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Introduction

1.1 Active Galactic Nuclei (AGN)

The first discrete radio source was discovered
by Hey et al. (1946). This source — Cygnus
A - is known today to be the second bright-
est radio source in the northern hemisphere.
With the help of better instrumentation soon
more of such discrete radio sources were de-
tected, e.g. 3C273, Cen A, and M87 to name
a few. However, their nature remained mys-
terious until Bolton et al. (1949) succeeded in
identifying two sources (M87 and Centaurus
A) with two well-known and close-by ellipti-
cal galaxies. This, and further identifications
of radio sources with known galaxies finally
established the extragalactic origin of the dis-
crete radio sources. The nature of the radio
emission was found to be non-thermal and po-
larization studies indicated that the radiation
process is synchrotron radiation from relativis-
tic particles thus manifesting that the radio
sources must posses magnetic fields. Being
able to derive the distances of radio sources by
measuring the redshifts of their host galaxies it
became obvious that radio galaxies are reser-
voirs of enormous energy. Burbidge (1959)
first pointed out that the minimum energy
contained in a radio source like Cygnus A is of
the order of 1080 erg! This estimate was in fact
so high that most classical processes that had
been envisioned to be responsible for the ob-
served radio activity (like the collision of two
galaxies) had to be discarded. Furthermore,

the energy release occurs in an extremely com-
pact region (comparable to the size of the solar
system!) at the center of the host galaxy. The
physical mechanism capable of releasing such
amounts of energy in a tiny volume was not
understood at the time and even though con-
siderable progress has been made since then it
is still not fully understood today. Lacking a
clear understanding of the processes at work
in the centers of these galaxies the “black-box”
concept of a central engine, the so-called Ac-
tive Galactic Nucleus (hereafter AGN) was in-
troduced. Theoretical work done in the early
60’s revealed that the most efficient source of
energy would be the release of gravitational
potential energy. The possibility that super-
massive black holes might exist finally led to
the now widely accepted standard model of
AGN. Today, it is believed that the main con-
stituent of an AGN is indeed a supermassive
black hole of mass 107 — 10° M®. Gas clouds
in the vicinity are being accelerated by the
potential of the black hole and will eventually
form an accretion disk in its equatorial plane.
Viscous drags lead to the outward transport of
angular momentum and consequently to the
infall of matter onto the black hole.

With the advent of modern high-resolution
radio interferometry it was possible to resolve
some of the nearby radio galaxies. It turned
out that many objects (also Cygnus A) ex-
hibit extended radio emission in the form of
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hotspot

FIGURE 1.1— The prototypical radio galaxy Cygnus A. The original image has been published by Perley et al.

(1984).

two so-called radio lobes (see Fig. 1.1). These
radio lobes are usually located well outside of
the host galaxy and can reach a length of sev-
eral Mpc for the most extended Giant Radio
Galaxies (GRGs). The radio lobes are con-
nected to the core by two collimated beams,
the jets. With modern VLBI methods the jets
can indeed be traced to distances very close
to the AGN. The jets consist of matter that
is being accelerated to relativistic speeds and
ejected by the central engine along the spin
axis of the black hole. The exact mechanism
by which jets form and stay collimated over
large distances remains however unclear. The
places at which the jet plasma finally interacts
with the interstellar or intergalactic medium
and looses its kinetic energy are marked by
the bright hotspots.

Cygnus A is the prototypical high-luminosity
so-called FRII radio galaxy. Fanaroff & Ri-
ley (1974) first noted a sharp dichotomy of
radio galaxies into high and low luminosities
sources. Radio galaxies with luminosities at
178 MHz of Li7g > 6.3 x 102> W Hz ' h ™2
(h = Hy/100; where H{ denotes the Hubble
Constant in kms ! Mpc 1) are classified as

FRII type, whereas lower luminosity sources
fall into the FR 1 category. Apart from the lu-
minosities FRI and FRII radio galaxies also
can be distinguished by their different mor-
phologies. FRI objects do not have bright
hotspots. Their brightest emission occurs in
regions close to the core therefore they are of-
ten also referred to as being edge-darkened. As
outlined above, FRII sources instead appear
to be edge-brightened. The reason for this di-
chotomy is still under debate, but most likely
reflects the transition from a transsonic, tur-
bulent jet flow (FRI) to a supersonic, laminar
flow (FRII).

1.2 Unification Schemes for AGN

Today, we know that radio galaxies, such as
Cygnus A, represent only a subclass within
the large “zoo” of various AGN types, such
as quasars, Seyferts, BL Lac, LINERs etc..
The theory of relativistic aberration trig-
gered attempts to unify all AGN by attribut-
ing their different properties to orientation-
dependent effects. Relativistic beaming causes
synchrotron radiation to be beamed into the
direction of motion of the relativistic particles.
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FIGURE 1.2— Sketch of the prevailing picture of the
physical structure of AGN. At the center is a super-
massive black hole surrounded by an accretion disk.
Outside of the disk resides a torus (or a warped disk)
of dust and gas. The broad line region (BLR) contains
gas clouds that move with high velocities in the strong
gravitational potential in the vicinity of the central
black hole. Further out in the so-called narrow line re-
gion (NLR) one finds slower moving clouds. The radio
jets transport particles outward perpendicular to the
accretion disk. Radio-loud AGN can appear as narrow
line radio galaxies (NLRG), broad line radio galaxies
(BLRG), Quasars, or BL Lacs depending on their angle
to the line of sight. Similarly, the distinction between
radio-quiet Seyfert 1 and Seyfert 2 galaxies is a con-
sequence of obscuration by the central dust torus on
transverse line of sights.

