. 2.16 plot the remaining quantities one an calculate from the derived matrices
as referred to above.

Starting with the 2.8 cm receiver, Fig. 2.15 shows a clear dierence in the behavior of data points
before and after MJD 55900. The instrumental degree of poldzation has a constant value of
around 0% 3 % before MJD 55900 and is raising to around 7 % aftethis break. The instrumental
EVPA is scattering strongly before that date while being corstant at 40 . The vector rotation
is scattering for all epochs.

Coincidental to the break seen in the data, the receiver intenal S5 switch (Sect. 2.2.1.1) got
broken. The toolbox brings the option nos5 to reduce polarimetry data also wit hout this phase
switch for epochs between 43 and today. Fig. 2.15 hence showmat setting this option is raising the
instrumental degree of polarization and keeping the instrunental EVPA constant. It seems not to
have an e ect on the vector rotation. Examining the appropriate data for the 6 cm receiver shows
how the instrumental polarimetric properties behave with time without a broken phase switch. The
instrumental degree of polarization stays relatively congant between 0% and 1%. The receiver
internal EVPA can roughly be said to scatter between 50 and 60 while the scattering is
stronger below MJD 55400. This e ect is much stronger for thevector rotation between Stokes Q
and U. It is scattering heavily between 100 and 150 while staying constant between 80
and 90 after MJD 55400.

This is due to the change of the data analysis package to the me toolbox around MJD 55400.
Being more explicit:

"~ the values for Stokes Q and U were derived from Gaussian ts in the former toolbox which
might not be a correct and consistent procedure for polarimé&y scans due to beam squinting

" as a consequence the Stokes parameter errors are larger fahe new system, which makes
each t for the Muller matrix more stable and the results more consistent with each other.

Why does this only express itself in the EVPA rotation and not in the degree of polarization or
the EVPA? The reproduced data for calibrator sources were fee of such system-speci c variations.
This is because the analysis chain found those matrices thamake exactly this possible. Would
one use the same Miuller correction-matrix for all epochs of da, the system internal changes
would be visible in the reproduced data instead. This connetion might be obvious but earns to
be emphasized. Furthermore one should recall how the matrixelements are derived. Each line is
gained in one t where the second and third lines and columnsrespectively accord to Stokes Q and
U. Should there be something systematically wrong with the educed observed values for Q and U,
e.g., due to the reduction software as it is the case here, thappropriate matrix elements are derived
such that the result ts best to the input Stokes | calibrator value. ldeally, the contributions of
eachmj, and my3 in Eq. 2.10 should be constant. But, should for some reason vations in the
Stokes Q and U data require both to be di erent, the sum must still be the same to yield a constant
reconstruction of the Stokes | calibrator value, which is hav the tting is de ned. About the same
argument holds also for Eqg. 2.11. In contrast, Eqg. 2.12 incldes the whole sub-2 2 rotation matrix
with ma2o; mo3; M32; M33. The elementsmy;; mo3 and M3z; M3z Most probably have to be di erently
adjusted to gain the required calibrator Stokes Q and U valus and let the so calculated rotation
angle of the instrumentally induced EVPA vary strongly with di erent data sets of distinct epochs.
A pretty good diagnostic tool for instrumental polarizatio n is plotting the uncorrected raw data
directly after being reduced by the toolbox (see Fig. 2.7 for details on the data-processing) in the
Q U-plane, Fig. 2.17.

The calibrator 3C286 followed by 3C48 are by far the most freqently observed calibrator sources
which makes them ideal to study the instrumental e ects in this plot. What conclusions can we
draw just by looking at these plots?

" The black data cloud resembles fully corrected data. From the centerQ U position of this
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Figure 2.15.: Instrumentally imposed degree of polarizatn (top), polarized angle (EVPA) (center)
and EVPA rotation ( bottom) for the MPIfR 2.8 cm receiver.
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Figure 2.16.: Instrumentally imposed degree of polarizatn (top), polarized angle (EVPA) (center)
and EVPA rotation ( bottom) for the MPIfR 6 cm receiver.
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Figure 2.17.: Multi-epoch Q U plot for 6 cm data including: un corrected data for the new data
system (EP43 and later) in blue, for the former data system inred, fully corrected
data as black data cloud and in brown the corrected data rotatd with the appropriate
parallactic angles. top left: 3C286,top right: 3C48, bottom left: 3C161, bottom right:

cloud one can directly calculate the mean degree of polarizemn and the mean EVPA

NGC7027.

the present calibrator.

" Thinking further, one could apply the rotational matrix wi
g to this data cloud for each epoch. The result is shown as brownlata performing a part of a
circle just as far as the distribution of parallactic anglesallows it from di erent observations
of the calibrator at di erent positions on the sky. Any devia tion from this circle gives a direct
hint to instrumentally induced e ects on measured polarimetry data.

for

th the changing parallactic angle

" Blue data points resemble the uncorrected raw data of all epochs more recent then EP43.
Data from previous epochs are plotted in red. Clearly, the reent data are drawing a nice
half of an ellipse. This is just because of the constancy of # rotational angle and therefore
the instrumental-rotation matrix with the elements mys; m,3; m3o; mss for all data later than

EP43 (Fig. 2.16).

Before that epoch, this 2 2-matrix is highly variable which not only

includes the resulting rotational angle but also the StokesQ and U sensitivity factors may»
and m33. This explains the wide scatter of the appropriate data poirts for all epochs before
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EP43 plotted in red. This panel is actually too small to show the whole scattering cloud.
If one would t an ellipse to the blue data cloud, its eccentricity would gave a direct measure
of the instrumental e ects at least on data taken after EP43.

" The radius of the blue ellipse is smaller than the one of the nal corrected data that can be
found spread on a circle around it. This is because the matrixncluded sensitivity makes the
corrected data appear in units of Janskys. The blue raw-data bwever have arbitrary units.
The ratio of both radii again returns the overall sensitivity factors stated in Table 2.6

" Both the nearly half-circle of parallactic rotated correct ed calibrator values and the about
half-ellipse of raw-data points are rotated with about 90 against each other. This extra
rotation is the instrumental rotation angle plotted in Fig. 2.16.

~ The same as stated above should also be visible in more cleaess for 3C161 if there would
be more observations.

" Finally, the plot for NGC 7027 just shows point clouds because of its unpolarized nature.
Kraus (1997) thus argues for the necessity to include NGC 702as calibrator source improving
the Muller matrix derivation.

To demonstrate how these plots appear for the 2.8 cm data, sek€ig. 2.18. The strong scatter of
the instrumental rotational angle in Fig. 2.15 already suggsts the strong scatter of data from both
blocks of epochs. Unlike for the 6 cm data no signi cant improzement of epochs reduced with the
improved system is seen.

2.3. FARADAY ROTATION

Faraday rotation is an important e ect regarding polarized signals. In order to tell the exact
paths of magnetic elds out of high resolution VLBI polarimetry maps one has to correct for
Faraday rotation (Burke & Graham-Smith, 2009) which is rotating the EVPA of a li near polarized
wave in the source system as it propagates through magneto4nc material where the LCP- and
RCP-components of the wave have di erent phase velocities. Tie amount of angle rotation is
=RM 2 with RM as the rotation measure. The RM is furthermore dire ctly prclx_portional to
the density of electronsng in the gas responsible for the EVPA rotation with RM neB cos dl
whereB the magnetic eld strength and the angle between the magnetic eld and the line of sight.
The Faraday e ect for extended sources such as 3C 111 is moasl by Burn (1966). Thus plotting
the RM against 2, the slope is proportional to the strength of the electron sheld, inter-strati ed
with a magnetic eld. Examples, e.g., for 3C 111 are includedin Zavala & Taylor (2002) and for
3C 449 in Feretti et al. (1999).
Faraday rotation can be the reason for severe depolarizatio Saikia & Salter (1988) review two dif-
ferent reasons for that. One is called side-to-side depolaization of an external shield (Burn, 1966).
In this case the telescope's beam integrates over regions df erent density and thus polarization
angles. The average degree of linear polarization will be &nuated. This kind of di erential depo-
larization is a strong function of the width of the beam and hence the resolution. This is in turn a
function of observing wavelength for a single dish beam. Théarger the wavelength, the larger the
beam covering di erent regions of di erent properties and Faraday rotation. The decrease of the
net degree of polarization with increasing wavelength, howver, originates also in the steep spec-
tra of extended radio sources (Conway et al., 1974; Liu & Poday, 1991; Morris & Whiteoak, 1968).
The steeper the radio power-law spectrum, the more the sourcesveals a dominance of extended,
optically thin regions of thin gas at larger wavelength compared to the bright at-spectrum core
(Perley, 1982). Covering compact as well as extended regisrwith an additionally larger beam at
longer wavelength, will thus lead to a signi cant contribut ion of Faraday shields attenuating the
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Figure 2.18.: Multi-epoch Q U plot for 2.8 cm data including: uncorrected data for the new data
system (EP43 and later) in blue, for the former data system inred, fully corrected
data as black data cloud and in brown the corrected data rotatd with the appropriate
parallactic angles. top left: 3C286,top right: 3C48, bottom left: 3C161, bottom right:
NGC7027.

net polarization.

The second reason for depolarization of radio sources is th&ont-to-back (Saikia & Salter, 1988)
or intrinsic depolarization inside one line of sight due to d erent layers of gas with di erent den-
sities of magnetoionic electron gas. Here again, decreagirdegrees of polarization are expected for
longer wavelength in steep-spectrum sources, as the more less of extended gas are covering the
line of sight, the longer the wavelength gets.

In such situations single-dish observations are best perfoned at smaller wavelength. In general
for interferometers as well as single-dish antennas it is usel to derive the value of the rotation
measure to account for the foreground shield or internal EVRA rotation. For VLBI maps one
will be able to determine the tracks of magnetic eld lines asthe ones lying perpendicular to the
Faraday-corrected EVPA vectors in the map.
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2.4. SINGLEDISHRADIO POLARIMETRY OR3C 111

After understanding the instrumental behavior and having properly calibrated the polarimetry data
of the whole sample of blazars for all historic epochs, now th full Stokes properties of 3C 111 can
be explicitly studied.

2.4.1. MORPHOLOGY AT6CM AND 2.8CM

2.4.1.1. OBSERVATIONS AND DATA ANALYSIS

For interpreting cross-scans over an extended radio galaxyush as 3C 111, we have to know it's
source morphology at the appropriate wavelengths of 6 cm an@.8 cm. Therefore full Stokes mosaic
maps are measured with the 100-m E elsberg telescope. To do sthe beams at 6 cm (FWHM:
147°9 and 2.8 cm (FWHM: 70 are gradually driven over the source.
The raw-data are delivered as FITS image les. The analysis ad plotting is done with the analysis
software ISIS . To de ne the background, the ux values of all pixels are plotted as histogram. The
maximum lies around the background ux level which is well t ted with a Gaussian of standard de-
viation . The logarithmic color scale is de ned between 3 and the ux maximum for all displayed
maps. The contour levels individually stated in the gures' captions are chosen independently of
the background- . The main criterion is to nd contour levels that encircle re gions of interest such
as lobe structures.
The total intensity maps are plotted in Fig. 2.19 with over-pl otted directions of the cross-scans.
Luckily 3C 111 was observed always around the same positionsn the sky at 50 inclination of
the az/elv to the ra/dec coordinate systems (Fig. 2.23) resiting in unchanged scanning directions
across the source main axis and perpendicular to it.
Furthermore, the overall ux level of the 6cm map is higher than the one of the 2.8 cm one with
the core dominating the overall ux level at both wavelength. Note that the outer 6cm map con-
tours are lacking sub-structures in contrast to the 2.8 cm mapwhere the actual core can indeed be
separated from the extended lobe emission. Visible is at lest a clear separation of the Western
hot-spot. Maps with polarized ux are plotted in Fig. 2.20. Here even at 6 cm a separation of the
western hot-spot can be identi ed. At 2.8 cm both hot-spots areclearly separated from the core in
contrast to the total intensity map. Also here the core is dominating the map at both wavelength.
The fractional polarization is mapped out in Fig. 2.21. Obviously the core does no longer dominate.
Due to some unrealistic artifacts with too large values in the raw-data at 6 cm, an image is plotted
such that only the inner compact region is shown. The region®f largest fractional polarization (up
to 10 %) are the outer regions located at the hot-spots. The samis valid at 2.8 cm with an overall
higher level of maximum 20 % at the outer edges. The core regis show polarizations of only some
percent at both wavelength. There is a third information missing in terms of polarization the
EVPA. Figure 2.22 over-plots the electric vector position argles over intensity maps. The length
of the vectors denote the polarized intensity that is alread/ shown in Fig. 2.20. The vector angles
at 6 cm perform a swing of over 90 from the Western to the Eastern hot-spot whereas they seem
to stay at about the same angle at 2.8 cm. Averaging over both bt-spot regions and the core, the
EVPA at 6 cm changes continuously from 40 at the western lobe over the core with 20
to the eastern lobe with 80 . At 2.8cm the EVPA changes in the same order from 40 over
50 back to 40 . Note that the source orientation in these maps is wrong due ¢ defective
raw-data and has to be mirrored at the right-ascension axis to gt a correct orientation as in the
foregoing maps.
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Figure 2.19.: Total intensity maps measured with the 100-m E elsberg telescope in
B1950.0 coordinates. top: map at 2.8cm/10GHz with contour levels (-
17,241,501,761,1020,1280,1540,1800,2059,2319,28382 mJy beam !, bottom: at
6cm/5GHz with contour levels (-41,530,1103,1675,2247,2813391,3963,4535,5107)
mJy beam 1. The arrows denote the driving directions of the beams acros the
source of 50 across the source extension and -50perpendicular to it.

2.4.1.2. INTERPRETATION AND DISCUSSION

Many interesting e ects can be seen in the set of maps preseat in the previous section. First the
total intensity  maps (Fig. 2.19) at larger wavelength that are additionally less resolved because
of the larger beam, reveal more extended emission than at a shter wavelength of 2.8cm. The
overall ux level dominated by the core is also higher at 6 cm. Why should the core have more
ux when mapped at longer wavelengths? Boettcher et al. (202) refer to the steepening of the
Synchrotron power-law spectrum down the jet stream (see als@®ect. 1.3.1). The result is that
both extended Western and Eastern radio lobes are dominatig at longer wavelength such as 6cm
and are thus over-shining the whole map. This is a common feat@ in extended radio sources
as Perley (1982) show. In turn it o ers a good explanation forthe overall ux dominance of the
5GHz light curves in Fig. 2.26. First neglect the larger beamsize at 5GHz (6 cm) compared to
10 GHz (2.8 cm). Due to the steep radio power-law spectrum, theextended radio lobes emit more
Synchrotron photons at lower frequencies than the core regin as the latter is still optically thick to
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Figure 2.20.: Maps of linearly-polarized ux density measued with the 100-m E elsberg tele-
scope in B1950.0 coordinates. top: map at 2.8cm/10GHz with contour lev-
els (0,9,18,27,36,45,54) mJy beam', bottom: at 6cm/5GHz with contour levels
(0,13,27,41,55,69,82) mJy beam'. The arrows denote the driving directions of the
beams across the source of 50across the source extension and -50perpendicular to
it.

photons of that frequency. That e ect is additionally emphasized when considering that the 5 GHz
beam with a FWHM of 146%covers large fractions of 3C 111 having a total diameter of 200
and thus capturing large fractions of extended lobe emissim Hence the maps measured in March
2012 reveal an overall higher peak ux level of 5Jy at 5GHz than 2Jy at 10 GHz.

The maps of polarized intensity  (Fig. 2.20) opposed with the maps offractional polarization
(Fig. 2.21) also reveal many important information. First, the fractional polarization is largest
at the fronts of the extended radio lobes seen in both maps rezhing 10 20% compared to an
average degree of 2% around the core also measured by MOJAVE being sensitive tdhe core
only. This is seen in many other extended radio galaxies (Skia & Salter, 1988). An explanation
for the enhanced degree of polarization in extended lobe-rémns of steep radio spectra is given by
shocks driving into the interstellar medium. This leads to acompression and local alignment of the
magnetic eld (Marscher, 1996, 2006), presumably the frontof the produced hot-spots. Aligned
magnetic eld lines automatically enhance the fraction of linearly polarized Synchrotron emission
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Figure 2.21.: Maps of fractional linear polarization measwed with the 100-m E elsberg tele-
scope in B1950.0 coordinates. top: map at 2.8cm/10GHz with contour lev-
els (0,2,5,7,9,11,14,16,18,20,23,25) %ottom: at 6cm/5GHz with contour levels
(0,2,4,6,8,11,13,15,17,20) %. The arrows denote the drivg directions of the beams
across the source of 50 across the source extension and -50perpendicular to it.

over radiation whose net degree of polarization is lower bewse of an origin in more misaligned
magnetic elds.

As the core is dominating the whole source in total ux, also the polarized ux is dominated by
the core. Figure 2.20 shows this well, although the dominane of the core in polarized ux is not
that signi cant as for total ux due to the also strong gradie nt between core and lobes in fractional
polarization.

The overall level of linear polarization in terms of the degee of polarized emission is higher at
the shorter wavelength of 2.8cm. This is most likely becausef intrinsic as well as external de-
polarization due to Faraday shields (Sect. 2.3) at the longe wavelength of 6cm. The scanning
direction being slightly misaligned with the jet-lobe-axis, however, allows 3C 111 to be studied for
its core-polarization within the F-GAMMA program even though the lobes contribute signi cantly
to the polarized ux.

At last, | want to discuss the distribution of the polarizati on vectors. At 6 cm the position vectors
do not show the same orientation as at 2.8 cm. The average di eence between the EVPASs of 2.8cm
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Figure 2.22.: Full Stokes maps with appropriate contours masured at the two wavelength of 6 cm
(top) and 2.8 cm (bottom) in B1950.0 coordinates. Total intensity is color coded with
additional contour lines. Black over-plotted vectors resenble the linearly-polarized
intensity the vector angle accords to the electric vector position angle of linear
polarization, the length to the polarized ux. Due to an error in the raw-data, the

present maps appear mirrored at the right ascension axis (Irage courtesy: U. Bach,
MPIfR).