Consequently the intensity of radiation is in-
creased when we observe a relativistic plasma
flow that is oriented towards us, and vice-versa
is decreased when we observe a receding flow.
Because we know that the jet particles move
at relativistic speeds a strong dependence of
the appearance of an AGN on the viewing an-
gle is expected. Barthel (1989) has proposed
a unification scheme that includes orientation
effects due to beaming as well as by obscu-
ration by a dust torus in the vicinity of the
central black hole. Modern unification theo-
ries comprise — apart from orientation depend
effects — also separate schemes for radio-loud
and radio-quiet AGN. The prevailing view of
the physical structure of AGN is illustrated
in Fig. 1.2. At the center is a supermassive
black hole that accretes matter trough an ac-
cretion disk. Well outside the disk a torus of
dust and gas obscures the radiation from the
central source along some lines of sight. Gas
clouds that move with high velocities in the
potential of the central black hole form the
so-called broad-line region. Beyond the torus
slower moving clouds form the narrow line re-
gion. Ejection of jet material occurs along the
spin-axis of the central black hole. The optical
emission line properties of the various types of
AGN then depend on (and determine) their
orientation angle to the line of sight. If the
central region is obscured by the dust torus
we detect only narrow emission lines from the
narrow line region. With decreasing viewing

angle we look deeper into the AGN and will
observe broad emission lines from the broad
line region. At yet smaller angles to the line of
sight (near 0°) AGN show very unusual spec-
tra that lack strong absorption or emission fea-
tures and probably reflect the relativistically
beamed synchrotron continuum of the jet and
central source. Even though many details of
the unification model are under heavy debate
there is considerable observational evidence in
favor of the basic unification concept.

1.3 X-shaped Radio Galaxies

X-shaped radio sources form a peculiar and
very small subclass of radio galaxies. They
are distinguished from classical double-lobed
radio sources like Cygnus A by their peculiar
large-scale radio morphology (comp Fig.1.3).
X-shaped radio galaxies exhibit large, sym-
metric, and low-luminosity extrusions of ra-
dio plasma that extend at some angle from
the nucleus to (projected) distances compa-
rable to or exceeding the length of the ac-
tive radio lobes. These structures have also
been referred to as ‘wings’. Due to their mor-
phological similarity with radio lobes the term
secondary lobes has been adapted throughout
this thesis. At present only about a dozen
of such sources have been found indicating
that these objects either represent a very ex-
otic type of AGN or that they are at the
moment in an exceptional and/or short-lived
phase of AGN evolution. The first X-shaped
source, NGC326, was discovered and discussed
by Ekers et al. (1978). The authors argued
in favor of jet precession to explain the for-
mation of their secondary lobes. However, as
the quality of the radio images improved and
new X-shaped source were discovered their
morphology — most prominently of NGC 326
itself — could not be easily explained by a
constant precession anymore. Other mecha-
nisms were invoked to account for the forma-
tion of X-shaped radio sources which included
buoyant bending of the radio lobes by the
ambient medium, deflected backflows, grav-
itational interaction/merging by companion
galaxies, relativistic Lense-Thirring precession
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FIGURE 1.3— X-shaped radio galaxies are distin-
guished from their classical double lobe radio galaxies
by their secondary radio lobes.

and precession due to binary black holes.
Even though some mechanisms seem to be im-
plausible nowadays the exact formation pro-
cess of X-shaped radio galaxies remains puz-
zling. However, understanding these mecha-
nisms can be highly beneficial in order to im-
prove our knowledge of the physical structure
of AGN. The large-scale radio emission of ra-
dio galaxies represents a snapshot of their ac-
tivity history and yields valuable information
of their evolution; information which cannot
be inferred from high-resolution studies of the
nuclear region. If the formation of X-shaped
radio galaxies can be attributed to processes
inherent to the AGN we can hope to answer
questions of more general interest like which
events trigger activity and on which timescales
(if at all) does it seize. Is there a connection
between merging and the (re)start of activ-
ity in AGN, and what feeds the central en-

CHAPTER 1 INTRODUCTION

gine? Finally: how does the phenomenon of
X-shaped radio galaxies relate to other radio
sources? Do all radio galaxies experience an
X-shaped phase during their evolution and if
yes how long does it last?

1.4 Outline of the Thesis

Chapter 2 introduces the sample of X-shaped
sources studied in this thesis. Selection ef-
fects that apply to X-shaped radio galaxies
will be briefly discussed. For each source rele-
vant properties and the most important find-
ings from the literature are presented.

The observations and data reduction of the
sample of X-shaped sources are presented in
the Chapters 3 and 4.

This is followed by an introduction to the
possible mechanisms proposed to be respon-
sible for the formation of X-shaped sources in
Chapter 5. The basic theory of these processes
is outlined and the possibilities to test whether
or not they are responsible for the genesis of
X-shaped galaxies will be discussed.

Chapter 6 contains the multi-frequency spec-
tral analysis of the sample of studies sources.
A short review of the spectral ageing and min-
imum energy theories is given. For each source
an integrated spectrum is constructed. In the
following the multi-frequency data are used
to produce images of the spectral index dis-
tribution, compute minimum magnetic fields,
and derive break frequencies and spectral ages
along the transition path connecting the pri-
mary to the secondary lobes. In the last sec-
tion of Chapter 6 the results will be summa-
rized and implications will be discussed.
Chapter 7 will apply the results of the spec-
tral analysis to the formation models. In par-
ticular the speed and duration of the reorien-
tation event and the most likely distribution
of intrinsic angles between the secondary and
primary lobes will be derived. These findings
will be compared with the predictions made by
the different proposed formation mechanisms.
Chapter 8 examines the possibility that the
phenomenom of jet reorientation is not re-
stricted to the small class of X-shaped sources
but instead does occur regularly also in other
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“normal” double-lobed radio galaxies. Finally,
in Chapter 9 a summary of the thesis is given
and suggestions for future work are made.

1.5 Conventions

If not otherwise stated the following conven-
tions were followed throughout the thesis.

e The spectral index is defined by the spec-
trum in the following way: S o v®.

e In the calculations a Hubble Constant of
Hy=75kms ' Mpc ! and ¢y = 0.5 was
used.

A list of acronyms can be found in Ap-
pendix C.
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Introduction to X-shaped Radio Galaxies

2.1 Sample Selection

In the framework of this thesis nine X-shaped
radio galaxies have been studied in detail. A
list of these sources together with their ba-
sic properties can be found in Tab. 2.1. The
sources have been selected solely on the ba-
sis of their morphology. To this end published
images have been inspected to identify sources
which posses a pair of secondary lobes with a
projected length similar to, or exceeding the
length of the active radio lobes. It is impor-
tant to note that the images on which the se-
lection was based have been obtained with var-
ious instruments and with vast differences in
sensitivity and resolution. Therefore, the sam-
ple of sources presented here is highly inhomo-
geneous and in no sense statistically complete.
Apart from the biases introduced by select-
ing the sources from the literature there are
other selection effects at work when studying
X-shaped radio galaxies.

e Orientation & projection. The ap-
pearance of a particular X-shaped source
can be heavily influenced by projection
effects depending on the viewing angle of
the observer with respect to the source.
In extreme cases — when the inclination of
the lobes (either primary or secondary) is
close to the line-of-sight — the lobes will
appear shortened to an extend that the
object might not be classified as being X-
shaped at all. Thus, this selection effect
lets us preferentially pick out sources that
have primary and secondary lobes close to

11

the plane of the sky.

Source structure. The intrinsic source
angle (the angle between the primary and
the secondary lobes) has a large effect on
whether or not a source would appear X-
shaped to an observer. Objects with in-
trinsic angles close to 0° or 180° will very
likely appear as normal radio galaxies be-
cause the secondary lobe emission will
blend into the emission from the primary
lobes. Consequently these source would
not be contained in the sample studied
here.

In addition sources having longer sec-
ondary lobe lengths have a higher prob-
ability of being classified as being X-
shaped.

Dynamic range & missing flux.
Large differences in the flux of the pri-
mary compared to the secondary lobes
can effectively conceal the X-shaped na-
ture of a source. This is mainly due to the
imaging techniques employed when cre-
ating radio images. The sidelobes emis-
sion produced by bright primary radio
lobes is often stronger than the under-
lying emission from the secondary radio
lobes. Therefore, image cleaning has to
be performed with great care and down
to low residual flux levels in order to
even notice the existence of any secondary
lobes. In many cases the secondary lobe
emission can be detected only after sev-
eral iterations of self-calibration. In that
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context it is noteworthy that in order to
perform self-calibration one needs suffi-
ciently good data with good uv-coverage
and high signal-to-noise.

Interferometric imaging can introduce an-
other effect that can conceal the pres-
ence of secondary lobes. Due to the in-
complete coverage of the innermost re-
gions of the uv-plane low spacial frequen-
cies that represent the large-scale source
structure might not be fully recovered
(this is known as the missing-flux prob-
lem). The secondary lobes of radio galax-
ies usually exhibit little small-scale struc-
ture (probably because they are older and
more relaxed) and thus they are more af-
fected by missing-flux than the primary
lobes. In adverse configurations of the
interferometer with only few short base-
lines the secondary lobes can remain com-
pletely undetected. Therefore, we suspect
that at least some known radio galaxies
might posses up to now undetected sec-
ondary lobes.

2.2 Notes on Individual Sources

In the following the selected X-shaped sources
will be presented and the most relevant find-
ings from the literature will be briefly summa-
rized.

4C12.03

4C12.03 is associated with an E3 host galaxy
at a redshift of z=0.11 (Heckman et al.
1994). The source has been classified as a low-
emission line radio galaxy (LERG) by Laing
et al. (1983). With a luminosity at 178 MHz
of 1.36 x 1026W Hz~'h~2 4C12.03 barely lies
above the FRI/FRII division (Fanaroff &
Riley 1974). Also, morphologically 4C12.03
seems to be a transition case between FR I and
FRII sources. Even though the radio source
is clearly edge brightened it is missing bright
and clearly defined hotspots. The high resolu-
tion maps presented by Leahy & Perley (1991)
have revealed the X-shaped nature of 4C12.03.

12°29'

28

_7

Declination (B1950)

26'

25

obpm25s 20°
Right Ascension (B1950)

NGC 326

This galaxy is the brightest member of the
Zwicky cluster 0056.9+2636 (Zwicky & Kowal
1968). It is a dumbbell galaxy containing two
equally bright nuclei with a projected sepa-
ration of 6” (Wirth et al. 1982). The host
galaxy is accompanied by a smaller elliptical
galaxy approximately 2’ to the northeast. Re-
cently, Werner et al. (1999) have reexamined
the cluster of galaxies around NGC 326. The
authors have determined redshifts and veloc-
ity dispersions for 8 objects close to NGC 326
and could confirm their cluster membership.
NGC 326 was the first X-shaped radio source
discovered (Ekers et al. 1978). With a
monochromatic luminosity at 178 MHz of
L178=1.25x10%® W Hz ! h~2 it qualifies as
a FRI object even though it lies very close
to the FRI/FRII borderline. Our analysis
suggests (see Sect. 6.5.2) that most proba-
bly the 178 MHz flux of NGC 326 has pre-
viously been underestimated. However, even
with a reviewed luminosity of L178=2.5x10%°
W Hz ! A2 NGC326 remains within the
FRI class. Ekers et al. (1978) have pro-
posed a precessing beam model to explain
the unusual appearance of the source. How-
ever, deeper radio images presented by Fo-
malont (1981) and Ekers (1982) revealed the
source to be much more extended than orig-
inally perceived. Furthermore, because the
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secondary lobes do not show any curvature
at larger distances from the core Wirth et al.
(1982) concluded that steady jet precession
must be ruled out as the formation mecha-
nism. Instead the authors proposed a model
in which the gravitational interaction of the
two dumbbell cores effect the orientation of
the radio jet. Golombek et al. (1988) have
performed deep pointed IRAS observations of
NGC 326 but have not detected any signifi-
cant infrared emission. The X-ray properties
of NGC 326 and the surrounding medium have
been studied thoroughly by Worrall & Birkin-
shaw (1994) and Worrall et al. (1995). The
authors detected bright asymmetrical X-ray
emitting gas surrounding NGC 326. The X-
ray emission is unusually extended (& 800 kpc;
Hy =50 kms~! Mpc~!) and is rather of “clus-
ter” than of “group” scale. The X-ray spec-
trum is best approximated by a single tem-
perature Raymond-Smith model (Raymond
& Smith 1977) with a temperature of kT
~2keV. The peak of the X-ray emission co-
incides with the position of the host galaxy.
Worrall & Birkinshaw (1994) have demon-
strated that the cluster gas is cooling too
slowly for a cooling flow to have been initiated.
Worrall et al. (1995) have proposed buoyancy
to account for the formation of the secondary
lobes.