57



CHAPTER 2. POLARIMETRY OF RELATIVISTIC JETS

time [yr]
2008 2008.5 2009 2009.5 2010 2010.5 2011 2011.5 2012

[ T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ L
9@ 50f--0---- @00 -mom oo -o----O--90-----%-°-'0'°-@--°o°-°-°-0--5°9---o-@—°———{50
S C ]
g OF----6------------ O mmmmm e e e g '
= C ]
g C ]
T L ° ]
g S90F-----meme e O ------- B e R o ----- o -=-50
Q. b ! | ! | ! | ! | ! | ! | ! | ! | !

| [
54400 54600 54800 55000 55200 55400 55600 55800 56000 56200
time [MJD]

Figure 2.23.; Parallactic angles measured during observains of 3C111.

and 6.cm is between 80 and 120 due to the rotation at 6 cm. Faraday rotation (Sect. 2.3) can be
a possible explanation for that. The rotation of the EVPA  is describable by =RM 2 with
the rotation measure RM, a factor proportional to the magneto-ionic matter in the line of sight.
The larger the wavelength, the stronger also the rotation. This might explain the average di erence
between both wavelengths. The rotation of the vector angle aross the source extension at 6cm
might be due to inhomogeneous extended electron gas covegrthe source and getting visible at
longer wavelength as seen above. Additionally, the maximumevel of the degree of polarization is
higher at 2.8cm with 20 comparedto 10 at 6cm. This is a second hint for Faraday rotation.
As the rotation is larger at 6 cm, integrating over di erent d epths of gas with di erent polarization
angles with the E elsberg beam will return a smaller net degee of polarization due to the cancel-
lation of orthogonally aligned vector components. After Set. 2.3 this is also called front-to-back
depolarization (Saikia & Salter, 1988). Besides, also thenitegration over spatially adjacent regions
will reduce the overall fraction of polarized emission due ¢ the rotation of the position angles across
the source at 6 cm. Saikia & Salter (1988) call this e ect side-to-side depolarization. Both e ects
can in principle contribute. Which one dominates can not be bld based on the given data.

2.4.1.3. SOURCE EXTENSION ADB CM

The overall diagonal diameter of extended emission from 3C111 measured by 1997 is 2P§Leahy et al.,
1997). Compared to this, the FWHM of the 100-m E elsberg telesope's beam at the used wave-
length of 6 cm (5 GHz) is 147%nd 70%at 2.8 cm (10 GHz). (Luckily) 3C111 was mainly observed
at the same parallactic angle of +/-50 (Fig. 2.23) which corresponds to the angle between the hor-
izontal and equatorial coordinate systems. The source is @jned by 60 towards the horizontal
coordinate system (Lin eld & Perley, 1984). As a result the scanning directions performed both
in azimuth and elevation cut 3C 111 approximately both parallel and perpendicular to the jet-axis.
The exact scanning directions are plotted as grey arrows in ig. 2.19 Fig. 2.21. In one direction the
beam thus sweeps over parts of the elongation of 3C111 resinlg in broadened scan pro les only
seen at 6 cm where the core is over-shined by extended emissilom the radio-lobes. Exemplary
sub-scans from real data are shown in in Fig. 2.24. See the subans 1 and 2 for pro les broader
than the actual beam-FWHM. To show this Gaussians are tted to the upper two thirds of the
recorded scans. The resulting pro le's FWHMs are labeled wihin the plot windows.

To visualize what happens, recall the mosaic-maps presenteith the previous two sections. The
extended structure is not assumed to change on the timescadeof the present campaign of observa-
tions from 2007 until today. Thus, the maps recorded at the bgjinning of 2012 can be treated as a
showcase in terms of the overall source morphology.

Fig. 2.25 shows pro les gained when cutting the mosaic E el®erg maps along the drawn lines
corresponding to the az/elv scanning directions in most of he epochs. Expected are similar beam
shapes and widths as seen in real data pro les such as in Fig..24. Indeed those pro les that cut
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Figure 2.24.: Four sub-scans for the scan number 1388 of EP22 & GHz in elevation (top) and
azimuth (bottom). At the present parallactic angle of +50 3C111 lies approximately
aligned to the elevations axis which explains the broadenedub-scan pro les in this
direction due to extended emission captured by the large beamln azimuth the tted
Gaussian FWHM accords almost the beam FWHM of 147.
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Figure 2.25.: Cuts through the maps along the arrows displagd in Fig. 2.19 yield the present scan
pro les. left: map-extracted cross scans at 5 GHzright: at 10 GHz.

the source perpendicular to the source extension (parallaic angle of 50 ) plotted in blue have
smaller widths than cuts along the source extension (paralictic angle of 50 ) plotted in red.
Remember the appropriate beam widths that are  146%°at 5GHz and  70%at 10GHz. The
measured FWHM values across and along the source extensiomeal6747°°and 21153at 5 GHz,
and 7291%and 8041%at 10 GHz, respectively.

One observation is that at 2.8cm/10 GHz where the core is dommating the total intensity, the

pro le's FWHM values across and approximately along the jet axis are not deviating much from
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the actual beam width. At 6cm/5 GHz, however, the source is exended in both directions being
wider along the jet and narrower across the same.

As a result, 3C 111 appears more or less as a point source at 28 while being clearly extended at
6 cm. Though, as most measured cross-scans show at 6 cm, it cals@be called point-like for scans
driven perpendicular to the lobe extension, although the emample sub-scans shown in Fig. 2.24
are indeed some arcseconds wider than the beam-FWHM in that dection. Along the extension,
however, real cross-scans are clearly broadened at 6 cm as Isa results from Fig. 2.25.

2.4.2. FULLSTOKES LIGHT CURVE ANALYSIS

2.4.2.1. 100-M EFFELSBERG LONG TERM POLARIMETRY GE 111

The actual results of this part of the thesis are the full Stokes light curves shown in Fig. 2.26 at
6cm/5GHz (top) and 2.8cm/10 GHz (bottom). The data points are measured via cross scans
within the F-GAMMA campaign and thus represent particularly integrated polarimetry informa-
tion. In order to demonstrate the source extension at varios frequencies, blue triangles for VLBI
data at 2cm from the MOJAVE program® that also performs monthly observations are plotted
together with E elsberg 2.8 cm data.

The light curve at 6 cm shows only smooth long term variability over years in total ux with a
maximum stretching between 2008 and 2010 rising to 7 Jy and descending to a level of 5Jy
until today. The degree of polarization shown in the second pnel stays more or less constant at
about 2 % within the errors. In turn the polarized ux in the th ird panel rises slightly in the same
time range of the total ux maximum. The integrated electric vector angle in the fourth panel also
stays constant around 50 with some exceptions mostly rising to around 140 which is a di erence
of approximately 90 .

The 2.8 cm light curve overall reveals more rapid variability but also larger error bars due to more
sophisticated calibration. The total intensity light curv e has an overall maximum in the same range
as at 6 cm but with sub-structure. There are two clear peaks, oe at the beginning of 2008 and one
of 2009 being apart of approximately one year. The ux densiy is then descending from 6Jy to

3 Jy until the last epochs. The fractional polarization is staying constant around 0% 1% un-
til 2010 and then starting to grow upto 2% in 2012. The errors of the following epochs, however,
are growing such that based on E elsberg data no clear maximm of fractional polarization can be
determined. The polarized ux density is varying between 0 mly and 50 mJy with a pronounced
local maximum at the beginning of 2010. The integrated EVPA ows strong variability. Starting
at around 100 in 2008 and sweeping over to 50in the mid/end of 2009, it stays constant around
that value until today.
To compare the single dish data also with interferometric dda being only sensitive to the compact
core region, also data at 2cm from the MOJAVE program is plotted in the panels of the 2.8cm
E elsberg light curves. Good co-alignment of both interferometric and single dish data is found
within the errors of the E elsberg data. Exceptions are two E elsberg data points of the EVPA at
MJD 55500 and 56200 lying well below the MOJAVE data plus the B/PA for some epochs at the
beginning. The MOJAVE data are in particular needed for the recent epochs between 2011 and
today where the overall error-level of polarimetric data rises and no statements can be done. As-
suming, however, that both data are consistent based on ndings from the former epochs between
2007 and 2011, the trend of MOJAVE data is then taken as refemece for further interpretations.
It reveals a clear maximum of the degree of polarization arond 2012. Additionally, the grey ver-
tical bars represent exemplary epochs of MOJAVE where inteferometric maps are extracted and
presented in Fig. 2.27. The maps are chosen such that it is pegle to identify variability events of
the light curve in them. With them one is able to search for interpretations of the described trend

Lhttp://www.physics.purdue.edu/MOJAVE/
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Figure 2.26.: 3C111 light curves for 6cm/5 GHz {op) and 2.8 cm/10 GHz (bottom).
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in both total ux and polarization in detailed maps of the cor e region.

Comparing the light curves between both wavelength, it appars that the total ux is overall higher

at 6 cm. Also the degree of polarization with 2% is exceeding the 2.8 cm degree and so does the
polarized ux.

2.4.2.2. INTERPRETATION AN ISCUSSION

One basic nding is that the full-Stokes-light curves of MOJAV E and E elsberg match well at
2.8cm. This result allows the conclusion that one is sensitie to the innermost compact core
regions of 3C 111 without an over-shining of the morphologicly well pronounced radio lobes as
it happens to be the case at 6cm. Why do the scan pro les not inttide those lobes at 2.8cm in
contrast to 6 cm if they are clearly visible in the E elsberg maps? On the one hand, the scanning
direction is slightly misaligned towards the actual jet axis, on the other hand at 2.8 cm the peak
ux densities of the lobes are low compared to the core. A disgssion on the ux dominance at
longer wavelength as also seen in the low-state non- aring pdrof the light curve from 2011 on is
given in Sect. 2.4.1.2.

As the lobes contributing much to the 6 cm light curve are stade structures on the time scales
examined here, the full Stokes variability is less pronouned. In contrast, the light curve reveals
strong variability at 2.8 cm, which can be explained by the cae dominance and high structural
variability as seen in MOJAVE maps (Fig. 2.27) further resolving that core. The two subsequent
ares at 2.8 cm are furthermore leading the are at 6cm. This is a common feature of aring AGN
in the radio and is due to the fact that the electron gas is geting optically thin rst at higher
frequencies. Reason for that is the Synchrotron self absotipn (SSA) making ares rst visible
at higher and then gradually at lower frequencies. Being nowsure that the 2.8cm emission is
core dominated it makes sense also to include exemplary MOJAE maps into the discussion of
the 2.8cm light curve. The light curve reveals two ares, onein 2008 and another following in
the beginning of 2009. Those can be identi ed in the MOJAVE maps as a primary and secondary
component being ejected from the core (maps | until 1V). Grosberger et al. (2012) state based
on model ts and back-extrapolation that both are ejected fr om the core at about the same
time. The primary component has a projected speed of ®4 0:19c changing to 453 0:09c after
mid 2009 and the secondary one: 80 0:40c up to 3:32 0:19c. Over the following maps both
components move downstream and their total-intensity ux density decreases.

From the polarimetry maps of MOJAVE we learn that only the evolving jet components tend to be
polarized. Some theoretical assumptions (Sect. 1.3.1) alub the local compression of magnetic eld
lines by shocks are able to explain this observation interpeting such jet components as separate
shocks. The integrated linearly polarized MOJAVE ux density is increasing around 2011 and
forming a maximum in the beginning of 2012. In fact the MOJAVE maps show a certain degree
of orthogonal alignment of the EVPAs of both the primary and secondary components in the
majority of the maps before the are in polarization. While evolving, the following secondary
component's net EVPA being rst oriented parallel (map VI) t o the jet axis is turning in an
orthogonal position aligned with the one of the leading primary component (map XI). This is giving
both rise to the fractional polarization and the EVPA integr ated over both components plotted as
blue triangles in Fig. 2.26. The tendency of only jet componats on (sub-)pc scales being polarized
with EVPAs aligned to the jet axis imply an underlying chaoti ¢ magnetic eld that is locally aligned
by magnetic compression, most likely due to a shocking eventThis nds frequent observational
evidence as Saikia & Salter (1988) denote. They further arge that the irregular eld is getting
locally compressed or sheared around regions where enhadd@ear polarization can be measured
with electric vectors as direct tracer to the direction of the underlying eld orientation. The e ect
of a rotating net EVPA of 3C 111 was also seen in former MOJAVE-@ochs by Kadler et al. (2008).
It is interpreted as inhomogeneities in the jet. At the point where the rotation of the net EVPA
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starts the matter may ow onto external matter owing slower . This will lead to a shear and in
turn to a deformation and stretching of the initially transv erse magnetic eld in a direction parallel
to the jet axis explaining the EVPAs to turn in an orthogonal p osition to it. As the MOJAVE
maps are not corrected for Faraday rotation, also an externhforeground shield can be responsible
for some rotation. This possibility is strengthened by Zavda & Taylor (2002) who indeed nd a
strong Faraday rotation at the position where the EVPA rotat ion occurs in the MOJAVE maps.
The foreground shield, however, is expected to be uniform am not variable. Thus variable EVPA
rotation with time must be due to intrinsic changes of the magnetic eld con guration.

Paying attention to the light curve again, one can now based a MOJAVE interferometer maps
explain the nature of the sudden increase in fractional polazation at 2.8cm in 2012. By eye
this are of polarization is delayed by approximately 3 years to the secondary component's are in
total intensity. Assuming a mean velocity of 3¢ measured by Grossberger et al. (2012) which
corresponds to 1 masly, the secondary component would have moved by 3mas inyears. This
ts well between the spot where the trailing component was rst ejected in 2009 (map Ill) and
where it ows into the leading component around 2012 (map XlI).

2.5. CONCLUSIONS

The major concern for the exceptional source 3C 111 was the kmown in uence of extended
emission on the overall amplitude of cross scans as performiewith the monitoring program F-
GAMMA. The conclusion is that at 2.8 cm the 70%beam is only sensitive to the compact and high-
ux core of the source. No problems arise with appropriate coss-scans, the ux values derived by
the high-resolution interferometer MOJAVE are in full agreement with the values measured with
the 100-m E elsberg telescope.

At 6cm the cross scans are broadened in the scan direction alg the source extension but no
ampli cation or attenuation of the peak amplitudes are found when comparing cuts in azimuth
and elevation across the E elsberg images from March 2012 npped out with the 6 cm beam. Also
the scan-amplitudes of measured epoch-scans can not be provemalter between sub-scans where
extended emission is integrated or not integrated into the keam. This explicitly means sub-scans
either across or along the source extension at a wavelengthhgre the telescope is sensitive to
that extended emission. Additionally the peak uxes of those cuts along the same direction in
which the majority of E elsberg cross-scans are driven, aren agreement with the uxes at the
end of the E elsberg light curve (beginning of 2012). Therebre extended emission does only a ect
the width, not the amplitude of cross-scans driven by a singledish beam at a su ciently long
wavelength capturing di use steep-spectrum emission. Thee is no doubt in the correctness of the
here presented light curves both in total and polarized powe

Finally the importance of the 100-m E elsberg telescope and he long term F-GAMMA campaign
has to be stated. As shown above, it is possible to reproduceqgtarimetry data o ered by MOJAVE.
Unfortunately the data signal-to-noise su ered at the time of the polarization are due to several
issues of weather and calibration. However, E elsberg is $il a su ciently good if not perfect
instrument to study the long term evolution of both total and polarized intensity. It is especially the
instrument of choice when searching for a reliable instrumat for long term polarimetry monitorings
of a large sample of sources at multiple wavelength facing #huge amount of nancial and logistical
dedicated e ort to maintain VLBI networks. Notwithstandin g, single dish monitorings of global
source parameters yield the same results as VLBI networks focompact sources. Having VLBI
maps to identify events in light curves o ers lots of insights but is not always necessary to study
the source in detail when taking polarimetric information into account. As the results of this work
show, polarimetry data are able to interpret and identify also morphological events.
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Figure 2.27.: Exemplary MOJAVE maps for the appropriate periods in the 10 GHz light curve in
Fig. 2.26 (marked as roman numbers).
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CHAPTER3

X-RAY VARIABILITYSTUDY OFPOLAR
SCATTEREDSY1

This asteroid has been seen only once through the telescope, 1909, by a Turk-
ish astronomer. He had presented it in a great demonstrationd the Interna-
tional Astronomical Congress. But nobody would believe whéhe said because
he was in Turkish costume.

Antoine de Saint-Exupéry, The Little Prince , 1943

Turning over to the second part of my thesis, | want to presenta special kind of radio-quiet
Seyfert galaxies. After Sect. 1.4 radio-quiet AGN are the sorces of interest to study the innermost
regions of Active Galactic Nuclei. Under certain circumstances the measured X-ray radiation can
be highly variable o ering valuable clues to the geometricd nature and orientation of yet unresolved
cores of some active galaxies towards our line of sight. Vaability of absorption is ubiquitous in
over the half of all local Seyfert galaxies (Risaliti et al., 2002). The aim of this part of my work
work is to nd evidence for spectral soft X-ray variability in the column density by examining all
available historical observations of these sources bXMM-Newton and Swift. Despite the lower
S/IN ratio, Swift is chosen because of its higher amount of available observahs. The timescales
of the column variations are derived as good as the data covage allows.

In contrast to light curve analysis with RXTE where several sources show rapidly following absorp-
tion events, | am implicitly interested in the long term spectral variability of my sample, especially
in terms of absorption of the soft X-ray part. In addition to my work it has to be noted that such
shortly following rapid absorption dips were found also forsources contained in my sample, such
as NGC 3227 (Lamer et al., 2003).