13
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3C52

Located at a redshift of z=0.2845 (Spinrad
et al. 1985) 3C52 is the most distant X-shaped
source presently known. 3C52 was reported
to lie in a cluster by Wyndham (1966). HST
imaging by de Koff et al. (1996) showed the
galaxy to be elongated along the north-south
axis and to exhibit a pronounced dust disk
which might indicate a previous merger event.
The emission line type of 3C52 is not yet de-
termined due to the low galactic latitude of the
object. In the radio regime 3C52 is the most
luminous (at 178 MHz) of all known X-shaped
sources. In fact, it is the only object which
clearly qualifies as a FRII source. Radio maps
of 3C52 were presented by Leahy & Williams
(1984) and Pooley et al. (1987). A spectral
analysis has been performed by Alexander &
Leahy (1987).

3C136.1

Due to its low galactic latitude the host galaxy
of 3C136.1 hasn’t been studied in detail up to
now. In particular, it is not known whether it
is a broad- or narrow-line radio galaxy. How-
ever, strong [O1m]AN4959,5507 emission lines
have been reported by Smith et al. (1976).
This suggests that 3C136.1 is a narrow-line
radio galaxy, because these lines appear to
be absent or at least very weak in broad-line
spectra. Recently, HST images of the host
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3C136.1
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5113M2013™10% 13™0° 12M50°12™40°

Right Ascension (B1950)

of 3C136.1 were presented by Martel et al.
(1999). The galaxy appears flattened and
warped and bears no resemblance to an el-
liptical galaxy. The authors report on two,
possibly three nuclei and suggest that this
galaxy is in the throes of a merger. With
Li73 = 6.9 x 102 W Hz~! h~2 it barely quali-
fies as a FRII source. Radio images of 3C136.1
have been presented by Leahy & Williams
(1984). High resolution maps of the hotspots
can be found in Leahy et al. (1997). A spec-
tral analysis of 3C136.1 has been performed by
Alexander & Leahy (1987). The authors have
derived spectral ages of 20 - 80 Myr across the
lobes of 3C316.1.

B2 0828+32

B20828+32 is the most extended X-shaped
source known at present. The secondary lobes
have a projected linear size of 612 kpc h~L.

The host galaxy of B2 0828432 has been stud-
ied by Ulrich & Ronnback (1996). The galaxy
does neither have a double core nor a com-
panion brighter than My =-16.7. The lumi-
nosity profile shows weak traces of a possible
merger event & 108 years ago. Furthermore,
the host galaxy is not located in a cluster, even
though it is surrounded by many faint galax-
ies. The radio luminosity is low. With Li7g =
6.8x10%* W Hz~! h=2 it lies about one order of
magnitude below the FRI/FRII division even
though the morphology of the active lobes
indicates FRII membership. Radio maps of
B2 0828+32 in total, as well as in polarized in-
tensity were presented by Parma et al. (1985).
The authors report on high fractional polar-
ization within the source with values up to
20-30%. The spectral index of the secondary
lobes is quite steep but Parma et al. (1985) did
not detect any significant spectral steepening
within the lobes. Mack et al. (1994) confirmed
the high degrees of polarization with values of
up to 40% at 10.5 GHz in the secondary lobes.
A thorough spectral analysis of the source was
presented by Klein et al. (1995). The spec-
tral index across the primary lobes is fairly
constant (a ~ 0.7) but is steepening towards
the secondary lobes (a ~ 1.1). A particle age
for the secondary lobes of ~70 Myr is derived.
Klein et al. (1995) propose a modified preces-
sion model to account for the X-shaped mor-
phology of B20828+32. Within this model
the length of the precessing jet has decreased
strongly over the last 2 x 10® yr, resulting in a
stretched elliptic path of the hotspots through
the medium.

3C223.1

The host galaxy of 3C223.1 was classified as a
DE4 with an asymmetrical envelope (Wynd-
ham 1966) and was reported to be unusually
red (Eisenhardt & Lebofsky 1987). 3C223.1
lies behind the Zwicky cluster Zw(0938+399
but seems to be isolated or in a poor group
itself (Sandage 1972). The Abell richness of
this group was estimated to be < 1 by Gre-
gory & Burns (1982). Consistent with this
finding is the non-detection of X-ray emis-
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sion from 3C223.1 or its surroundings (Burns
et al. 1981). The host galaxy was imaged as
part of the HST Snapshot Survey (de Koff
et al. 1996). The galaxy has a strong cen-
tral bulge and a very pronounced dust disk.
The secondary lobes are oriented perpendicu-
lar to the dust disk. 3C223.1 has been clas-
sified as a NLRG with strong [O111] and [O11]
emission lines (Cohen & Osterbrock 1981).
An upper limit for the optical fractional po-
larization of 3.6% was given by Cimatti et al.
(1993). The X-shaped morphology was first
noticed by Strom & Conway (1985) who pre-
sented maps of the source at A49cm. The
authors also note fractional polarization of
~ 9% found in the northwestern secondary
lobe. Maps at 1.4 GHz were presented by Gre-
gorini et al. (1988), Vigotti et al. (1989), and
Dennett-Thorpe et al. (1999). High resolu-
tion images at 8 GHz were shown by Black
et al. (1992). Dennett-Thorpe et al. (1999)
have studied the spectral index distribution of
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3C223.1 and have found essentially no spec-
tral gradients within the source. Also, the
source shows little or no depolarization be-
tween 1.4 GHz and 8 GHz (Dennett-Thorpe
1996).