This chapter rst gives an overview over the technical part of X-ray astronomy including a descrip-
tion of X-ray detectors, instruments and the way of extracting, analyzing and interpreting data.
The sample of analyzed sources is introduced in the followip section followed by a more applied
description of the analysis steps undertaken to gain the radts on spectral variability presented in
the last section.

3.1. X-RAY ASTRONOMY

Reaching higher frequencies, radio astronomy is followedyboptical and ultraviolet (UV) astronomy
partly still able to operate from earth. Reaching shorter wavelength starting from the UV, the
atmospheric opacity is getting too large and one needs to sehsatellites into the orbit carrying
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Figure 3.1.: lllustration of a Wolter telescope consistingof nested parabolic as well as hyperbolic
shaped mirrors to ensure total re ection for high energeticphotons such as X-rays.

appropriate telescopes and detectors. Instruments for X-rg astronomy are di erent to optical ones.
Photons of such high energies can not be focused with opticahirrors any more. Let the angle
between a ray of radiation and the normal on a surface with di erent index of refraction be
Beyond the critical angle = =2 ¢ the photons will always be totally re ected. This is
particularly the case if cos(¢) = n with the index of refraction n. This would never be the case
for silicate material like normal optical mirrors but for me tals. Aschenbach (1985), e.g., show that
the larger the density of the metal, the larger . will be which is highly achievable. XMM -Newton
uses a so called Wolter telescope consisting of 58 nested paolic and hyperbolic mirrors of nickel
covered with 250 nm layers of high purity gold. Figure 3.1 ilustrates the principle of nested mirrors
with X-rays entering the telescope from the left. The focus isimplied as red point. The focal length
is 7.5 meter to ensure a small angle of 1 necessary for total re ection of the given medium.
The used analysis software for X-ray spectra, thel nteractive Spectral A nalysis Software (ISIS)
(Houck & Denicola, 2000) is based on the S-Lang language thasideveloped by John E. Davis as
well as the S-Lang implementation of x g in ISIS (sIxfig ).

3.1.1. X-RAYCCD D ETECTORS

Besides non-imaging detectors such as proportional countey Charge Coupled D evices (CCD) as
semi conductor detectors, are able to both image X-ray sourceand gather spectral information.
For this section several sources of literature have been tan into account. The most important
ones from primary literature are the textbooks of Arnaud et al. (2011) who give a good overview
over the topic of X-ray Astronomy and detectors and in particular Knoll (2010) treating (CCD)
detectors in great detail. The following description mainly follows Knoll (2010). CCDs consist of a
layer of doped semi-conducting material like Silicon which @irthermore consists of bands at di erent
energetic levels. One distinguishes the valence-band (ekeen donator) and the conduction-band
(electron acceptor). Above that there is a layer of insulathg material pinned with electrodes in a
matrix-like pattern. Applying a voltage to the electrodes, a potential minimum (also called drain)
grows below the insulator. If the CCD is getting illuminated, a number of electrons is produced
that is proportional to the incident photon energy divided by the energy needed to bring electrons
from the valence band to the conduction band. These electros are then captured in the potential
drains below the electrodes. One can lower the region of mimal potential from just below the
insulator to well below it in order for the electrons to accunulate inside the semi-conducting layers.
This is done by adding an additional layer of an oppositely dped semi-conductor between insulator
and the former semi-conductor layer. Those are called MOSFES.

Typical gaps between the valence- and conduction bands arenithe order of 1€V (Knoll, 2010).
X-ray photons, however, already carry energies ob 200eV. Thus in X-ray sensors even single
photons release a large number of electrons to the conductioband, being collected in potential
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drains. In order to be sensitive to single photons and in ordefor the drains not to ow over, the
collected charges have to be read out as fast as possible. Bhis done in di erent lines spread over
the detector plane by using pulses of potentials moved towats the edge of the detector (Popp,
2004). A frequently used analogy is a number of buckets of watr reached through by several
people. Each bucket corresponds to one pulse with the amountf water according to the number
of released electrons within one readout time-interval. By ounting the amount of pulses of each
line, one gains information on the second dimension of the CD matrix. Such a con guration is
able to store both the position of impact of an incident photon and its released energy.

Since this is a statbstigal process, the released electrorare ideally Poisson distributed with the
variance poisson = N where N is the number of electrons being equal tae= with the incident
photon energy E and the energy needed to bring electrons from the valence- to the conductio-
band.

For spectroscopy theenergy resolution R is an important quantity. One quantity included in R is
the variance or uncertainty of the number of electron-hole pars released by one photon, N, where
R equals to this variance over the mean number of released ekeans N for Poisson distributed
numbers of electronsx. Due to the direct proportionality of incident photon energy to released
charges, it holds thatR = E=E = N=N where E is the energy uncertainty of a given photon
energy E. To be precise the numerator is not only the variance but the FAVHM of the Poisson
distributed number of electrons which is 2355 pgisson.

— r
R = E T h i N N 2:355 = (3.1)

The energy resolution at one certain photon energy is ideayl only depending on being a measure for
the energy gap between the donator and acceptor bands. Newvdeless there are also limiting factors
such as CCD noise including dark current as well as the charggansfer e ciency. These limit R in
Eg. 3.1 by some additional factor, the so called Fano factorKnoll, 2010), depending on the detector.
The Fano factor considers that due to those limitations, the statistical variance 2 = N does not
equal the total released number of electrons as the events arnot all independent. In fact the
variance will be smaller. Applying Poisson statistics is therefore only valid when considering that
factor in the resolution being of the order of 0:1 for detectors of interest (Knoll, 2010). Setting
this factor to a more precise value of 0:11 and the band gap to 3.62 eV for silicon (Knoll, 2010),
Eqg. 3.1 gives an energy uncertainty of E  110eV at an incident photon energy ofE = 6 keV.

In order to be able to detect single photons, the main task forX-ray CCDs is a fast readout time
facing bright sources of hundreds of photons per secondRile up (Popp, 2004; Schmid, 2012) can
happen in pixels of very strong illumination where the readait time is too slow. Thus one can not
tell if there were many photons hitting the same pixel within the integration- or readout time. In
turn the according energy for this pixel within one readout cycle is the energy of many photons
detected as one. This will lead to an arti cial hardening extracted spectra. In general this is
avoided by neglecting to strongly illuminated pixels, mosty in the center of the source.

3.1.2. X-RAY ANALYSIS
There is a basic relation (Davis, 2001; Arnaud et al., 2011) hat states what bias the instrument is
introducing while measuring a count spectrum:

z 1

o)= R(:E)AE)F(E)IE (3.2)

It translates the incident photon ux F(E) into measured counts per second(i) in the energy
channel i. The auxiliary response function (ARF) being the e ective area as function of
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energy rst describes the energy dependent limitations of he telescope in terms of collecting area,
lters, detector e ciencies and so on. The unit of the approp riate function A(E) is cm?/photon.
The redistribution matrix function (RMF) acts in the detector frame itself. See also Hanke
(2007) and Davis (2001) for more details. It expresses thathe detector's electronics often can not
produce a signal of the same energy of the detected photon. Ehaccording redistribution function
R(E® E) relates incident photon energiesE to the detected onesE®. The RMF

Z go
R(;E) = R dER(ECE): (3.3)
EO

is a function of the discrete energy bin,i, and the incident photon energy E. Unfortunately
Eq. 3.2 in a discretized form relating discrete energies to etector channels is not invertible as such
inversion would be unstable to small changes o€(i) (Blissett & Cruise, 1979). In order to infer
the real source spectrum, X-ray analysis software such atSIS (Houck & Denicola, 2000) makes
use of pre-determined ARF and RMF functions for the appropriae detector. Considering also
background counts, the step is now to describe the detectoribsed, measured source spectrum
c(i) with a realistic, physical model spectrum mapped into detector space using Eq. 3.2. The
parameters of the model are adjusted with 2 minimization (Sect. 3.1.6.1) in order to nd the
best t of predicted model counts m(c) to measured source countsn(c). This trick of inserting
knowledge about the detector makes it possible to leave the etector frame and in the best case
describe physical processed in the source frame.

3.1.3. XMM-NEWTON

One of the X-ray instruments used for the data analysis is the EHropean Space Agency'sX ray
M ulti- M irror mission XMM -Newton launched to space in 1999. For general mission inforation
see the user handbook or Lumb et al. (1996).

X-ray imaging instruments can be in general characterized \a two competing qualities: spectral
resolution vs. spatial resolution. XMM's vast advantage isthe large collecting area allowing the
detection of more photons at the same time as possible with ¢ter missions like Chandra. This
particularly allows one to have well covered spectra with that many counts that it is possible to
identify lines with width down to the actual hardware-limiti ng spectral resolution. Additionally,
the more counts are detected, the more counts can be merged tone bin to raise the statistics.
On the other hand it is di cult to focus rays with a set of 58 nes ted mirrors for each of the three
Wolter telescope modules. Hence the spatial resolution meared with the P oint Spread Function
(PSF) a point source as imaged with a certain instrument is wider for XMM than for example
for Chandra which has only four nested mirrors.

XMM -Newton carries three instruments, theEuropeanP hoton I maging Camera, EPIC (Turner et al.,
2001), further consisting of two EPIC-MOS (Holland et al., 1996) and one EPIC-pn CCD-cameras
(Villa et al., 1996; Meidinger et al., 1996), theR e ection Grating Spectrometer, RGS (den Herder et al.,
2001) and theOptical M onitor, OM (Mason et al., 2001).

Figure 3.2 shows the three equal Wolter telescopes with a deicting area of 1500 cn? each on
the lower left side. The e ective areas of the appropriate deéectors are smaller because of detector
ine ciencies and lIters in front. The upper two of them are eq uipped with re ection grating arrays
and are illuminating the two EPIC-MOS detectors in the focal plane (green radiator-horns) and
also the RGS detectors sketched in light blue o setted sliglly downside in the focal plane. The
lower Wolter telescope illuminates the single EPIC-PN camea beyond the purple radiator in the
middle of the two reddish RGS-radiator plates. Both EPIC-MOS cameras arefront-illuminated
whereas EPIC-pn isback-illuminated . The dierence is that for front-illuminated sensors the
wiring lies in front acting as dead layer absorbing mostly sd@ photons. The back-illuminated EPIC-
pn sensor in contrast carries the wiring layer in behind suchthat the detection probability can be

68



CHAPTER 3. X-RAY VARIABILITY STUDY OF POLAR SCATTERED SY1

Figure 3.2.: Sketch of theXMM payload as extracted from the XMM User Handbook.

Table 3.1.: Basic characteristics of theXMM instruments after the XMM User Handbook.

EPIC-MOS EPIC-pn

bandpass 0.15 12keV 0.15 12keV

eld of view 30° 3

PSF (FWHM) 500 6%

spectral resolution ( E) at 1 keV 70eV 80eV

e ective area at 1keV [cm?] 922 each 1227

(a) Encircled energy from PSF integration of
EPIC-pn. (b) E ective area of all instruments on board.

Figure 3.3.: EPIC-pn CCD properties after the XMM User Handbook.

raised by a signi cant fraction. This expresses oneself in amaller e ective area of 922 cmd for the
EPIC-MOS detectors compared to 1227 crh for the EPIC-pn detector at 1keV. In my analysis |

therefore use EPIC-pn data only.

The last instrument, the OM is a distinct telescope xed behind the lower mirror module. The basic

characteristics of the instruments are summarized in Table3.1.

The energy dependent e ective

area is shown in Fig. 3.3 as well as the encircled energy fronhé integrated point spread function
of EPIC-pn. The plot of the integrated PSF tells that it is best to use source radii between 2%
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Table 3.2.: Basic characteristics of theSwift-instrument XRT (Gehrels et al., 2004).

XRT
bandpass 0.2 10keV
eld of view 23.6°
PSF (FWHM) 1800
spectral resolution ( E) at 0.1 and 10 keV 190eV, 90eV
e ective area at 1.5keV [cn¥] 135

(a) Swift-XRT integrated PSF measured at (b) E ective area of XRT ( https://heasarc.gsfc.nasa.
the Panter (Moretti et al., 2004). gov/docs/swift/about_swift/xrt_desc.html ).

Figure 3.4.: XRT CCD properties

and 60P°to gain the most ux of a point source.

3.1.4. Swift

Swift (Gehrels et al., 2004) was designed to perform multi weelength studies of gamma-ray bursts
in the gamma ray regime with the Burst A lert T elecsope BAT (Barthelmy et al., 2005), the X-rays
with the X-Ray T elescope XRT (Burrows et al., 2005) and the optical/UV with the UV / Optical
T elescope UVOT (Roming et al., 2005). Although not being the rst science case, many observa-
tions also of Seyfert galaxies have been done by novBwift has a much smaller e ective area than
XMM. It is, however, possible to have a better time coverage of ddervations with it, which is of
enormous interest in the present study. Su ering under lessdetected counts, Swift-XRT spectra
generally still bring enough information to constrain simple absorptive continuum models. For
detailed information see Table 3.2. The energy dependent ective area as well as the integrated
PSF are shown in Fig. 3.4. In the analysis of this work data areanalyzed by setting source radii of
25%%around the point sources which collects around 90 % of all cauts inside the point source folded
with the PSF.

70



CHAPTER 3. X-RAY VARIABILITY STUDY OF POLAR SCATTERED SY1

Figure 3.5.: Swift-XRT instrumental background for a CCD temperature of -55C (Pagani et al.,
2007).

3.1.5. DATA REDUCTION

3.1.5.1. XMM-NEWTON

The XMM -Newton data are reduced with SAS v12.0.1 using the newest dakation les available
at that moment. All analyzed sources are point-like. For the extraction of spectra only EPIC-pn
was used. Spectra are produced using event les extracted bghoosing circular regions around
source and background. In the case of existent pile-up the inermost region with the strongest
illuminated pixels is rejected. The diameter of the source egions strongly depends on the PSF of
the instrument.

3.1.5.2. Swift

Swift-XRT data are analyzed using the heasoft 6.12 package available at that time. All sources
are also point-like. The event le extraction is performed asfor XMM. In addition, sources are
extracted all with source radii of 25°0 In case of pile-up the innermost region is excluded.

It also has to be noted that it is dangerous to extract data bebw 0:5keV with Swift. The reason
is not only that the e ective area gets quite low below that energy but primarily that the detector
background is high in the range of 0 0.5keV especially when assing the South Atlantic Anomaly
(SAA). In that case the whole detector material is getting highly activated and radiates in the
whole energy range disturbing the detection of source photas. Figure 3.5 shows the instrumental
background radiation of XRT measured in 2005 and 2006 at a deictor temperature of 55 C
(Pagani et al., 2007). It peaks at lower frequencies. Ther@fre also the uncertainty on the back-
ground distribution measured by choosing a certain backgrand region on the CCD image is largest
below 0.5keV.
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3.1.6. SPECTRALHTTING

After reducing the data, the techniques from Sect. 3.1.2 carbe used to nd a model best describing
the data. As already mentioned, what matters is to reduce thedi erence of model counts to data
counts taking into account all bins between 0.3 10keV. The gatistics in behind are treated in

detail in the following sections.

3.1.6.1. LOG-LIKELIHOOD AND CHI-SQUARED STATISTICS

As already discussed in Sect. 2.2.3.2, the generic ansatz tise Log-likelihood function. In X-ray
astronomy, spectral data are available in energy bins of céain widths according to the chosen
binning. In other words, as a X-ray satellite measures a spectim, the di erent energy bins are
subsequently lled with photons (counts). A basic spectrum has the units of energy over counts.
Thus it is all about counting experiments, where the Poisson Statistic holds. In turn, the 1
uncertainty for a data poirB of one bin with the appropriate a mount of counts per bini, N; is the
Poisson-square-root value N;j.

The Poisson distribution as the limit of the Binomial distri bution for large total amounts of counts
n but very small probabilities for one hit p is

k
P ()= e (3.4)

where = np is the expected amount of counts andk the countﬁ themselves. The mean amount of
counts equals the expected valudgki = and the variance =
Another important characteristic is that the Gaussian distribution

1 k)2
P (k)= pZ:e 2 (3.5)

is the limit of the Poisson distribution for large . Gehrels (1986) and Nousek & Shue (1989) show
that one can use Gaussian statistics from 20 counts per bin on. Let us rewrite the Gaussian
probability to a more convenient formula using terms of X-ray astronomy:

(nj_mp?

G e 27 (3.6)

here, n; are the observed counts andn; the appropriate model counts of thei-th bin. Identical
to Sect. 2.2.3.2 the likelihood function is the product ofn Gaussian distributions with n =1:::n
according to n bins. Assuming a model functionm( ) as a function of parameters , the log-
likelihood is

X' (n. )2
In(L(n1;:::5n0) ) =1In p% (n.27r2n.): 8.7)

i=1
After summing up all n terms, the resulting function is only dependent on the modelparameters .

Again, developing the log-likelihood around its maximum jug as in Eq. 2.16 yields the Gaussian
shape of the likelihood function

1 @hL A2
L(y=L(Ne? @ ) (3.8)
- LY (3.9)
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around its maximum . Consideringn con dence intervals one nds
1
InL(™ n)= L+ én2: (3.10)

This means that in a one-dimensional parameter space with pameter plotted against the log-
likelihood, one nds the 1-dimensional error-interval of 1 , 2 and 3 just by lowering the maximum
about 0:5, 2 and 45. The intersections of lines parallel to the base with the lg-likelihood-parabola
are then the borders of the error-intervals (Fig. 3.6, left).

Since the Chi-squared formalism is equivalent to the log-likelihood, it is possible to nd proper
arguments for the quality of a t as well as a derivation of the parameter uncertainties via the
chi-squared-distribution. A certain t will lead to a  2-value for the best t as the minimum of the
parameter-space with parameters plotted against the 2. Derived from the likelihood formalism
described so far, the 2 with its de nition

2 X mm (3.11)

is the sum over the deviation of model—cgunts and data-counts wighted with pW for all bins.
The data con dence-interval per bin ; = = N; with N; = D; + B; being the sum of source- and
background-counts must not be mixed with the belonging to parameter uncertainties. These are
de ned as described in the following.
Assume we found a best t with 2.,. This 2-value is again distributed via the chi-squared
distribution ,
()7e=
2n=2 ( n=2)
depending on the degrees of freedom. See Hanke (2007) for more details and plots of the chi-
squared-distribution for di erent degrees of freedom. For agood t one assumes that in Eq. 3.11
the deviations of data and model fi; m;) are scattering just within the assumed -uncertainties.
Thus the sum should reduce ton in total. Now one de nes the reduced chi-squared 2, = 2=nas
the chi-squared weighted with the degrees of freedom of the .t In the best case one would reach a
value of one. Everything below one resembles an overestimed, too good t, everything above
an underestimated, too bad t.
Having achieved the best twith 2., there is still the probability
Z,
p= f%( 2d 2= F%( &) (3.13)

min

fh( )= (3.12)

to nd worse ts with larger  2-values. This is the so calledp-value If that probability pto nd
worse models is smaller than the probability
Z,
= % Ad 2=1 F"%( ?) (3.14)

to still nd better models, the Null-Hypothesis of the present model to be the best must be rejected
within a con dence level of . Normally one chooses a certain con dence level of 5%. In the
best case of rzed 1 the p-value reaches (b which means that the probability for either a larger
or smaller 2 is identical.
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68:3%

90 %

99 %

Figure 3.6.: Sketches of a onedéft) and two-dimensional (right) parameter space and the derivation
of di erent uncertainties according to di erent sigma-valu es. The left panel plots a
log-likelihood function which has to be mirrored on the paraneter axis to get the
chi-squared distribution ().

3.1.6.2. PARAMETER CONFIDENCE INTERVALS AND CONTOURS

For n-dimensional parameter spaces witin free parameters one can always plot 2-dimensional pro-
jections. Assuming a Gaussian distribution ¢& 20 counts/bin), the likelihood is the product of as
many Gaussian distributions as there are bins. The product vill always be Gaussian. But depend-
ing on the total amount of parameters nasty side minima/maxima can appear (recall: the 2-space
is in general just the log-likelihood space with opposite sig). Thus, the parameter space can be
complicated. In general one can say that the parameter spacis getting more and more smooth
and symmetric, the more bins one has with Gaussian distribuéd counts each bin. In simple words:
if you have two bins and thus two data points in a spectrum, it is easy to t a straight line with
very few parameters to the data. In contrast, a more complicéed model with dozens of parameters
will produce an extremely complicated and asymmetric paraneter space. The more data bins one
has, the better one can constrain a model with multiple degres of freedom.

Let's think about the case of a smooth parameter space and a vigoronounced global 2-minimum
not being patched with local minima. For simplicity assume a t where only one parameter of p
in total is varied while re- tting all the others. For N data-bins a t concerning a model with all
p parameters varied hasN  p degrees of freedom and the chi-squared statistic (p). However,
when varying only one parameter while re-tting all p 1 others, we end up withonlyN p 1
degrees of freedom and the according statistic °(p  1). As discussed by Lampton et al. (1976)
the resulting parameter space includes only the one free pameter plotted against the statistic

2()= 2(p 1) ?(p)whichisagain ?-distributed according to Eq. 3.12. Chi-squared values
in turn are additive values. This is a one dimensional parameer space, i.e., a simple parabola
around the best t parameter.
Having found the minimum  ?( )mi, the question is now how the con dence interval of the free
parameter is de ned. As the 2-distribution f,( 2) holds for the statistical values on the y-axis,

the probability to measure value§{ larger than some value at a certain con dence level &ér
re-tting is simply F%  2()eont = © 2 f%( Zp)d 2 Inturn, the probability fora 2
between the minimum 2( Ymin and the con dence border  ?( )eonf is 1 F1L 2( )eonf -

This probability is also called the con dence limit

A similar approach is chosen also for two or more free paramets. In the case of two free parame-
ters it is possible to plot con dence contours  between both parameters (Fig. 3.6). Such contours
are circular if no correlation is present. The more both paraneters are correlated, the larger the

con dence borders of the ellipses can get for at least one pameter.
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Table 3.3.: Values of  2( )0

signicance F%%  2( )eonr  con dence level (CL) 2() L 2()2 0
0.32 1 (68:27 %) 1.00 2.30
0.10 2 (90 %) 2.71 4.61
0.01 3 (99%) 6.63 9.21

Table 3.3 (Lampton et al., 1976) summarizes the values 2( )eons fOr one and two free parameters
about which one has to rise the minimum  2( )min in order to include 1 (68:27 %), 2 (90 %)
or3 (99%) ofall 2 and in turn also parameters in con dence intervals as being onstrained by
the  2( )R s-contours projected down on the parameter space. Here implies one or more free
parameters. As all statements are based on relative valueg is possible to infer such con dence
intervals just by rising the minimum by the values given in th e table.

Cash (1976) nds the con dence intervals based on a Bayesiaransatz. As a result con dence
intervals are also de ned in the low-count limit for less than 20 counts per bin. The appropriate
statistic is often also called Cash-statistic.

3.1.6.3. CASH STATISTICS

Sect. 3.1.6.1 assumes at the minimum 20 counts/bin for the Gassian probability to be valid in each
bin (Cash, 1979; Gehrels, 1986; Nousek & Shue, 1989). In thease of less counts per bin we have
to go back to the Poisson statistic (Eq. 3.4). The whole 2 formalism is just the high-count limit
of the more genericCash statistic . The derivation of the statistic is identical as above. Agan,
the likelihood is the product of Poisson distributed data of all bins:

Y Wk i
L= (PY) = 'ke' (3.15)
i=1 i=1 i
The Cash statistic is de ned as the log-likelihood via
X
C= 2InL= 2 (ki In i ki Ink; !)Z (3.16)

i=1

. . . P
As the term In k; cancels out when calculating C, itis more convenient to useC = 2 iN:1 (i kiln
or aiming the topic of X-ray astronomy

c=2 (m;  njInm;) (3.17)

with model counts m; and data counts n; per bin i.

It is important to note that ~ C is also following the 2 distribution. Because of this fact, contours
of various con dence levels are well de ned not only for the ? statistic but also for the Cash- or
C-statistic (Mittaz et al., 1999).

An additional issue is the reason for the choice of Cash stadtics. This is, if there are de nitely

less than 20 counts/bin. The reason for that is in most of the cases (in @rticular for most Swift

spectra) that there are only very few counts available in total. After doing some re-binning, this will

mostly lead to only a small number of data points (i.e., bins) Combined with a model of several
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free parameters and the use of C-statistic itself, the overdlparameter space will be complicated.
Global minima can be patched with side minima. Pronounced minima (if so) tend to be asymmetric
in the 2-dimensional parameter space. Hence also contours Icalated based on the Poisson limit
in C-statistics show a lack of symmetry (Mittaz et al., 1999).

This can be challenging for minimization algorithms to nd t he overall minimum of the parameter
space according to the best t given the limiting circumst ances. InISIS it turns out to be useful
to give data, where the C-stat is used, a rst t with the more de dicated and complex subplex
minimization algorithm to nd the global minimum within the irregular space. Then the mpfit
Levenberg-Marquardt-algorithm following a gradient-ansatz can be used to further seek for the
minimum. The latter would easily get stuck in local minima without using subplex at rst.

In principle con dence intervals for the one dimensional ard contours for the two dimensional
case are also de ned for Cash-statistics (Gehrels, 1986). Thparameter space is of course di erent
which results in di erent values of Table 3.3. ISIS seems to have implemented wrong humbers which
leads to wrong contours. Thus the analyzed data are re-binneduch that at least 20 counts/bin are
reached in order to be able to use 2 statistics.

Have in mind that the 2-statistic is just a border case of the Poisson-based C-statigt. But be
also aware that for continuum models without narrow line feaures the whole process of nding the
minimum in parameter space is much more simpli ed by actualy making use of that high-count/bin
border-case without cutting back information necessary forthe best achievable result.

3.1.6.4. ASYMMETRIC UNCERTAINTIES

Simple Gaussian error-propagation is only possible for symetric and Gaussian distributed param-
eter uncertainties.
Within all analyzed spectra, however, there are many where e just discussed issue of the low-
count or Poisson limit is the case. Asymmetric parameter cotours turn into asymmetric parameter
con dence-intervals. The likelihood is only parabolic in the case of a large number of bins. Besides
this statistical reason, there are also systematic e ects hat produce such asymmetries (Barlow,
2004b). The key topic in the X-ray part of this thesis is to compare column density parame-
ters derived from model ts of all available spectra. In particular di erences of column densities,
Ny =(Nn);  (Nn),, are of interest. In general consider two best t parametersof two distinct
data sets x1) 2 and (x2) ?.
If the up- and down-side uncertainties are equal in the symmaic case (1 = »), the likelihood
functions are known and one can state a combined likelihoodor combined parameters. It does
not matter whether one want§l4 to propagate uncertainti%s via(Xy + Xp2) or (X3 Xp). Gaussian
error-propagation gives f = (+1)2x2+( 1)2x% = x%+ x3% for symmetric uncertainties
of x1 and x, and a function f = x; X». This result is the same as provided by the combined
likelihood for symmetric uncertainties. The quadratic parameter-uncertainties make signs in linear
combinations of error-prone parameters unimportant. In terms of the combined likelihood one can
just multiply the individual ones again only for symmetric al uncertainties:

1 x5 (xg1+x2)? (x4 xp)? u2 2
L(X1)L(x2)=e 22 22 =g ~ 42 a2 = 22 32 =L(uL(v) (3.18)

In the more realistic and generic case, it holds that 1 6 ,. As an example Fig. 3.7 shows how
contours can look like in real data sets. Here the two-dimensinal parameter space for a choice
of two di erent parameters is evaluated on a grid. The 1, 2 , and 3 contours are plotted as
red, green and blue lines following the criteria of Table 3.3ased on a derived 2, for the best- t
parameters. The asymmetric 2 con dence-intervals are the projections of the outer bordes of the
2 contour-lines onto the according parameter axes. The gure @irthermore shows contours of two
di erent data sets that are tted with models based on a parti al covered power-law. As one can
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Figure 3.7.: Asymmetric uncertainties for the column densiy parameter derived out of two distinct
data sets.

see here, the covering factor and the column densities are dieed correlated.

In most of the cases the projected 1-dimensional likelihooduinction according to a derived con dence-
interval around the best t parameter (a kind of cut through t he parameter space parallel to both
parameter axes) is unknown. Now as so often in data analysisand applied statistics it is
again time to use the force. Barlow (2004b) and Barlow (2004ppresent an elegant solution. The
unknown likelihood function can be parametrized in di erent ways only using 1 and ,. The
probably most convenient way is the ansatz of a variable Gassian, i.e., parabolic if taken the
logarithm,

InL(® )= 1 ¢ 2 (3.19)
' 2v+vqQ N '
with a variable variance V( )= V + V{ ") and
V = + VO o+ (3.20)

Now combine the just gained likelihood functions as a linearcombination of parametric results ;

to X ) !
InL( )= 1 !

— 3.21
2 i \/i+\/ioi ( )

equivalent to Eq. 3.18. The last step is to map out Eq. 3.21. Fo that use the technique of
ndetermined multipliers , i.e., using Lagrange multipl iers and some side constraint which isu =
i i in this case, to solve the equation. Barlow (2004b) state thesolution to be

(Vi + V202,

P VERTE (3.22)

Wi .
i = uP—— with w; =
i Wi

The numerical implementation in ISIS is given in Lst. 3.1.

u = 0;
wl = (V[0])~2/(2*V[0]);
w2 = (V[1])"2/(2*V[1]);
for (i=0;i<5000;i++)
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Figure 3.8.: Example for a combined likelihood numerically mapped out for initial asymmetric
con dence-intervals of * =1:41; 1 =2:40and ! =1:03; ! =2:36 up-scaled by a
factor of 5. Plotted here is log L against the column density @mrameter.

u -= 0.01;

x1[i] = u*wl/(wl+w2);

x2[i] = u*w2/(wl+w2);

wil V[0]+VV[O]*x1[i])"2/(2*V[0]+VV[0]*x1[i]);

—~

w2 ; V[1]+VVI[1]*x2[i])"2/(2*V[1]+VV[1]*x2[i]);
y[i] = -0.5*(x1[i]"2/(V[0]+VV[0]*x1[i]))-0.5*(x2[i]"2 [(V[1]+VV][1]*x2[i]))
if (y’[i] < -0.5) conf_lo_array = [conf_lo_array,(x1+x2)i -111;

One example for such a combined likelihood is shown in Fig. 8. For this plot | use the column
density uncertainties  and . from Fig. 3.7 up-scaled by a factor of 5 as input for Eq. 3.21. Tle
resulting uncertainties of the combined Ny can be read o that combined likelihood function by
taking Lmax 1=2as ! =9:57=5=1:91 and 1} =15:28=5 = 3:10.

3.1.6.5. TEST FORCONSTRAINABILITY OMODEL FUNCTIONS

In many cases it is hard to constrain a certain model componen To test whether an additional
model component is agreeable with the data, there are basidlg two ways. First of all, the F-test
(Protassov et al., 2002) can be used especially to test for sgtral lines. In the case of a model,
however, that is nested and fades to its parent -model as paametric border case, the F-test is
clearly wrong and aMonte Carlo ansatz has to be used. This is the case for a partial covered
power-law fading into a fully absorbed power-law for a coverig fraction of one.

The algorithm can be sketched as follows:

First take the model without the feature you want to test for a nd then, fake this spectrum using
constantly the same ARF, RMF and background les. ISIS can do this pretty easily by loading
data, background, ARF and RMF, loading a parameter le describing the model function without
the feature and at last by faking data around this model.

Having a faked spectrum, it is tted with both the input-model without the additional feature and
with it. The 2-values for both cases are recorded. Now start again from thedginning.

Sets of around 500 simulated spectra are used to test explity for the constrainability of a partial
covering component. Afterwards the distribution of the di erence 2= 3 2 is plotted as
histogram. The distribution is supposed to be Gaussian-digtbuted around the value of maximal
discrepancy between both values. The p-value (Sect. 3.1.6.Lan be identi ed as the integral over
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the distribution f 2 from the value 2 gained with real data to in nity
Z,
p= f 2d 2 (3.23)

2
real

The p-value is the probability to nd a larger discrepancy between both models than the one
existent in ts to real data. Is the distribution centered ar ound zero, it is a rst indication of both
models to be indistinguishable. For further statements thep-value has to be determined.

3.2. THE SAMPLE OFSMITH ET AL

Being aware of the techniques and statistical approaches diow to study X-ray spectra in general
aiming the study of spectral variability, those can now be aplied to real data. Of interest are sources
under the reasonable suspicion of being highly variable du& aspects presented in Sect. 1.4.2. A
good sample to search for such long term variability is proviled by Smith et al. (2004). Although
the here examined Seyfert galaxies do not reveal emissiom®s in the X-rays, they can indeed be
found at optical/lUV wavelength. Optical polarization turn s out to be a tracer for a certain kind
of intermediate Sy I/Sy Il sources that are supposed to appeaunder an inclination angle of 45 .
Those are furthermore expected to be variable in absorptiorn(see Sect. 1.4.2). Smith et al. (2004)
Iter 12 of those nearby (low redshift) polar scattered Sy | galaxies. On the other hand, they
also nd a counter-set of equatorial scattered sources that -if the geometrical assumption both of
the Uni ed Model and of the interpretation of Smith et al. (20 04) are true - should not show any
variation in absorption as the line of sight is supposed not b intercept the torus. Those optically
equatorial scattered sources tend to be true Sy | sources. Ast of those sources together with the
number of observations performed with Swift, XMM , Suzakuand Chandra is given in Table 3.4.
Due to the usage of 2-statistics, the spectra have to be re-binned in order to guaratee at least
20 counts/bin. In turn, several observations of fainter souces have to be rejected from the analysis.
All sources that have su cient S/N ratio for model tting are listed above the dashed line. Mrk 766
is not further analyzed in this work as several long term moniorings in literature provide enough
results to con rm variability in absorption.

The analyzed sources above the dashed line are furthermorerted after the integrated ux density
in the 0:3 10keV range with the source of highest ux on top.

The sources beyond the dashed line are not able to yield valsefor column-density di erences as
there are either only single observations per source or if thre are more, the S/N ratio of the data
is unable to constrain absorption within the spectra.

At the time of writing, only the sample of polar scattered Sy | galaxies observed bySwift and XMM
are analyzed. In the future also the control sample of equateal scattered sources (down part of
Table 3.4) will be examined to hopefully show that there is noor at least less variability than in
the polar scattered sample.