3C315

The host of this narrow-line radio galaxy is
of dumbbell type with a DE2+DE2 double
core in a common envelope (Matthews et al.
1964). The cores have a projected separation
of 8" (Goodson et al. 1979) and their op-
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tical profiles show signs of interaction (Zir-
bel 1997). The northern core which also con-
tains the radio source was imaged by the HST
and was shown to be highly elliptical (de Koff
et al. 1996). No optical polarization was de-
tected towards 3C315 (Cimatti et al. 1993).
Zirbel (1996) investigated the host galaxy en-
vironment of 3C315 and find it located in a
poor cluster of richness 19.2 (number of galax-
ies brighter than 19™ within a 0.5 Mpc ra-
dius of the galaxy). No X-ray emission was
detected by the Einstein Observatory (Fab-
biano et al. 1984). Deep pointed IRAS ob-
servations were performed by Golombek et al.
(1988) but did not detect any infrared emis-
sion towards 3C315. 3C315 is a FRII source
but lies very close to the FRI/FRII borderline.
Maps revealing the X-shaped morphology of
3C315 were displayed by Hogbom & Carlsson
(1974). Hogbom (1979) presented new obser-
vations at 5 GHz and performed a spectral
analysis. The author finds little spectral in-
dex variation across the source. New maps
at 1.4 GHz were shown by Leahy & Williams
(1984). A spectral analysis using images at
1.4 GHz and 5 GHz was presented by Alexan-
der & Leahy (1987). The authors report age
gradients across 3C315 with increasing spec-
tral ages away from the nucleus.

3C379.1

3C379.1 was classified as a high-excitation
narrow-line radio galaxy (HEG) by Spinrad
et al. (1985). Optical imaging of the host
galaxy using the HST revealed the nucleus to
be elongated along the radio axis (de Koff
et al. 1996). The host galaxy exhibits ex-
tended [OIII] emission with a total extent of
9”. The line emitting region is elongated and
within 20° coincident with the radio axis (Mc-
Carthy et al. 1995). Radio maps of 3C379.1
at 1.4 GHz and 4.9 GHz including polarization
were presented by Spangler & Sakurai (1985).
The authors find no significant depolarization
across the source. The Faraday rotation is
constant and is attributed to foreground ro-
tation by our Galaxy. Tadhunter et al. (1992)
did not find significant optical polarization
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above the detection limit of 1.4% fractional
polarization. The secondary lobes of 3C379.1
are short in projected length. Strictly, this ob-
ject does not meet the criterion of being an X-
shaped source as the length of the secondary
lobes is smaller than that of the active lobes.
The morphology as well as the 178 MHz lu-
minosity clearly classifies 3C379.1 as an FRII
radio galaxy.

3C403

The host of 3C403 is a DE3-4 galaxy (Wyn-
dham 1966). Tadhunter et al. (1993) have
reported a high-ionization emission-line spec-
trum with unusually narrow emission lines.
The continuum colors are typical of an early-
type galaxy. The host galaxy of 3C403 was
mapped by the HST as part of the snap-
shot survey of 3CR radio sources (Martel
et al. 1999). The galaxy appears to be a
smooth elliptical. However, the authors note
an apparent separation of the source into a
central elliptical region and a low surface-
brightness halo which is probably due to in-
tervening dust. The host galaxy does not
have any bright companion and is located in
a very low-density local galaxy environment
(Heckman et al. 1986). The source was not
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detected in the ROSAT all-sky survey and
an upper limit to the X-ray luminosity (0.5-
2.4 keV) of L < 42.51 was given by Siebert
et al. (1996). 3C403 is the only X-shaped ra-
dio galaxy with high infrared luminosity. The
source has been detected in the three short-
est wavelength channels of the IRAS all-sky
survey (Golombek et al. 1988). The associ-
ation of the IRAS source F1949740222 with
3C403 has been confirmed by Condon et al.
(1995). Imaging of the extended emission line
gas of 3C403 was presented by Baum et al.
(1988). The continuum image reveals a dis-
turbed morphology with a possible broad ex-
tension or fan. The Ha image shows an ellipti-
cal line emitting region 14 kpc in extent. The
major axis is misaligned with the radio axis by
54° . Long-slit spectroscopy along the major
and minor axes of this region showed a rota-
tion curve characteristic of symmetric rotation
(Baum et al. 1990a, Baum et al. 1992). The
rotation axis is within 20° aligned with the ra-
dio axis. The (projected) rotational velocities
lie in the range of 100-220 km s~! which likely
indicates that the gas was acquired in a tidal
interaction rather than by cooling flow accre-
tion. Radio maps of 3C403 were presented
by Black et al. (1992), Condon et al. (1995),
and Dennett-Thorpe et al. (1999). The radio
core power is unusually low for a narrow-line
radio galaxy with strong emission lines (Mor-
ganti et al. 1997). A spectral analysis was
presented by Dennett-Thorpe et al. (1999), re-
vealing that even the secondary lobes of 3c403
show essentially no spectral break or curva-
ture.