Only the analyzed sources are listed in detail in Table 3.5 ad Table 3.6 for Swift- and XMM -
observations. The observations are sorted by observationitne per source and with decreasing
integrated ux. The columns furthermore give information o n the exposure time, amount of counts
and thus the count-rate per observation as well as the integreed ux in the 0:3 10keV range
based on the determined best-t models. Note that only those dservations are listed here that
0 er more than 100 counts in total. Binning the spectra to at | east 20 counts/bin allowing us the
usage of 2-statistics for model- tting will then result in at least ve b ins/data points. However
mostly those border cases of still too low S/N ratios also hag to be rejected from the analysis
chain as no reasonable column density can be constrained. Ehnefore the last column tells whether
the appropriate observation is used for the nal results. There are obviously more observations
available from Swift. Its disadvantage is the e ective area which is about one orér smaller than
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Table 3.4.: The sample of Smith et al.:top half: polar scattered Sy | galaxies,bottom half: equato-
rial scattered Sy | galaxies - the control sample.

source Swift (XRT) XMM (pn) Suzaku(XIS) Chandra
XRT pn XIS ACIS HEGT

NGC 3227 7 2 6 2
NGC 4593 5 2 1 1
Mrk 704 5 2
Fairall 51 2 2
ESO 323-G077 3 1 1 4
Mrk 1218 7 2
UGC 7064 2 1

“Mrk 766 3 15
Mrk 321 1 1
Mrk 376 2
IRAS 15091-2107 1
Mrk 1239 1
Akn 120 3 1 1
1Zwil 7 2 1
KUV 18217+6419 1 22 4 1
Mrk 006 4 4 1
Mrk 304 2
Mrk 509 23 17 5 1
Mrk 841 4 5 4 3
Mrk 876 16 2
Mrk 985
NGC 3783 6 4 2 6
NGC 4151 4 17 3 5 5
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Table 3.5.: Swift data

source date exp rate  ux obsid used?
[ks] [c/s] [keV/sicm 2]
NGC 3227 2008-10-28 998.30 0.52 0.028 00037586001
2008-10-29 1968.67 1.30 0.048 00037586002
2008-11-13 2215.09 0.31 0.020 0003128000=urd
2008-11-21 2121.89 0.12 0.007 00031280005
2008-11-22 1919.13 0.12 0.006 0003128000
2008-11-26 1996.28 0.19 0.014 000312800
2008-11-27 1877.27 0.12 0.010 000312800
NGC 4593 2008-08-15 5029.58 0.63 0.020 000375870
2011-04-30 1917.93 0.57 0.018 000375870
2012-04-08 1131.28 0.24 0.009 00091407001
2012-04-16 1116.30 0.97 0.029 0009140700
2012-04-24 1128.79 0.71 0.025 000914070
Mrk 704 2006-06-14 2218.08 0.54 0.013 000355900
2006-09-28 5006.65 0.32 0.009 000355900
2007-01-21 1718.43 0.43 0.011 00035590005
2011-04-23 1832.82 0.36 0.011 00031965001
2011-04-23 1125.80 0.31 0.010 0003196500
Fairall 51 2008-05-20 6087.25 0.10 0.008 000378090(£
2008-05-25 3182.50 0.20 0.011 000378090
ESO 323-G077 2006-06-28 2279.59 0.04 0.004 00035598001
2006-08-17 3733.71 0.11 0.007 0003559808%
2006-09-14 1914.53 0.12 0.009 000355980
Mrk 1218 2005-10-04 7970.89 0.01 0.001 00035167001
2006-09-28 3712.83 0.05 0.002 0003577700
2006-10-08 4212.43 0.06 0.003 OOO357770(§
UGC 7064 2007-12-29 7568.04 0.02 0.002 00037137001
2007-12-29 7568.04 0.02 0.002 00037137001
Table 3.6.: XMM data
source date exp rate ux obsid used?
[ks] [c/s] [keV/s/cm ?]
NGC 4593 2000-07-02 8782.68 34.66 0.048 010997013;1
2002-06-23 53225.81 31.43 0.047 00598301
NGC 3227 2000-11-28 31089.05 1.03 0.006 01010403?
2006-12-03 97408.58 13.01 0.031 04002701
Fairall 51 2005-09-08 20384.15 7.26 0.020 03002404(3’5
2006-03-07 17301.79 0.95 0.005 03002409 O&
Mrk 704 2005-10-21 1487559 2.79 0.007 0300240101
2008-11-02 68436.02 9.62 0.013 050209160
ESO 323-G077 2006-02-07 23830.85 1.07 0.006 03002405051
Mrk 1218 2005-04-09 6586.68 0.72 0.002 03022602
UGC 7064 2009-12-26 27604.03 0.35 0.002 0601780601
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the one of XMM . This is also obvious from the count-rates. Comparing Table 3 and Table 3.6
the amount of counts per second is about 10 times larger foXMM observations that have ux
comparable with Swift such as for ESO 323-G077.

3.3. THEANALYSISCHAIN

From the raw data to an analysis of parameters of interest sesral steps have to be undertaken.
Here, those are shortly summarized:

Collect data of all available observations.

Examine the data in ds9 which are initially only available as a CCD-image and extract
source- and background regions by choosing a circular regis around the location of the
source as well as somewhere o the source to collect inform&in on the background counts.
Save those region les and process them with the satellite’sdlata extraction tools in order

to get event les for source- and background count-spectra. For this analysigthe most

recent response matrix should be used as the detector e ciecy changes with time due to
impacts of micro-meteorites on the chip or the occurrence of €ad pixels, dead columns and
other aging e ects of the detector. For Swift this is automatically performed by the scripts

xrtprepare and xrtextract , for XMM by xmmprepareand xmmextract maintained at the

Dr. Remeis-Observatory, Bamberg. One must also account for gssible pile-up by excluding
the central region of point sources where it can happen that he read-out time of the CCD is

too slow for very luminous sources.

Exclude counts below 3keV.  Facing the high uncertainties at energies even below 0.5 keV
(Sect. 3.1.5) due to an enhanced expected background | stilllecide to accept data in the
0.3 10keV range as the low S/N of most sources does hardly rern many data points in the
soft energy range after re-binning. Data in the soft X-ray regime are essential to nd well
constrained Ny values. Loosing data in the soft while increasing the degreeof freedom is
not a compromise in my eyes. Hence | agree in dealing with adtional correlations between
Ny and the power-law slope instead of having less spectral infamation below 2 keV.

Load the event les into ISIS to examine andrebin the spectra. The used criteria are
to ful Il the border of at least 20 counts/bin to be able to app ly 2-statistics.

Find models for the data and t the data. Using 2-statistics and a Levenberg-Marquardt
gradient minimization algorithm such as mpfit work ne for continuum models.

~ After having found a proper model explanation of the data ru n an error calculation to

iteratively step the parameter space for single parameterso nd the con dence intervals for
a 90 % con dence level. At theRemeis cluster this can be done parallelized using the script
mpi_fit_pars

" To also account for possible correlations between parameers, it is essential to additionally

calculate contour maps and read o the 90% con dence intervals from those. For cal-
culating parameter maps always two parameters are kept xedwhile all others are getting
re- tted at each position of the map.

Similar to the error-calculation, the contour map calculation can be done parallelized with the
ISIS -script contour_trq allocating each calculation to a di erent core. The Remeis-cluster
consists of 204 separate cores which makes such time consuagicalculations easy to handle.

" The column density parameter Ny in absorption models is of special interest. Having calcu-

lated necessary contours, read o the appropriateNy -uncertainties and
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Table 3.7.: Model name allocations with thelSIS model names.

Phenomenological name ISIS model component
Power-law power-law(1)

Galactic absorption tbnew_simple(1)
Internal cold absorption tbnew_simple(1)
Gauss zgauss(1)

Partial covering with cold absorption zpcfabs(1)

Covering Factor constant(1)

Warm absorbing zone zxipcf(1)

lonized Absorber absori(1)
Comptonization of soft photons comptt(1)

" use them to derive a combined uncertainty  for the di erence of two measurements ofNy,
Ny, belonging to two di erent observations.

" a plot of the Ny against the time-di erence t between two observations nally tells,
whether the amount of absorption in two observations is conistent or inconsistent with each
other. In the latter case one has foundproof for variability of absorption

In terms of testing model functions a bottom-up procedure is biosen starting with a simple absorbed
power-law model over to more complex models. The following $it ranks the successfully applied
models by complexity.

e NHinemal @ N Hgaacic (E + Gzg)  absorbed power-law
[ ¢ c e NHinema @ Nwgawcic (E + Gz)  partial coverer

WA(1) WA(2) e NHiema @ NHgawcic (E + Gz)  power-law warm and cold absorbed
(3.24)
Here the source internal absorption is separated o the galatic one. Additionally the mostly
prominent Iron K line at 6.4keV is tted with a Gaussian component G in all attempts.

3.4. SPECTRALVARIABILITY RESULTS

In this section the results based on the considerations in th introductory part of this thesis are

presented. Tables of the best-t parameters are attached in he appendix. Table 3.7 gives the
connection of the phenomenological model component name® iSect. 4 with the notations of

ISIS . Occasionally, XMM data allow us to t several (absorption) line components. The only

emission line found in all spectra with a high S/N ratio, is the Iron K line. For other absorption

lines corresponding most likely to warm absorbers, nd the entral energies in Sect. 4 and take
Guainazzi & Bianchi (2007) as a reference who list the most imortant lines seen in comparable
sources. As the objective of my thesis solely depends on camtium models, the detected lines are
not discussed in the following.

Data that are insucientto ta Ny component are not analyzed at all and do not further appear
in the tables.

Regarding the applied warm absorbers it has to be noted that he covering fraction is always xed

to unity as warm absorbing material is most likely out owing , thin and partially ionized gas on

large spatial scales (Sect. 1.4). To account for possible dowing gas measured for many similar
sources as well as for many of the sources in the present samplthe redshift is left free to vary
while tting. Often redshifts are constrained that are less than the system redshift suggesting the
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shield to move towards the observer.
In the following each source is discussed in detail, where ggial focus is payed to the spectral model
components of the high-S/N data of XMM .

3.4.1. RAIRALLS1

3.4.1.1. INTRODUCTION AND OBSERVATIONS

Archival data taken from the Sy | galaxy Fairall 51 (z  0:014) by Swift and XMM reveal relatively
low luminosities from Ly =3:12 10*erg/s to Lx = 1:25 10%erg/s (0.3 10keV). See Sect. 1.1.3
for a proper derivation of the luminosity with given cosmological parameters and redshift.

Fairall 51 was observed two times bySwift at 2008 May 20 and 2008 May 25 as well as two times
by XMM -Newton at 2005 September 8 and 2006 March 7. The time coveragalows one a test
for short (days) and long-term (years) variations in absorption. As for all following sources and
appropriate observations both for Swift and XMM -Newton counts are extracted in a 0.3 10keV
range from the detector's event- les. All counts below Q3 keV are excluded.

3.4.1.2. SPECTRALHTS

Starting with the XMM -Newton observations without going into detail regarding the step-by-step
procedure of nding the best t, for both observations solely two components of partial covering
absorption by partially ionized material are needed to accant for the absorbed soft X-ray ux.
One warm absorber component has an ionization parameter ofoy 0:7, the other log 2:3
for both observations. The best- t models applied to both observations consist of an initial power
law, attenuated in the soft by two warm absorbers and one compnent addressing the well known
galactic absorption as well as several additional line comgpnents. In ISIS the total t-function is
called

zxipcf(1)*zxipcf(2)*powerlaw+zgauss(1)+zgauss(2)+zg auss(3))*tbnew_simple

According to Sect. 1.4, the ionization parameter is a measw for the amount of ionization and
thus the central sources' luminosity. Both components haveconstant ionization factors within the
errors which can be understood by looking at Fig. 3.9 and Fig3.10 where in the hard X-ray regime,
both initial power-laws have comparable normalization. Thus the initial irradiation emerging from
regions in the vicinity of the SMBH is hardly variable justa s implied by the ionization parameters.
Distinguishing the components with higher and lower is straight forward when looking at Fig. 3.9.
The componentzxipcf(1) with lower has more an e ect of a neutral absorber, mainly absorbing
the continuum in the soft. The second absorbing component (lue line) is stronger ionized and has
less e ect in soft absorption. Reason for that is that highly ionized elements lack of electrons in
outer shells being important for photo-electrical absorption. As high-Z elements are mainly found
in the soft, this is also the regime where photo-electrical aborption has most e ect.

Furthermore comparing both observations, model- ts of the second reveal larger column densities
of the partially ionized shields. Such Ny-variability without signi cant variation of the initial
power-law ux is best visible in Fig. 3.10 where alsoSwift data are included in between of both
XMM -observations.

The best-t model for both Swift -observations boils down to only one warm absorber and the
galactic-absorbed initial power law

zxipcf*powerlaw*tbnew_simple
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Figure 3.9.: Best- t model components of the Fairall 51 XMM -spectra (EPIC-pn) from 2005-09-08
and 2006-03-07.
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Figure 3.10.: Plot of all four data-sets recorded with Swift (XRT) and XMM (EPIC-pn) for
Fairall 51.

The ionization parameter is frozen to the values of the lowerionized components derived with
XMM for both cases as, again, the irradiation on the system can beaid to be relatively constant.
It is only possible to constrain lower ionized absorbers forSwift observations of the same kind if
possible at all. The low S/N ratio of the data is too low to condrain any absorption line structures.
For basically all following Swift observations it is su cient to describe the shield with a model of
cold, neutral gas. The results obtained here are more or lesonsistent with those from Ricci et al.
(2010). The dierence is that they claim to nd a better model with a third warm absorber layer

of higher ionization. As my results show, two partially ionized absorbers are su cient to describe
the continuum well enough.
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Figure 3.11.: Colored contour plots between the column denty Ny [10°?cm 2] and power-law
slope in the data of all XMM (top) and Swift (bottom) observations of Fairall 51 for
a 25 25 grid. Shown are 68 %, 90 % and 99 % con dence levels.

3.4.1.3. Ny{-VARIABILITY STUDY

For the study of Ny variability it is necessary to further process with the column densities of the
lower ionized warm absorber components, as no separate cotbsorber is needed to fully describe
the absorption.

Being interested not only in the Ny values themselves, but also in the errors that are essentiab
make tentative variability-statements, rst the one-dimens ional 90 % con dence intervals are calcu-
lated using ISIS . This is, however, not enough. Correlations between sevefrdree parameters also
have to be taken into account. Therefore, contour plots betveen those parameters are calculated.
In this case a possible correlation can exist between thBly and the power-law slope. A model with
a too soft slope will have to be additionally attenuated in the soft to still t to the data. Large
column densities are thus coming along with large slopes. Tén gures show all calculated contours
both in a color-coded (Fig. 3.11) and interpolated (Fig. 3.19 representation. Contours calculated
for XMM spectra constrain much narrower con dence intervals than Swift observations which is
clear from comparing the e ective areas and thus the data-S/Nratio of both instruments.

Arguing whether the contours are consistent with each otherin terms of a 90% con dence level
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Figure 3.13.: Plot of all interpolated contours for Fairall 51. The blue, thick lines in the middle
represent the 90 % contours, the thin, gray lines the 68 % and 9% contours.
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Figure 3.14.:Left: Ny over t for all possible combinations of observations of Fairall 51 right:

absolute values ofNy with errors plotted over time.

of Ny is best done by over-plotting all interpolated contours (Fig. 3.13). The gure clearly shows
that the contours are inconsistent with each other on a 90 % co dence level. From this result Ny-
variability is already shown. To be more accurate in terms ofstating numbers, one can calculate
the di erence of Ny between all possible combinations of observations. The ammt of possible

Ny values is thus given by the number of possible 2-sets out of a-set of observationsn!=2!(n  2)!
where the order does not matter. To nd the time-scales of varation, plot the derived Np values
between two observations against the time di erence betwer both (Fig. 3.14, left gure). This plot
reveals that the smallest time-scale of variability is arourd 5 days. As the contours already suggest,
variability can be constrained for all combinations of obsevations. This is because the errors of all

Ny are inconsistent with zero. For the following sources this $ not always the case. Although
there are only four observations available in total, the time coverage allows one both the study of
variability on short and long time scales of years. The gurein the right panel plots absolute Ny
values over time which additionally suggests variable behaor in particular increasing absorption
with time as also visible in the spectra in Fig. 3.10.
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3.4.2. NGC 4593

3.4.2.1. INTRODUCTION AND OBSERVATIONS

The Sy | galaxy NGC 4593 was observed twice byXxMM in 2000 July 2 and 2002 June 23 as
well as ve times by Swift between 2008 and 2012. However, due to low S/N ratio only thre
Swift observations in 2008 August 15, 2011 April 30 and 2012 April 2 are further analyzed here.
Furthermore there are two more archival pointings by Suzakuin 2007 and Chandra in 2001 which
are currently getting analyzed and thus not included in this thesis.

The galaxy is close by with a redshift ofz = 0:009. Compared to the other sources in this sample
it is among the most luminous ones with luminosities rangingfrom Ly = 1:12 10%erg/s to
Lx = 2:99 10%erg/s based on my derived models in the B 10keV range. Brenneman et al.
(2007) cite X-ray luminosities derived with ASCA and Chandrain the 2 10keV range of 853 and
5:37 10*erg/s.

Due to the luminosity of the source, XMM was operating in the small window mode with the
possibility of much faster readout to account for possible [de-up.

3.4.2.2. SPECTRALHTS

| will again start with the XMM -Newton data.

The model ts are adapted from Brenneman et al. (2007) for the observation from 2002 June 23.
The earlier observation in 2000 July 2 is discussed by Steenbgge et al. (2003). They constrain on
the RGS grating instrument of XMM as the background was too high for analyzing the EPIC-pn
data as they argue. To loose no continuum data, |, however, dso and gain a spectrum which
is similar to the one from 2002 (see Fig. 3.16). | thus used thesame continuum model for both
observations. The achieved best- t model is

((powerlaw+comptt)*zpcfabs*zxipcf(1)*zxipcf(2)+zgau ss(1)+zgauss(2))*tbnew_simple

which diers from the one used by Brenneman et al. (2007) in tre partial coverer that is addi-
tionally used here to try to explicitly constrain cold absorption. This, however, leads to a very
small covering factor ofc  0:14 with a medium Ny of 3 4 10%cm 2 for both observation.
Therefore | conclude that it is indeed possible to separate oa cold absorber from the two warm
absorbers only used by Brenneman et al. (2007) which has onlyelatively low but still visible
(Fig. 3.15, red, dashed line) e ect on the continuum attenuation in the soft because of the low
covering. Also visible in that gure are again two di erent i onization states of the low ionized
absorber with 2 and the higher ionized one with 3 4. Both stay relatively constant which
involves the constant normalization of both observations. Brenneman et al. (2007) constrain even
lower ionization parameters to account for the existing corribution of cold absorption as separated
of here.

NGC 4593 furthermore shows a prominent soft excess that is ted to be modeled with a bremsstrahlung
component and thermal Comptonization of soft photons in a ha plasma. Here | do not particu-
larly need the bremsstrahlung component. The further threeanalyzed Swift observations use the
simple partial coverer model as derived in the introductory part of this thesis.

(((2-constant)+constant*tbnew_simple_z)*powerlaw+zg auss)*tbnew_simple
The constrained column densities range fromNy  1:2 10%2cm 2to Ny 1:9 10%cm 2 and
appropriate covering factors fromc = 0:5 up to ¢ = 0:6. From Fig. 3.16 it is not clear by eye

that a partial coverer is indeed needed for the obs-ids 0003857001 and 00037587002. Monte Carlo
simulations yield p-values of the  2-distribution of 0:094 for the observation 00037587001 and
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Figure 3.15.: Best-t model components of the NGC 4593 XMM -spectra (EPIC-pn) from 2000-

07-02 and 2002-06-23 in full-range:@ 10keV (top) and the soft-range Q5 1:5keV
(bottom) for better visualization.
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Figure 3.16.: Plot of all ve analyzed data-sets recorded wih Swift (XRT) and XMM (EPIC-pn)
for NGC 4593.
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Figure 3.17.: Plots of the  2-distributions for the extreme cases of the obsids 000375800 and
00091407003. The red vertical line marks the 2-value of ts to the real dataset.

0:418 for the obs-id 00037587002. The observation with the obsi00091407003 yields a p-value
of even 096. That means that the probability for nding larger 2 deviations between a partial

coverer and a simple absorbed power-law are largest for the $atwo cases and only very small for
the rst one with only 9 :4%. Figure 3.17 illustrates those results. In the left panekhe distribution

is clearly centered around zero deviation between the stasitics of both model attempts, where the

peak shifts to non-zero values for the last observation in 202 with the obsid 00091407003. Con-
sidering the location of the best- t 2 of the real data-set (red vertical line) the p-value as being

the integral over the distribution from that point on, is lar gest for the latter case.

3.4.2.3. N{-VARIABILITY STUDY

Proceeding with these results the next step is again the devation of proper errors using the
advantages of contour maps.

In the following | do not show the single contour plots but only the combination of all. In opposite
to Fairall 51 where no partial covering by neutral matter can be constrained, here there are two
considerable correlations: one between the column densitfdy and the power-law slope and the
other between Ny and the covering factor c. The third important correlation between c¢ and
does not a ect the parameter of interest, Ny. The contours for both possible correlating parameter
pairs do in opposite to Fairall 51 - cross each other on the 9@%6 con dence limit especially
within Swift and XMM observations. Considering that the spectral shape and normlization stay
quite unchanged within the observations of each instrument this is expected. Only the contours
between observations oBwift and XMM stay inconsistent in particular regarding the column densty.
Figure 3.19 as a nal result returns a minimum variability ti me-scale of 2245 days of 6 years which
is more or less the time spacing of observations between thdMM observations from 2000/2002
and the Swift ones from 2008/2011/2012. The arrows pointing downwards ngresent upper limits
of the Ny which are the upper end of the up-side combined uncertaintiegor those combinations
of Ny values, where the value is consistent with zero within the uertainty.

The development of theNy over time is shown in the right panel. The large error of the rst XMM
data point in 2000 is due to the di culty of constraining a neu tral, cold absorber besides the warm
absorbers.
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Figure 3.18.: Plot of all interpolated contours for NGC 4593 The blue, thick lines in the middle
represent the 90% contours, the thin, gray lines the 68 % and 9% contours. Left:
contour maps for Ny and , right: for Ny and c.
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Figure 3.20.: Best- t model components of the UGC 7064 XMM -spectrum (EPIC-pn) from 2009-
12-27 in the full range Q3 10keV.

3.4.3. UGC 7064

3.4.3.1. INTRODUCTION AND OBSERVATIONS

Véron-Cetty & Véron (2006) classify UGC 7064 as Sy 1.9 type. | rrasure a luminosity ofLy =
4:05 10*erg/s based on the two observations bySwift in 2007 December 29 andXMM -Newton
in 2009 December 27. The source is amongst those with least xuwithin my sample but has a
distance-independent luminosity comparable to Fairall 51.

3.4.3.2. SPECTRALHTS

For UGC 7064 no references regarding a model t of the continum can be found in the literature.
The XMM -Newton spectrum is tted best with the model

zxipcf(1)*zxipcf(2)*zpcfabs*powerlaw+zgauss(1l)+zgau ss(2)+zgauss(3))*tbnew_simple

consisting of a power-law attenuated by two warm absorbers, e partial covering cold absorber
and the galactic absorption. Three absorption line componats can also be constrained. Figure 3.20
nicely reveals the interaction of both an intermediately high ionized (  4) warm absorber and a
partial covered power-law to form the best- t model of the XMM -Newton observation. The second
warm absorber component with a comparatively lower ionizaton factor of 1 does not really
a ect the initial power-law.

The Swift observation from 2007 over-plotted in Fig. 3.21 does not brig enough S/N to constrain
such a complex model. An exposure time of 7.6 ks is still not esugh facing the low ux. Therefore
the second availableSwift observation with an exposure of only 1.9ks has to be rejecteffom the
further analysis. The t model applied to the Swift data is again a simple power-law partial covered
with neutral, cold matter.

(((2-constant)+constant*tbnew_simple_z)*powerlaw+zg auss)*tbnew_simple
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Figure 3.21.: Plot of all ve analyzed data-sets recorded wih Swift (XRT) and XMM (EPIC-pn)

for UGC 7064.
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Figure 3.22.: Plot of all interpolated contours for UGC 7064 The blue, thick lines in the middle
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3.4.3.3. Ny-VARIABILITY STUDY

As already obvious from Fig. 3.21, no signi cantNy variability can be expected. Indeed the contour
plots for both possible correlated parameter pairs show a sbng consistency of both observations

with each other on a 90 % con dence level (Fig. 3.22). Also the Ny

t and Ny

this result as only an upper limit on the Ny-variability can be derived.
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3.4.4. NGC 3227

3.4.4.1. INTRODUCTION AND OBSERVATIONS

NGC 3227 is a nearby Sy 1.5 galaxy (Osterbrock & Martel, 1993with a redshift of z = 0:00386. It
was observed twice withXMM -Newton in (2000 November 28, 2006 December 3) and seven times
with Swift in 2008. From those only three can be further processed due tthe low S/N ratio of
the rest of the spectra. The overall time coverage comprehats time di erences from days to years.
There are more observations bySuzakuin 2008 and Chandra in 1999 and 2002. Their analysis is
subject of current research. With my model ts | derive the X-r ay luminosities in the 0:3 10keV
range to vary betweenLy = 2:81 10" erg/s and Lx = 1:45 10*?erg/s.

3.4.4.2. SPECTRALHTS

The two XMM -Newton spectra come along with one strongly absorbed spectrum (olx$0101040301,
Nov. 2000) and one hardly absorbed one with a strong soft exes (obsid 0400270101, Dec.
2006). Both observations are already analyzed by Gondoin eal. (2003) and Markowitz et al.
(2009)/Lamer et al. (2003). As for all other sources | built up an independent t-function fol-
lowing a bottom-top procedure. My independent results, thowgh, turn out to be comparable with
those derived in both publications. The observation from 2@0 reveals signi cant absorption in
the soft and can be addressed as the low-state comparing all alable data in that energy range.

In opposite the XMM -Newton observation six years later lacks obvious neutral abarption just by
examining the spectra (Fig. 3.24). Regarding the other obseations, this is clearly the high-state.
Starting with the well absorbed observation from the year 20, a rst glance suggests to try a
partial coverer as t model. The high-state observation, however, additionally shows a clear soft
excess over the extrapolation of the hard X-ray galactic absded power-law (Fig. 3.23, right panel).
Ceballos & Barcons (1996) suggest to use a full covering of pigally ionized gas instead of the par-
tial coverer of cold, neutral gas. This warm absorber can aaount for both the soft excess seen in
the unobscured high-state as well as notable absorption in ta low-state. A combination of both
partial, neutral covering and a warm absorber component tuns out to form the best- t model for
the low-state, which is also found by Gondoin et al. (2003). Thke model description inlISIS is called:

(powerlaw*((1-constant)+constant*tbnew_simple_z)*ab sori+zgauss)*tbnew_simple

In Fig. 3.23 the top gure explicitly plots each additive mod el component. The blue, dotted
line shows the shape of the constrained cold partial coverewith a high covering of ¢ 0:85 and

a considerable absorption ofNy 65 10%2cm 2. The dashed red line resembles the partially
ionized absorber with moderate ionization of  1:9 and andNy 1.6 10%2cm 2.

For the XMM -Newton high state modeling | refer to Markowitz et al. (2009). The argumentation

for the model given by

((powerlaw(1)+zgauss(1))*tbnew_simple_z(1)+(powerla w(2)+zgauss(2)))*
zxipcf(1)*zxipcf(2)*tbnew_simple_z(2)*tbnew_simple( 1)

is best understood by involving Fig. 3.23. Fitting only a power law to the hard X-ray part of
the spectrum ( 1:43), the residuals strongly suggest both absorption and a $sbexcess. The
absorption is modeled with a shield of neutral matter Ny~ 0:40 10?2cm 2, blue, dotted line).
The residuals suggesting the soft-excess are suppressed ljdang a second steeper power-law (red,
dashed line) with 2:72 absorbed by two warm absorber components (green, dottedaghed lines)
as well as one cold absorberNy  0:08 10%2cm 2, turquoise, dotted-dashed line). The initial
power-law of the high-state spectrum additionally has a highe normalization than the low-state
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Figure 3.25.: Plot of all interpolated contours for NGC 3227 The blue, thick lines in the middle
represent the 90% contours, the thin, gray lines the 68% and @ % contours. left:
contour maps for Ny and , right: for Ny and c.

one. This implies also an increase in the irradiation on stratures surrounding the nucleus for the
high-state. Higher irradiation again suggests highly ionizd gas, which is indeed con rmable with a
second warm absorber component of larger ionization ( 3) accompanied with a lower ionized one
( 1.5 1:8) as occurring in both the low- and high-state observations.For alternative modeling

of the soft excess with a black-body or Comptonization as alssuggested in the introduction of
this thesis and applied to previous data sets, see Markowitzt al. (2009).

Of all sevenSwift observations, all performed in the end of 2008, three can besed for continuum

model tting. The others rule out while being analyzed due to severe problems in constraining the
cold Ny. Such as for nearly allSwift observations, also here a simple neutral partial covering rmdel

(((1-constant)+constant*tbnew_simple_z)*powerlaw+zg auss)*tbnew_simple

is applied to the data of the remaining three observations wih the obsids 00031280004, 00031280007
and 00031280008. The power-law indices vary around the valuderived with XMM -Newton (

1:4) between  1:2 and 1:8 with appropriate neutral column densities of Ny~ 3:3 7:6 10??2cm 2.
Those are again comparable to the column found for the low-st XMM -Newton observation in
2000 Ny 655 10%?cm 2). Note that if the S/N ratio would be better also in the soft, m ost
likely additional warm absorbers could be constrained. Ths would in turn lead to a lower column

of neutral gas as it is measured with theSwift data implying only cold absorption.

3.4.4.3. Ny{-VARIABILITY STUDY

It has been shown that variability indeed is present in the spectra. Again, | am interested in a
proper statistical constraint of the Ny values and di erences between those. The contour plots
in Fig. 3.25 are quite interesting. On the one hand they show hat many contours cross and thus
are consistent with each other. On the other hand the contoursizes di er strongly. XMM -Newton
contours are in general much smaller thanSwift ones, simply because parameters can generally be
constrained better with XMM 's higher e ective area. So, absorption variability is expected mainly
between both XMM spectra and occasionally also betweeswift and XMM . Figure 3.26 supports
this rst impression. Indeed variability can be statistica lly constrained for some combinations of
spectra. The minimum variability time-scale is 710days ( 2years). The evolution of measured
Ny with time in the right panel shows statistically signi cant the drop in cold absorption from
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Figure 3.26.:Left: Ny over t for all possible combinations of observations of NGC 3227ight:
absolute values ofNy with errors plotted over time.

2000 to 2006. The point cloud at the end are theSwift observations from 2008 where due to the
large errors and the low S/N ratio no column density variati ons can be constrained.

3.4.5. ESO 323-G077

3.4.5.1. INTRODUCTION AND OBSERVATIONS

ESO 323-G077 is a well absorbed Sy 1.2 galaxy (Véron-Cetty & Vén, 2006) with redshift z =
0:015. It was observed once byXMM -Newton in 2006 February 7 and three times bySwift in 2006
June and August. Only two of three pointings can be further aralyzed due to too low data S/N of
the rst Swift observation in 2006 June 28.

Although being hidden behind multiple absorbing layers, novariability can be detected with the
here analyzed spectra. However, there is more data availablin the archives such as one pointing
by Suzakuin 2011 July and four more by Chandra in 2010 April. As already noted for NGC 4593
and NGC 3227, those observations still have to be analyzed. ddel ts to the data reveal a X-ray
luminosity of Ly =4:31 10*erg/s in the 0:3 10keV range.

3.4.5.2. SPECTRALHTS

The single XMM -Newton observation from 2006 (obsid: 0300240501) was in detail era@ned by
Jiménez-Bailon et al. (2008) regarding the blue-shifted emision most likely from a warm absorber.
The best-t model proposed by Jiménez-Baildn et al. (2008) cosists of two power laws. To keep
consistency with my other models, | successfully constraim partial covering model further obscured
by warm absorber components:

(((1-constant)+constant*tbnew_simple_z)*zxipcf(1)*z xipcf(2)*powerlaw+
zgauss(1)+zgauss(2)+zgauss(3))*tbnew_simple

The derived warm absorber parameters are, however, consistit with their two-power-law model.
The warm absorber component is not further discussed here. €@ Jiménez-Bailon et al. (2008) for
more information. Figure 3.27 again shows the di erent modé components tted to the data. The
partial coverer is appearing clearly with its high covering factor of nearly one displayed as dotted
blue line (attenuated power-law) and red dashed line (absorbd power-law). The Swift spectra
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Figure 3.27.: Best- t model components of the ESO 323-G077 XMM -spectrum (EPIC-pn) from
2006-02-07 in full-range @ 10keV.
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Figure 3.28.: Plot of all three analyzed data-sets recorded ith Swift (XRT) and XMM (EPIC-pn)
for ESO 323-G077.

are, however, tted with a double power-law

((powerlaw(1)*tbnew_simple_z+zgauss) + powerlaw(2))*t bnew_simple

at this moment. To be consistent with the partial covering model found for the XMM -Newton
observation, the same model should be also applied for th8wift data, most likely without being

able to constrain a warm absorber. This will be done in the fuure work. As Fig. 3.28 shows, this
would not change the missing variability in absorption.
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Figure 3.29.: Plot of all interpolated contours for ESO 323-@77. The blue, thick lines in the middle
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Figure 3.30.:Left: Ny over t for all possible combinations of observations of ESO 323-G07
right: absolute values ofNy with errors plotted over time.

3.4.5.3. Ny-VARIABILITY STUDY

The study on Ny-variability stays simple in this case. Already from the spedra, no variation is
seen. This is further backed by the contours in Fig. 3.29. Dudo the yet missing partial coverer
model for the Swift spectra, only this kind of contour-map can be calculated. Al® the plots of
Ny against time di erences as well asNy against time in Fig. 3.30 do support the result of no
variability.
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3.4.6. MRK 704

3.4.6.1. INTRODUCTION AND OBSERVATIONS

Mrk 704 is again a very local Sy 1.2 galaxy classi ed by (VérorCetty & Véron, 2006) with a
redshift of z = 0:029. It was treated in detail by Matt et al. (2011) for its extr eme warm absorber
variability between the two subsequent XMM observations in 2005 October 21 and 2008 November
2. Furthermore Mrk 704 was observed bySwift ve times between 2006 and 2011 where only three
observations with the largest exposure time and thus data SN can further be analyzed here. These
are observations in 2006 June 14 and September 28 as well as0OZ0January 21. The high- and
low-state spectra are represented by theXMM observations with according X-ray luminosities of
Lx =1:95 10" erg/s and Lx = 3:62 10*3erg/s in the 0:3 10keV band.

3.4.6.2. SPECTRALHTS

As the introduction implies, both XMM -Newton observations from 2005 (obsid: 0300240101)
and 2008 (obsid: 0502091601) are well tted by a warm absortremodel of two components each.
The observation 0300240101 is additionally absorbed by néral matter in form of a partial coverer

of an intermediate column density Ny~ 6 10°2cm 2) and a covering fraction of c = 0:64. The
complete best-t model | nd turns out to be

(zxipcf(1)*zxipcf(2)*zpcfabs*powerlaw+zgauss(1)+zga uss(2))*tbnew_simple

The following spectrum taken three years later (obsid: 050291601) can be tted only with two
warm absorber components plus an additional Comptonized peer-law fully without cold, neutral
obscuring matter:

((powerlaw+comptt)*zxipcf(1)*zxipcf(2)+zgauss)*tbne w_simple

The Comptonization component accounts for the clear soft egess present if only a single power-law
would be tted to the hard 2 10keV part of the spectrum. Figure 3.31 (left/right panel) shows the
model components of both spectra. Remarkable is again that dth ionization parameters that are
tted as free parameters stay the same for both spectra (Fig.3.32) whilst the appropriate column
densities vary strongly. This is, as for Fairall 51, nicely plained by the unchanged irradiating
luminosity given by the initial power-law staying about at th e same normalization and photon in-
dex for both observations. The cold partial coverer is also itely visible in Fig. 3.31 (left panel) as
turquoise dotted-dashed line. The analyzedSwift observations are again tted with the model of a
partial coverer of cold/neutral matter. This is legitimate as Fig. 3.32 shows. TheSwift observations
are situated in time as well as ux between the high- and low-sate XMM -Newton observations.
As Fig. 3.34 (right panel) shows, the Ny values of neutral matter decrease from the low-state in
2005 on. The subsequent spectra plotted in Fig. 3.32 show irekd a trend in coldNy. By eye,
all Swift spectra have the typical S-shape of a partial coverer. The aly spectrum where this
might be uncertain is the one from 2006 June 14 (obsid: 00039902). A Monte Carlo test as also
performed for NGC 4593, however, returns p-values larger tha 90 % favoring a partial-covering
over a full-covering shield. Still it can not be neglected tha there might be some contribution of a
warm absorber in that questionable Swift observation which simply can not be constrained due to
low S/N.
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Figure 3.31.: Best- t model components of the Mrk 704 XMM -spectra (EPIC-pn) from 2005-10-21
and 2008-11-02 in full-range (8 10keV.
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Figure 3.33.: Plot of all interpolated contours for Mrk 704. The blue, thick lines in the middle
represent the 90% contours, the thin, gray lines the 68 % and ®% contours. Left:
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Figure 3.34.:Left: Ny over t for all possible combinations of observations of Mrk 704 right:
absolute values ofNy with errors plotted over time.