2.3 First Conclusions

At this early point it is worthwhile to summa-
rize some of the properties for the sample of
X-shaped sources studied here.

e Host galaxy type. X-shaped radio
sources seem to reside in different types
of host galaxies. A total of six X-shaped
sources have fairly regular elliptical hosts
(4C12.03, 3C52, B20828+32, 3C223.1,
3C379.1, 3C403). Some of these were
reported to be slightly elongated and in
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several pronounced dust disks have been
found. Two sources from the sample are
dumbbell galaxies with clearly separated
double nuclei (NGC 326, 3C315). Only
one X-shaped source (3C136.1) shows
clear signs of an ongoing merger. The
host of 3C136.1 is irregular and appears
to be disrupted by tidal forces.

Environment. The environments of X-
shaped sources seem to be rather poor.
None of the source studied here are part
of rich galaxy clusters or groups. Four
sources have been reported to be located
in galaxy groups or clusters (NGC 326,
3C223.1, 3C315, 3C403). However, the
density of these groups is low in all cases.
All four sources have been studied in
the X-ray regime, but only one of them
(NGC 326) was found to be embedded in
hot cluster gas. NGC 326 is also the only
X-shaped source having a close compan-
ion galaxy. In none of the other sources
companions have been found.

Emission line types. Most X-shaped
sources of the studied sample (3C223.1,
3C315, 3C379.1, 3C403) have been
classified as narrow line radio galax-
ies (NLRG). For two sources (4C12.03,
3C136.1) the spectra are somewhat un-
usual but also seem to indicate mem-
bership to the NLRG class. The spec-
tra of NGC 326, 3C52, and B20828+32
have not been classified so far. The ten-
dency of the studied sources to belong
to the NLRG class does not necessarily
have to be intrinsic to the class of X-
shaped sources. As was outlined above
orientation effects are responsible for a
strong selection bias. In the frame of
the unified scheme broad-line radio galax-
ies (BLRG) would indicate smaller incli-
nation towards the line-of-sight in which
case relativistic beaming would increase
the dynamic range between primary and
secondary lobes which would make detec-
tion of the secondary lobes in these ob-
jects increasingly difficult.
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e FRI-FRII division. Interestingly
nearly all studied sources seem to occupy
the luminosity range close to the FRI-
FRII borderline. The 178 MHz luminos-
ity indicates that seven X-shaped radio
galaxies are of FRII type , whereas two
objects are of FRI type. However, of all
nine X-shaped sources seven sources have
L17g luminosities within 1 order of mag-
nitude of the FRI/FRII dividing luminos-
ity of 6.3 x 102 WHz~'A~2. Only two
sources (3C52, 3C379.1) have luminosi-
ties that exceed the critical value by more
than 1 order of magnitude. Whether
or not this apparent property is intrin-
sic to all X-shaped sources or whether it
is due to selection effects is unclear. Es-
pecially at the high luminosity end X-
shaped sources can easily remain unde-
tected due to the adverse dynamic range
between the primary and secondary lobes.
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CHAPTER 2 INTRODUCTION TO X-SHAPED RADIO GALAXIES



Single-Dish Mapping of X-shaped Radio
Galaxies

This chapter presents radio continuum observations of several X-shaped radio galaxies
performed with the Effelsberg 100-m telescope. Maps including full polarization have
been obtained at 4 frequencies (32 GHz, 10.45 GHz, 4.85 GHz, 2.7 GHz) in the period
from 1996 to 1999. The data reduction process will be described only briefly except
when deviations from the standard procedure were necessary (mostly at 32 GHz). The

maps will be shortly discussed.

INGLE-DISH observations of extended ra-

dio sources are — at the cost of resolution
— in some respects superior to interferomet-
ric data for quantitative analyzes. The most
severe drawback of interferometers is their in-
ability to cover the innermost region of the uv-
plane and thus to recover the total-flux of the
source. The amount of missing-flux cannot be
estimated a-priori as it depends on the spatial
frequency distribution of the source. Whereas
the high spatial frequencies of a mapped ob-
ject might be fully recovered the low spatial
frequencies (representing the extended emis-
sion) might not be. This will result in an in-
correct flux distribution in the source image.
Such effects can be fatal for a spectral analysis
because artifical steep (or flat) spectral slopes
can be easily created in this way.
Single-dish data on the other hand cover the
whole uv-plane up to the diffraction limit
and therefore are not affected by missing
flux. For a spectral analysis single-dish maps
are thus crucial to trace the spectral shape
and to disclose possible missing flux prob-
lems of interferometric datasets also included
in the analysis. This is especially true for the
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high-frequency domain where artificial spec-
tral slopes can lead to severe misinterpreta-
tions of spectral ages.

In the following the obtained Effelsberg maps
at the various frequencies will be displayed
and shortly discussed. Note that due to
their small angular sizes some of the X-shaped
sources are only slightly resolved or remain un-
resolved at some of the frequencies. These
data have been used only to derive the to-
tal flux and construct the integrated source
spectrum. The discussion of these unresolved
sources will therefore be very brief.

3.1 Observations and Data Reduc-
tion

The standard procedure for the reduction
of radio continuum multi-feed data acquired
with the 100-m telescope has been described
in great detail elsewhere (e.g. Gregorini et al.
1992, Mack 1996). The data obtained at
10.45 GHz, 4.85 GHz and 2.7 GHz were re-
duced following this standard procedure. Due
to the generally higher demands and difficul-
ties when dealing with high-frequency data
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and due to technical problems of the 32 GHz
system at the time of observation, the reduc-
tion of the 32 GHz data required some devi-
ations of the standard data reduction proce-
dure. These will be described in the following.

3.1.1 The 32 GHz receiver

The new 32 GHz receiver system was installed
in the secondary focus of the 100-m telescope
in 1996. It is a 3-feed system with feed sep-
arations of 4!3 and 2'. The HPBW of the
32 GHz system is 27”. The receiver bandwidth
is 2 GHz.