3.4.6.3. Ny{-VARIABILITY STUDY

As implied by my results being consistent with those of Matt & al. (2011), strong variability is
present in the archival continuum observations not only in the warm absorber column densities,
but also in cold absorption. | concluded in the previous sedbn that the high-state XMM -Newton
spectrum does not include constrainable cold absorption aopared to all other observations of this
source. In contrast to Fairall 51, where for all observatiors no cold obscuration could be determined
at all, | can not compare the column density of the lowest ionzed warm absorber component of
the high state with cold absorber columns of the other specta because of consistency. Taking a
value of zeroNy would be the way to go, if | could state appropriate uncertairties. Therefore
as the contours of all observations suggest in Fig. 3.33, vability can only be shown between
the XMM -Newton low-state and the subsequentSwift pointings. Missing the existing variability
between both XMM -Newton pointings on a time scale of three years does not implya disadvantage
as the aim is to nd the shortest variability timescale, which could not be improved when including
the high-state.

The shortest variability time scale is 235 days of around 2/3years as read o the data for Fig.3.34
(left panel).
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3.4.7. MRK 766

3.4.7.1. INTRODUCTION AND OBSERVATIONS

Mrk 766 was studied in great detail by Miller et al. (2007) and Turner et al. (2007).

Risaliti (2010) and Risaliti et al. (2011) focus on the Ny variability They use XMM -Newton data
taken in six consecutive orbits from 2005 May 23 to June 3. Thenearly full time coverage allows
one a much more detailed analysis regarding shortly followig occultations than | can do it with

only some snapshot spectra taken over large time intervalsin turn the named authors have also
access to much shorter variability time-scales by construdbn of the experiment than | do.

3.4.7.2. Ny-VARIABILITY STUDY

Because of the huge amount of work that has already been donerfthe same purpose with probably
the best time coverage on short scales ever reached for onenggaign with XMM -Newton , | fully
rely on the results of Risaliti et al. (2011) for my further analysis and also refer to the above
mentioned references for further information on the data amlysis.

The result extracted from Risaliti et al. (2011) is a minimum variability time scale of 10 to 20 hours
coming along with a Ny of 3 10??cm 2.

3.4.8. MRK 1218

3.4.8.1. INTRODUCTION AND OBSERVATIONS

Mrk 1218 is amongst the sources with least ux in the given sample. It was observed two times by
XMM -Newton in 2005 April 9 and 2005 October 8. Only the rst obsenation can be further used
due to the low data S/N of the latter spectrum.

Also Swift pointed to this source at a total of seven times between 2005ral 2007. The same problem
of low S/N allows only one of these observations in 2006 Octadr 8 to be properly analyzed.

Both further treated observations are similar to the case of ESO 323-G077 not variable at a
rst glance (see Fig. 3.36). The X-ray luminosity calculated from derived models to the data yield
a value of Ly =5:33 10*erg/s in the full 0:3 10keV range.

3.4.8.2. SPECTRALHTS
Spectral ts to the XMM -Newton dataset return a quite simple model to be the best reachable
t for the given low S/N ratio. This is a power-law, partially ¢ overed by a neutral shield:

powerlaw(1)*zpcfabs(1)*tbnew_simple(1)

The same model also holds for theSwift dataset. The parametric results for Ny are consistent
with each other inside the 90% con dence levels of appropriee parameter contours (Fig. 3.37).
The model components of the partial coverer for theXMM -Newton observation are revealed in
Fig. 3.35. A similar shape can be expected for th&wift spectrum over-plotted with the XMM one
in Fig. 3.36.

3.4.8.3. Ny-VARIABILITY STUDY

As already expected, noNy-variability can be found for Mrk 1218 constraining to the two spectra.
The Swift contours for the Ny- parameter pair fully include the contours of the XMM -Newton
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Figure 3.35.: Best- t model components of the Mrk 1218 XMM -spectrum (EPIC-pn) from 2005-
04-09 in full-range Q3 10keV.
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Figure 3.36.: Plot of all three analyzed data-sets recorded ith Swift (XRT) and XMM (EPIC-pn)
for MRK 1218.
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Figure 3.37.: Plot of all interpolated contours for Mrk 1218. The blue, thick lines in the middle
represent the 90 % contours, the thin, gray lines the 68 % and 9% contours. Shown
are the contour maps for the parameter pairNy/ .
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Figure 3.38.:Left: Ny over t for all possible combinations of observations of Mrk 1218right:
absolute values ofNy with errors plotted over time.
observation. This implies such as Fig. 3.38 that no variabilty can be found based on the given
data.

3.5. DISCUSSIONS ANDC ONCLUSIONS

The results until the date of submission of this thesis do preide evidence forNy variability in over
40 % of the 12 sources in the sample given by Smith et al. (2004)Adding also data of Suzakuand

Chandra that

are yet missing in the analysis, the border of 50 % varialle sources could be crossed.

Furthermore also the control sample of sources that shoulddck of Ny variability, if the assumed
geometrical assumptions of both the morphology of those yetinresolved AGN cores and the line
of sight towards them are true, has to be examined in the sameikd.

In a next step | combine all results in terms of the shortest vaiability timescales (Fig. 3.39). This
is possible as the basic assumption is that all examined soces are just representatives of the same
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Figure 3.39.: Distribution of all measured variability tim escales.

underlying kind of object. As it lies in the nature of the thin g, the work with a sample comes along
with a worse time coverage compared to the analysis of one sme in detail. Therefore | add all

the information on time-scales of all sources and use the snlakt to derive an upper limit on the

distance of the absorber from the central SMBH assuming thatthe minimal timescale found here
is still too long.

Figure 3.39 shows a peak at lower timescales from zero to 10€6@ys. From the real data for the

histogram | nd for the shortest time-scale a value of t 5days. Inserting this time-scale into

Eq. 1.45, | nd an upper limit for the radial distance of the ab sorber from the central engine.

3.5.1. CONSTRAINTS ON THE LOCATION OF THE ABSORBERS

Based on some simple assumptions presented at the end of Sett4.2.2 the distanceR = Xr g of the
absorber can be determined for the smallest measured varidliy time-scale. The basic assumption
is clouds orbiting the central black hole on Kepler trajectaries and obscuring the line of sight in a
fraction of the orbit-period. The straight forward ansatz is used for occultation events in Fairall 9
by Loh nk et al. (2012). The time a cloud of radius r = xrg needs to pass the line of sight with
the velocity v is

t  2r=v =2xX Prg=c: (3.25)

Assuming a typical black hole mass of 1®M (Richstone et al., 1998) yielding a Schwarzschild
radius of rg = 1:48 10%cm thus yields t 986X 1™2s. From my results | nd a minimum
variability time scale of t 5days which results in the relation xX ¥  43:8. For a cloud to
be able to fully cover the compact, with the central X-ray source having a size of about 165, the
spherical cloud must have a minimum diameter ofr & 10rs  1:5 10“cm or x & 10 using that the
distance of the cloud to the observer is much larger than to tle X-ray source. This in turn leads
to the necessity ofX . 192 (R. 2:84 10 cm).

For consistency, | test this result with the formula suggesed by Risaliti et al. (2002) (Eq. 1.45). The
assumed black hole mass is again 1M and the smallest variability time scale found t 5days.
The size of the obscuring cloud is also assumed to bre& 10rs. For a spherical, uniform cloud its
density can be calculated out of the average measured columdensity of Ny~ 5 10%2cm 2 and
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the expected minimal size of the cloud offr & 1.5 10%cmto be . 3:4 10°cm 3. Eq. 1.45 then
yields R . 2:6 10 cm which is consistent with the rst result of R . 2:84 10*°cm.

We can compare this result with the distance of the Broad LineRegion (BLR) being expected much
closer to the X-ray source than the surrounding torus. Reverleration mapping yields a distance of
the BLR of around 0:1pc 3 10 cm (Peterson, 1993) which is still of about two orders largetthan
the distance estimated for the smallest variability time-sale in my sample. The reason for that
is most likely the nature of the absorber that yields the minimal time scale of 5days. The source
where this is found is Fairall 51, not revealing evidence forcold absorption. The obscuration of all
spectra is instead modeled consistently with a warm absorlrecomponent of small ionization. But
still those warm absorbing clouds are expected to exist in brm of di use gas much closer to the
X-ray source than the BLR or the torus farther outside. This can explain the resulting relatively
low upper limit on the radial distance of the absorber from the black hole of 10®cm. In fact
Reynolds & Fabian (1995) conclude that the warm absorber mcst likely evaporated gas from, e.g.,
the outer torus layers driven outwards by radiation pressue (Ashton, 2005) lies between 18° and
10'® cm according to my result.

Even though the absorber responsible for the shortest variaility time scales of 5 and 180 days
measured for Fairall 51 can rather be located in the warm absting gas or the NLR than in the
torus layer, the other measured timescales of several hundds of days can indeed be connected
with cold absorbers at distances where the torus is expected

The second smallest measured time scale according to clear uience of cold absorption is t =
136days (Mrk 704). Performing the same calculations as ab@&y the upper limit on the radial
distance of the cold absorberfrom the black hole turns out to be R . 6:3 10 cm which is around
2 pc and thus more in agreement with the BLR or even the torus.

3.6. CONCLUSIONS AND OUTLOOK

Direct spatially resolved measurements of processes takinplace in AGN are not possible by now.
Even techniques like Very Large Baseline Interferometry inthe radio regime going down to some
milliarcsecond resolution have no access to the hearts of A8 due to the limiting Synchrotron
self absorption. So, all other techniques trying to reveal he detailed geometry of such accreting
kernels of active galaxies use indirect methods such as spsascopy, reverberation mapping and
so on. The probably most promising methods of all, accountsdr the omnipresent signature of
such AGN, namely the variable behavior as it is the natural property of an accreting, dynamical
system. Those methods include all kind of study of that variaility. Variable obscuration, e.g.,
is the subject of this work making it possible to learn more alwut the physical processes and the
geometry of those AGN systems. My work clearly shows the vadbility in absorption of hitherto 5
of 12 polar scattered sources where the measured column ddéinss do con rm the proposal stated
by Smith et al. (2004) regarding the geometrically orientation of those sources towards our line of
sight while relying on the truth of the Unied Model. On the ot her hand it is even possible to
substantiate the Uni ed Model by the observational insight gathered in my work.

This work, however, can be driven further by analyzing avaibble data of other satellites Suzaku
and Chandra) for some sources of my sample. With those data it will at a rst glance be possible to
nd at least 6 sources out of 12 to reveal variable absorption In addition proposals will be written
for the rest of the sources where yet not enough data are avaible to state variations of whatsoever
kind. Furthermore the control sample of equatorial scattered sources, supposed not to be variable,
has to be analyzed in the same way to double-check the resultsamed in this thesis.
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GENERALC ONCLUSIONS

By three methods we may learn wisdom: rst, by re ection, which is noblest;
second, by imitation, which is easiest; and third by experigce, which is the
bitterest.

Confucius, 551 479 BC

This thesis shall show the importance of polarization for bah radio-quiet as well as radio-loud
AGN.
In the rst part of my thesis | reveal that single dish radio po larimetry o ers access to many
questions of modern research irradio-loud AGN . Although the presented monitoring program
F-GAMMA constraints to compact AGN or so called blazars / BL La cs, | can conclude that even
extended radio galaxies such as 3C 111 are able to be studiedtinn such a campaign. The clear
advantages are access to multi-wavelength polarimetric irdrmation over a long term. Even though
the interferometric campaign MOJAVE o ers also monthly mon itorings, it is more expensive and
lacks the potential of studying sources at such a high amounbf frequencies as single dish instru-
ments as E elsberg are in principle able to. This study is corstrained to the polarimeters of largest
reliability at the two frequencies of 5 GHz and 10 GHz only, havever, this work shall serve as one
more cornerstone in terms of experience to proceed with othiereceivers that already are equipped
with polarimeters but su er from problems that now are able to be understood better. Besides
technical issues, the science behind single-dish polarimgto ers many new insights regarding ques-
tions of long term variability of integrated properties of A GN, structural appearance especially of
the underlying magnetic eld on large scales, shock formatn, evolution and many more.
On the other hand, (optical) polarimetry can also be used indrectly for radio-quiet AGN as a
tracer for certain kind of objects assuming a geometrical mdel the Unied Model of AGN. As
the region of interest the AGN core is still unresolved, many assumptions on the geometry have
to be made based on observational insights on a multi-wavelegth basis. The model being broadly
accepted is the Uni ed Model suggesting the accreting systm around the black hole to appear in
a toroidal shape. The line of sight towards this system is dened by observational characteristics
such as assumed variability when watching those sources ued a partially obscured line of sight
through layers of absorbing gas orbiting the black hole. Ths assumption on the line of sight is
implied by certain properties of optical polarized light. Assuming that this assumption is true, |
examine the variability of X-rays propagating on the same (otscured?) line of sight to show that
at least 5 of 12 sources in the sample show X-ray variability. &king into account data of other
instruments the border of 6 variable sources (50 %) should bereakable. By the submission of this
thesis no reliable conclusion can be made whether the giverasiple is indeed variable with over
half of the sources. | also have to check a sample of sourcesathis not supposed to be variable
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under the given assumption of geometry and in particular theline of sight determined via optical
polarization.

Finally | can conclude the vast importance of polarization for the study of AGN in general. Polar-
ization has a character of breaking the geometrical symmetr in every respect. Radio-loud AGN
with radio jets being aligned or misaligned with our line of sght appear to be rotational symmetric
cone-like structures. Polarimetry of shocked regions giveadditional information on the underlying
magnetic eld as well as structural variability being compl etely hidden if only studying total power
with a single-dish telescope integrating over large fractios of sources that can be spatially resolved
with interferometers.

Furthermore the appearing structural symmetry of an AGN that can not be resolved with modern
telescopes is also broken by polarization. Optical polaried light reveals a line of sight dependence
towards the source if one can assume the same underlying olgfetried to be described by the
Uni ed Model to be present in all compact, active extragalactic sources such as the content of my
sample. However, the statement of morphological models shcas the Uni ed Model of those objects
is only possible when being able to nd observational di erences in line of sights which can in turn
be implied by (optical) polarized radiation from the core being scattered towards the observer in
di erent parts of the system revealing di erently polarize d light. Finding evidence for di erent
line of sights towards the same kind of object implies to use ther wavelength, such as X-rays, to
further study the morphology. In turn the symmetry breaking character of optical polarization in
this radio-quiet case combined with the further test of this asymmetry with X-rays yields an unique
opportunity to independently test the Uni ed Model for its ¢ onsistency.
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APPENDIXA

BESTHTPARAMETERS

Table A.1.: Best- t parameters of all analyzed Swift-observations

model component Parameter freeze value uncertainty

Fairall 51

00037809001 - 2 = 27.59 - Njee = 25

Warm absorbing zone 1 Ny (cm 2) 0 6.3"0:20 107
log (ergcms ) 1 0.712
fcvr 1 1+01::88
z 1 0.014"%:59
Powerlaw 1 Norm 0 0.0098*%:3
0 2.2 "%
Galactic absorption Nu (cm 2) 1 0.07"%:% 107

00037809002 - 2 = 48.19 - Nfee = 25

Warm absorbing zone 1 Ny (cm ?) 0 2.5%5F 107
log (ergems ') 1 0.71"2
fou 1 1795
z 1 0.014*9:%?
Powerlaw 1 Norm 0 0.0036*%:99
0 15755
Galactic absorption Ny (cm 2) 1 0.07*9,83 107

NGC 4593

00037587001 - 2 = 190.11 - Nyee = 141

Covering Factor f eur 0 0.53"%1;
Internal cold absorption  z 0 1.5 %95 107
z 1 0.009%,:% redshift
Powerlaw 1 Norm 0 0.0082*%:99
0 2 +0 :14 ’
0:15 )
Gauss 1 Norm 0 8.4e-05%:3
Energy (keV) 0 6.2 012 keV
(keV) 1 0.05 %93 keV
z 1 0.009*%:3
Galactic absorption Nu (cm 2?) 1 0.019"%) 08 107
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Table A.2.: Best-t parameters of all analyzed Swift-observations

model component Parameter freeze value uncertainty

00037587002 - 2 = 54.61 - Ngee = 40

Covering Factor four 0 0.51"%:35
Internal cold absorption z 0 1.2 %2 107
z 1 0.009%%,:%9 redshift
Powerlaw 1 Norm 0 0.0069"%:33
0 o +0:27 '
0:28
Gauss 1 Norm 0 5e-05%:09
Energy (keV) 0 6.5 .35 keV
€ . os ke
keV 1 0.05 %55 keV
z 1 0.009*% %
Galactic absorption Ny (cm 2) 1 0.019*%, 38 107

00091407003 - 2 = 22.29 - Nfee = 29

Covering Factor fowr 0 0.67"% %
Internal cold absorption z 0 2 +Oo§2§ 107
z 1 0.009%%,:% redshift
Powerlaw 1 Norm 0 0.013*%:05
o 229%%°
Gauss 1 Norm 0 0.00039%:59
Energy (keV) 0 6.2 "33 kev
(keV) 1 0.05 %55 keV
z 1 0.009*:%
Galactic absorption Ny (cm 2) 1 0.019*%, 28 107