First tests performed in 1997 revealed that
the system does not reach the anticipated per-
formance. Further investigations have shown
that the cooled HEMTSs are not sufficiently
stable, thus considerably raising the noise level
in the uncorrelated total intensity channels.
The correlated Stokes U and Q channels are
free of instabilities and reach the expected
noise levels. Due to the instability problems a
second 3-feed module has been recently added
to the 32 GHz system. The second module
has been designed as a beamswitch correlation
system. The output channels yield correlated
total intensity signals but no polarization in-
formation. The upgraded 32 GHz receiver has
however not been used for the observations
used in this thesis.

In the period from end of 1998 until beginning
of 1999 the dish surface of the 100-m telescope
has undergone a major upgrade. The outer
25 meters of wire-mash panels were replaced
by semi-solid aluminum panels to increase the
effective collecting area at short wavelengths.
The panels were replaced but only coarsely ad-
justed over a 12 month period leading to a
gradual decline of the quality of the reflect-
ing surface. In summer 1999 tests of the main
beam characteristics were performed (see Ap-
pendix A). The main beam was found to be
strongly distorted depending on the elevation
of the telescope. Consequently observations at
32 GHz had to be stopped until the readjust-
ment of the panels towards the end of 1999.
The consequences of the distorted beam for
data obtained within the upgrade period will

be discussed in the next section.

3.1.2 Data reduction at 32 GHz

The treatment of 32 GHz data deserves — even
though standard methods can be used — spe-
cial attention at several points during the data
reduction process.

e Elevation selection. As mentioned
above the quality of the reflecting sur-
face of the 100-m telescope has degraded
due to the replacement of surface pan-
els in 1998. Unfortunately there has
been no inspection of the beam and gain
properties of the telescope accompanying
the refurbishment process. Tests made
in summer 1999 reflect the beam sta-
tus of the telescope after the replace-
ment of the panels had been completed.
These tests have shown that observations
made at elevations exceeding 35° should
be discarded from the analysis entirely.
The impact of the beam deformation and
gain loss on the data obtained in the
course of 1998 (even though certainly less
than in summer 1999) cannot be assessed
anymore. Individual coverages of the
X-shaped sources are too noisy to per-
form Gaussian fitting to estimate possible
beam deformations. In order to avoid cal-
ibration and beam problems in the com-
bined final images we have therefore dis-
carded all 1998/1999 datasets obtained at
elevations higher than 35°.

e Pointing. Accurate pointing generally
becomes more difficult at higher frequen-
cies. On the one hand the HPBW be-
comes smaller, so that the pointing er-
rors become larger with respect to the
beam size. On the other hand, due to
the power-law synchrotron spectra of the
pointing sources it becomes more and
more difficult to find sufficiently strong
sources close to the target of observation.
As a result at 32 GHz pointing errors
can accumulate to 10” even when point-
ing checks are performed on an hourly
basis. In 1999 pointing errors exceeding
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25" were encountered, which was proba-
bly due to a defect in the focusing system
of the telescope. As a result the pointing
of individual maps obtained at 32 GHz
has to be checked before they are com-
bined to yield the final map. The stan-
dard method to check for pointing errors
is to perform a Gaussian fit to a bright
source component to determine its posi-
tion. However, this method is not ap-
plicable for any of the X-shaped sources
mapped here. The snr of an individual
coverage is generally too low to perform
Gaussian fitting. Therefore, we have car-
ried out a 2D cross-correlation analysis of
the individual coverages. To this end we
have first combined all individual maps
to construct a preliminary final map with
high snr. The individual maps have then
been cross-correlated with this reference
map. For some of the very weak X-shaped
objects it was necessary to average sev-
eral consecutive coverages to increase the
snr before cross-correlating them with the
reference map. The pointing shift for
a particular coverage can then be ob-
tained by a Gaussian fit to the 2D cross-
correlation function. An example for such
an cross-correlation function is shown in

Fig. 3.1.

3.2 The 32 GHz maps

4C12.03

The final map of 4C12.03 (Fig. 3.2) has been
constructed using 21 total intensity coverages
and 26 polarized intensity maps. The RMS
noise is 6 mJy/beam in total intensity and
0.65 mJy/beam in polarized intensity. At
32 GHz only the brightest source feature —
the northern hot spot — is visible above the
noise. The projected magnetic field in this re-
gion is aligned parallel to the jet. The maxi-
mum fractional polarization with values up to
20% is observed coincident with the northern
hotspot.

23

Auto-Correlation Map: 6764 Source: 3C223.1

zl%ﬁ\\g?
N
o INC fiéﬁ\ N
| K/ g It
or %\g g\%\b\/S ?
NANVZ)

FIGURE 3.1— Auto-correlation of one individual
coverage of 3C223.1 with the combined reference map.
The maximum of the cross-correlation is off-centered,
thus indicating a pointing shift that has to be corrected
before constructing the final map. The size of the re-
quired shift is estimated from a Gaussian fit to the
cross-correlation function.

NGC326

NGC 326 is weak at 32 GHz. Significant emis-
sion is seen only from the brightest parts of
the north-western lobe and in some areas of
the connected tail. The total intensity map
shown in Fig. 3.3 has been obtained from
10 coverages. The RMS noise obtained is
6.5 mJy/beam. The polarized intensity image
exhibits no significant signal above the noise
(1 mJy/beam) and is not shown.