UGC 7064

00037137001 - 2 = 3.98 - Nfee = 3

Covering Factor four 0 0.98"%%2
Internal cold absorption z 0 1453 107

z 1 0.025%%,:%5 redshift
Powerlaw 1 Norm 0 0.0033*%:%5

0 24 "%

Gauss 1 Norm 0 4.3e-05%:09

Energy (keV) 0 6.4 "% 12 keV

(keV) 1 0.05 %52 keV

z 1 0.025%:%8

Galactic absorption Ny (cm 2) 1 0.013"%:3  10%
NGC 3227
00031280004 - 2 = 29.38 - Ngee = 24

Covering Factor four 0 0.82"%:%
Internal cold absorption  z 0 3.3 1072

z 1 0.0039™2 ;% redshift
Powerlaw 1 Norm 0 0.0036"%:39

0 1.2 *%35

Gauss 1 Norm 0 0.0001%,:%

Energy (keV) 0 6.4 *%10 keV

(keV) 1 0.05 %52 keV

z 1 0.0039"2,5°

Galactic absorption Ny (cm ?) 1 0.02"%0% 107
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Table A.3.: Best-t parameters of all analyzed Swift-observations

model component Parameter freeze value uncertainty

00031280007 - 2 = 6.50 - Ngee = 11

Covering Factor four 0 0.8"%19
Internal cold absorption  z 0 6.2 %% 107

z 1 0.0039"2,;3° redshift
Powerlaw 1 Norm 0 0.0024*%:59

0o 1%y

Gauss 1 Norm 0 8.2e-05%:%

Energy (keV) 0 6.5 0,32 keV

(keV) 1 0.05 "985 keV

z 1 0.0039"%,;%°

Galactic absorption Nu (cm ?) 1 0.02"%9:%8 1072

00031280008 - 2 = 2.48 - Nee = 3

Covering Factor four 0 0.78'%, %
Internal cold absorption  z 0 7.6 s 107

z 1 0.0039"2 ;% redshift
Powerlaw 1 Norm 0 0.0021*%:59

0o 12’

Gauss 1 Norm 0 2.9e-05%%

Energy (keV) 0 6.6 "% keV

(keV) 1 0.05 "985 keV

z 1 0.0039"%, ;%0

Galactic absorption Nu (cm ?) 1 0.02"%9:%¢ 1072

ESO 323-G077

00035598002 - 2 = 15.25 - Nfee = 16

Powerlaw 1 Norm 0 0.017%,%9
0o 227
Internal cold absorption  z 0 7108 107
z 1 0.015"%,:35 redshift
Gauss 1 Norm 0 6.1e-05%:%
Energy (keV) O 6.4 *002823 keV
(keV) 1 0.05 "%’oe keV
z 1 0.015":38
Powerlaw 2 Norm 0 5.9e-05"%:%
0 3 *1:29 ’
121
Galactic absorption Ny (cm 2) 1 0.08"%,:53 107

00035598003 - 2 = 4.63 - Nfee = 6

Powerlaw 1 Norm 0 0.034*%%%
0 2.9
Internal cold absorption  z 0 8.6 750 107
z 1 0.015"%,:38 redshift
Gauss 1 Norm 0 0.0001%;:33
Energy (keV) 0 6.3 7%% keV
(keV) 1 0.05 %52 keV
z 1 0.015":28
Powerlaw 2 Norm 0 0.00024":59
0 5 *0:00 '
; i 2 330 02 o2
Galactic absorption Nu (cm ©) 1 0.08" s 1
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Table A.4.: Best-t parameters of al

| analyzed Swift-observations

model component Parameter freeze value uncertainty
Mrk 704
00035590002 - ? = 52.41 - Niee = 43
Covering Factor four 0 0.68"% 15
Internal cold absorption z 0 1.8 %% 107
z 1 0.029%9,:3; redshift
Powerlaw 1 Norm 0 0.0095*%:39
0 25 "%
Gauss 1 Norm 0 4.1e-05%:59
Energy (keV) O 6.6 "% keV
(keV) 1 0.05 %55 keV
z 1 0.029* %7
Galactic absorption Ny (cm 2) 1 0.03"%9:50 1072
00035590003 - 2 = 73.25 - Nfee = 59
Covering Factor four 0 0.8"%:09
Internal cold absorption z 0 1.9 %% 107
z 1 0.029%,:3! redshift
Powerlaw 1 Norm 0 0.0081*%:39
0 2.6 5%
Gauss 1 Norm 0 3.6e-05%:59
Energy (keV) O 6.3 7032 kev
(keV) 1 0.05 %55 keV
z 1 0.029* %7
Galactic absorption Ny (cm 2) 1 0.03*931 107
00035590005 - 2 = 21.62 - Nfee = 26
Covering Factor four 0 0.78"%:%2
Internal cold absorption  z 0 1.6 %5 107
z 1 0.029%,:3! redshift
Powerlaw 1 Norm 0 0.01"%:%
0 2.7 "%
Gauss 1 Norm 0 3.7e-05%:59
Energy (keV) O 6.2 7080 kev
(keV) 1 0.05 %55 keV
z 1 0.029*9:3!
Galactic absorption Ny (cm 2) 1 0.03*931 107
Mrk 1218
00035777002 - % = 4.00 - Niee = 6
Covering Factor four 0 0.93'%:%
Internal cold absorption z 0 0.38 %3 107
z 1 0.029%:35 redshift
Powerlaw 1 Norm 0 0.00056":55
0 1.4 *%3%
Galactic absorption Nu (cm ?) 1 0.028*%,55 107
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Table A.5.: Best-t parameters of all analyzed XMM -observations

model component

Parameter freeze value

uncertainty

Fairall 51

0300240401 - 2 = 1403.54 - Ngee = 1344

Warm absorbing zone 1 Ny (cm ?) 0 0.62"%19 107
log (ergcms ') 0 0.72*%13
o T
z 0 0.014'%:%
Warm absorbing zone 2 Ny (cm ?) 0 3.2°%3 107
log (ergems ') 0 2.3%99%
o ST &
z 0 -0.01°%:%9
Powerlaw 1 Norm 0 0.0087*%:93
0 1.8 004"
Gauss 1 Norm 0 3.1e-05%%
Energy (keV) 0 6.4 52 keV
(keV) 0 0.12 %02 keV
z 1 0.014*9:%?
Gauss 2 Norm 0 4e-05%:09
Energy (keV) 0 1.6 *9:%2 kev
(keV) 0 0.057*%;%8 kev
z 1 o
Gauss 3 Norm 0 0.0012%:%
Energy (keV) 0 0.52 *%:%2 keV
(keV) 0 0.093*%,:%2 kev
: po o™
Galactic absorption Ny (cm ?) 1 0.075%% 98 1072
0300240901 - 2 = 458.14 - Ngee = 432

Warm absorbing zone 1 Ny (cm ?) 0 1.7°% 4 107
log (ergecms ') 1 0.71*%:3
o 1ot
z 0 0.0048%,%°
Warm absorbing zone 2 Ny (cm ?) 0 11438 107
log (ergems ') 0 2.1
o T N
z 0 0.014°%5°
Powerlaw 1 Norm 0 0.0026"%:93
0 1.6 %%
Gauss 1 Norm 0 2e-05%%
Energy (keV) 0 6.4 %53 keV
(keV) 0 0.09 *%:08 keV
z 1 0.014*9:3?
Gauss 2 Norm 0 3.3e-05%:%
Energy (keV) 0 0.85 *%:52 keV
(keV) 0 0.1 %0, kev
z 1 0.014%9:%
Gauss 3 Norm 0 3.7e-05%:5
Energy (keV) 0 0.55 *,:91 keV
(keV) 0 0.000117%:%5 keV
z 1 0.014*9:%
Galactic absorption Ny (cm ?) 1 0.07"%%y % 107
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Table A.6.: Best- t parameters of all analyzed XMM -observations

model component Parameter freeze value uncertainty

NGC 4593

0109970101 - 2 = 1336.84 - Njee = 1352

Powerlaw 1 Norm 0 0.0013*%:%
0 1702
Comptonization of soft photons Norm 0 0.00049 *%:39
1 0.009*%3}
To (keV) 1 0.05 964> keV
ke T (keV) 0 3.2e+02 4,53 keV
0 0.011*%:3%
1 1%
Partial covering with cold absorption Ny (cm ?) 0 4178 107
+0 :05
four 0 0.13%%
z 1 0.009*%:33
Warm absorbing zone 1 Ny (cm ?) 0 159, 107
log (ergecms ') 0 4.2%0 18
o 1 e
z 0 -0.32°%01
Warm absorbing zone 2 Ny (cm 2) 0 0.42*9 %% 107
log (ergems ') 0 2.2%0%
four 1 175
z 0 0.042'%;%
Gauss 1 Norm 0 4e-05%:9
Energy (keV) 0 6.4 7093 kev
(keV) 0 0.054 %55 keV
z 1 0.009" 5%
Gauss 2 Norm 0 8.5e-06%5
Energy (keV) 0 7 %% keV
(keV) 0 0 *%:00 kev
z 1 0.009*9:3?
Galactic absorption Ny (cm ?) 1 0.019"%%7 8 107
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Table A.7.: Best- t parameters of all analyzed XMM -observations

model component Parameter freeze value uncertainty
0059830101 - 2 = 2071.59 - Nee = 1841
Powerlaw 1 Norm 0 0.001*%;:%9
0 1 +0 :03
0:00 .
Comptonization of soft photons Norm 0 0.0017 *%:%9
1 0.009"%57
To (keV) 1 0.05 "% ;5% keV
ke T (keV) 0 90 "2 éggiokev
0 0.18%;
1 1+4 :880404
1
Partial covering with cold absorption Ny (cm 2) 0 3.3% 4 107
+0 :01
four 0 0.15%%
z 1 0.009":59
Warm absorbing zone 1 Ny (cm ?) 0 2.1%00 107
log (ergecms ) 0 3.3%,%2
o RCT
z 0 -0.0064°%:5
Warm absorbing zone 2 Ny (cm 2) 0 0.24*%% 107
log (ergems ') 0 2.1%,%
o T N
z 0 0.094'%,:%
Gauss 1 Norm 0 5.1e-05%:59
Energy (keV) 0 6.4 "% % keV
(keV) 0 0.088 %% keV
z 1 0.009"% 5%
Gauss 2 Norm 0 3.4e-05%:%9
Energy (keV) 0 6.9 *%:%2 keV
(keV) 0 0.2 %06 keV
z 1 0.009*9:3?
Galactic absorption Ny (cm 2) 1 0.019*%%7 %8 107
UGC 7064

0601780601 - 2 = 251.59 - Nfee

=255

Warm absorbing zone 1

Warm absorbing zone 2

Partial covering with cold absorption

Powerlaw 1

Gauss 1

Gauss 2

Gauss 3

Galactic absorption

Ny (cm 2)

log (ergcms 1)
fCVI’

z

Ny (cm 2)

log (ergcms 1)
four

z

Nu (cm 2)

fcvr

z

Norm

Norm

Energy (keV)
(keV)

z

Norm

Energy (keV)
(keV)

z

Norm

Energy (keV)
(keV)

z

Ny (cm 2)

PFROP ROP RprO0O0s°0proc0o0rO00OO0OROO

Se+9)26*5°3;%‘311 107
4470
1+o:é’o'19
1:00
-0.43%%01
3.1:0;% 10?2
1.37:
1+0:(§)0'24
1:00 )
-0.051'%,;%2
8 +15;§% :08 1022
0.59 052%8
0.025%%;
1'4-%2100
0.00068"%,:%9
15 *%;fjgo -
9.8e-06%'
6.4 1003 Igeo\(}
' 0:03
0-06620;;82 keV
0.025 g&?z-oo
1.3e-05%
0.9 *0:02 ﬁe"\f}
7 0:02.
0.074 %03 keV
0.025*2;69)200
1.7e-05".
0.56 +9999890944 KkeV
S0:08% 2%
0 oﬁoog(%\g
0.025" o,
0.013+9()9:%919 199 1022
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Table A.8.: Best- t parameters of all analyzed XMM -observations

model component Parameter freeze value uncertainty

NGC 3227

0101040301 - 2 = 508.25 - Ngee = 400

Powerlaw 1 Norm 0 0.0019*%;:3
1 1.4 %9
Covering Factor four 0 0.85"%:52
Internal cold absorption  z 0 6.6 5eo’ 107
z 1 0.0039™ ;% redshift
lonized absorber 0 1.4 %438
Ny (cm 2) 0 1.6%%8 24 107
Tavs (K) 1 1.2e+05 "i5o5, 0 K
0o amE
z 1 0.0039™2 ;%
tFe abund 1 11999999 =00
Gauss 1 Norm 0 2.6e-05%%
Energy (keV) 1 6.4 "% 1 kev
(keV) 1 0.05 "oz keV
z 1 0.0039"2,5°
Galactic absorption Ny (cm 2) 1 0.02"%5 107

0400270101 - 2 = 1480.68 - Nfee = 1220

Powerlaw 1 Norm 0.005"%:%
1.4 +0:01°
. 0:00
Gauss 1 Norm 4.3e-05%:99
Energy (keV) 6.4 %51 keV
(keV) 0.078*%:97 keV
z 0.0039"10 ;00
Internal cold absorption  z 0.4 %5, 107
z 0.0039" ;3° redshift
Powerlaw 2 Norm 0.0058*%:9
2.7 *0:01 ’
. 0:03
Gauss 2 Norm 1e-05%:5%
Energy (keV) 0.58 *%:02 keV
(keV) 0.001 *%;:%% keV
z 0.0039™2 ;%

Warm absorbing zone 1 Ny (cm 2) 0.2°%%0 107

log (ergcms 1) 155
fcvr 1+012880 o1
z 0.055".q0

Warm absorbing zone 2 Ny (cm 2) 0.35"%00 107

PR OPopro0o0oro00RrOrRr P02 00,50

log (ergcms 1) 3+0,%¢

o 148

z 0.019"%:%
Internal cold absorption  z 0.079 *%:00 107

z 0.0039™9 ;% redshift
Galactic absorption Nu (cm 2) 0.02+99999 %8 qqp2
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Table A.9.: Best-t parameters of all analyzed XMM -observations

model component Parameter freeze value uncertainty

ESO 323-G077

0300240501 - 2 = 309.34 - Nee = 226

Covering Factor four 0 0.99°%:%%
Internal cold absorption z 0 373 107
z 1 0.015%,:%8 redshift
Warm absorbing zone 1 Ny (cm 2) 0 1%y 107
log (ergems ') 0 2705
o 1 198
z 0 0.015'%;:%°
Warm absorbing zone 2 Ny (cm 2) 0 1741330 107
log (ergcms ') 0 2449
four 1 1750
z 0 -0.024'%:%
Powerlaw 1 Norm 0 0.011%%%
0 2.2 "G50
Gauss 1 Norm 0 1.3e-05%:3
Energy (keV) 0 6.4 *%%% keV
(keV) 0 0.053 *:05 keV
z 1 0.015%9:5%
Gauss 2 Norm 0 3.7e-05%:%
Energy (keV) 0 0.93 %% keV
G 1 %00 ke
(keV) 0 0.1 %990 kev
z 1 0.015":%8
Gauss 3 Norm 0 3.4e-069%:5)
Energy (keV) 0 1.7 *%5% keV
(keV) 0 2.8e-08"%:03 keV
z 1 0.0159:3
Galactic absorption Ny (cm 2) 1 0.08*%0s % 107
Mrk 704

0300240101 - 2 = 754.06 - Ngee = 691

Warm absorbing zone 1 Nu (cm 2) 0 0.27*%%5 107
log (ergcms ') 0 149350
for L 198
z 0 0.1"%00
Warm absorbing zone 2 Nu (cm 2) 0 24420 107
log (ergcms ) 0 2708
o 1ol
z 0 -0.032'%,:%
Partial covering with cold absorption Ny (cm 2) 0 5.9%% % 107
f 0 0.64"%5¢
cvr . 0:06
z 1 0.029"%:0%
Powerlaw 1 Norm 0 0.0045"%:59
0o 19’
Gauss 1 Norm 0 2.3e-05%%
Energy (keV) 0 6.4 *i)aggolkev
(keV) 0 0.16 "5 keV
z 1 0.029*:3%
Gauss 2 Norm 0 2.8e-05%:%
Energy (keV) 0 0.89 *%:% kev
(keV) 0 0.013*9:%2 kev
z 1 0.029* %
Galactic absorption Ny (cm 2) 1 0.03"%0y 7 107
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Table A.10.: Best- t parameters of all analyzed XMM -observations

model component Parameter freeze value uncertainty

0502091601 - 2 = 1451.47 - Ngee = 1432

Powerlaw 1 Norm 0 0.0016"%:%9
0 1.5 *%19
Comptonization of soft photons Norm 0 0.00016 "3 ;5
1 0.029"°:%%
To (keV) 0 0.078*%,:%° kev
ke T (keV) 0 1.7e+(?20:2§5;%g7 keV
0 0.017,%
poo
Warm absorbing zone 1 Ny (cm ?) 0 0.25%:%% 107
log (ergcms ') 0 1.6%%57
o T
z 0 0.099°%:%°
Warm absorbing zone 2 Nu (cm ?) 0 2% 107
log (ergcms ') 0 3.2% %
o ST
z 0 0.03"%:01
Gauss 1 Norm 0 2.3e-05%:%
Energy (keV) 0 6.4 705 kev
(keV) 0 0.19 %% kev
z 1 0.029*:%7
Galactic absorption Ny (cm 2) 1 0.03*%0y 97 107
Mrk 1218

0302260201 - 2 = 153.41 - Ngee = 148

Powerlaw 1 Norm 0 0.00045":59
0 1.5 +0:11
-2 0:09
Partial covering with cold absorption Ny (cm ?) 0 0.717%2 107
four 0 0.73"%:%3
z 1 0.029*9:%}
Galactic absorption Ny (cm 2) 1 0.028"959%9 97 1072
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