3C52

The final map of 3C52 is shown in Fig. 3.4.
Seven individual coverages have contributed
to the final total intensity and polarized in-
tensity images. The noise levels reached are
8 mJy/beam and 1 mJy/beam correspond-
ingly. Both primary lobes are clearly visible
at 32 GHz. The southern lobe also exhibits
signs of the secondary lobe extending to the
west. The corresponding secondary eastern
lobe remains undetected. In both radio lobes
the projected magnetic field is oriented in a
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Source | Fig. | Contour Levels [mJy/beam|]
4C12.03 | 3.2a | 18,25
3.2b | 2,3,4
NGC326 | 3.3a | 20,28
3Ch2 | 3.4a | 24,34,48,68,96,136
3.4b | 3.4,5,6,7
3C2231 | 3.5a | 12,17,24,34,48
3.5b | 1.2,2,3,4,5
30315 | 77a | 12,17,24,34
?7b | 1.6,2.2,2.8,3.6
30379.1 | 7%a | 15,21,30,42,60
3C403 | 3.8a | 15,21,30,45,60,84,120,170
3.8b | 3,4,5,6,8,10

TABLE 3.1— Contour levels of the 32 GHz maps.

direction perpendicular to the jet. The polar-
ized intensity image shows polarized emission
originating in both radio lobes, but no emis-
sion from the secondary lobes can be traced.
The fractional polarization is low, with maxi-
mum values of 7.5% in the northern lobe.

3c223.1

A total of 41 total intensity and 99 polariza-
tion coverages have been combined to yield
the final maps of 3C223.1 shown in Fig. 3.5.
The noise level reached is 3.5 mJy/beam in to-
tal and 0.4 mJy/beam in polarized intensity.
The secondary lobes are clearly visible — most
prominently the western one. Polarized emis-
sion is detected from both primary lobes as
well as from the western secondary radio lobe.
Maximum values of ~ 10% fractional polariza-
tion are detected coincident with the northern
hotspot.

3C315

The final maps of 3C315 are displayed in
Fig. 7?. The RMS noise achieved in total and
polarized intensity is 4.3 mJy/beam and 0.5
mJy/beam respectively. The total intensity
image is a combination of 25 coverages, the
polarized intensity image consists of 35 cover-
ages. The core of 3C315 is the brightest source
feature at 32 GHz. Ouly the brightest knots
of the lobes are visible above the noise. The

core as well as most parts of the lobes do not
exhibit significant polarization. However po-
larized emission is detected from the tips of
the radio lobes located north and south of the
core. In these areas the fractional polarization
partly exceeds 20%.

3C379.1

No significant polarized emission was de-
tected from 3C379.1 above a noise level of
0.7 mJy/beam. Figure ?? displays the to-
tal intensity map which has been constructed
from 20 individual coverages. The RMS noise
level reached is 5.5 mJy/beam. In total inten-
sity the primary lobes are visible but no emis-
sion from the secondary lobes can be traced.

3C403

The final maps of 3C403 are displayed in
Fig. 3.8. The total intensity image is a combi-
nation of 39 single coverages and has an RMS
noise of 3.5 mJy/beam. The polarized inten-
sity map has been combined out of 45 cover-
ages and has a noise level of 0.6 mJy/beam.
The secondary lobes can be clearly traced in
total as well as in polarized intensity. The
fractional polarization is high (up to 20%).
The highest degrees of polarization are seen
towards the far ends of the secondary lobes.
The projected magnetic field traces the jet
within the primary lobes. In the secondary
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lobes the field tends to follow the direction of
transition from the primary to the secondary
lobes.
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FIGURE 3.2— Maps of 4C12.03 at 32 GHz. The con-
tour levels are given in Tab. 3.1. The map layout is
identical to Fig. 3.12
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FIGURE 3.3— Map of NGC326 at 32 GHz. The con-
tour levels are given in Tab. 3.1. The map layout is
identical to Fig. 3.12
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FIGURE 3.4— Maps of 3C52 at 32 GHz. The con-
tour levels are given in Tab. 3.1. The map layout is
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FIGURE 3.5— Maps of 3C223.1 at 32 GHz. The con-
tour levels are given in Tab. 3.1. The map layout is
identical to Fig. 3.12
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FIGURE 3.6— Maps of 3C315 at 32 GHz. The con-
tour levels are given in Tab. 3.1. The map layout is
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FIGURE 3.7— Maps of 3C379.1 at 32 GHz. The con-
tour levels are given in Tab. 3.1. The map layout is

identical to Fig. 3.12



28 CHAPTER 3 SINGLE-DISH MAPPING OF X-SHAPED RADIO GALAXIES
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FIGURE 3.8— Maps of 3C403 at 32 GHz. The con-
tour levels are given in Tab. 3.1. The map layout is
identical to Fig. 3.12
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3.3 The 10.45 GHz Maps

4C12.03

The final maps of 4C12.03 at 10.45 GHz
are displayed in Fig. 3.9. The noise lev-
els reached in total and polarized intensity
are 0.9 mJy/beam and 0.4 mJy/beam respec-
tively. The total intensity image is a com-
bination of 7 coverages. The polarized in-
tensity image has been constructed using 10
individual maps. The secondary lobes are
only slightly resolved. The source is strongly
polarized with values of the fractional polar-
ization exceeding 20%. The polarization is
highly asymmetric, with the northern lobe be-
ing more pronounced in polarized emission.
The primary and secondary southern lobes
can be distinguished in the polarized inten-
sity image. The projected magnetic field is
aligned with the current jet direction in the
active radio lobes. In the secondary southern
lobe the field is aligned along the major axis
of the radio lobe.

NGC326

A total of 6 coverages have contributed to
the total and polarized intensity images shown
in Fig. 3.10. The RMS noise levels are 3
mJy/beam and 1 mJy/beam respectively. The
secondary lobes are resolved and can be traced
out to distances of more than 2’ from the
core. The source is strongly polarized but the
polarized intensity distribution is asymmetric.
The polarized emission from the eastern active
and northern secondary lobes is considerable
stronger than from the south-western lobe sys-
tem. The fractional polarization is highest in
the northern secondary lobe where it exceeds
20%. The projected magnetic field traces the
transition path from the secondary to the pri-
mary lobes.

3C52

3C52 is only slightly resolved at 10.45 GHz.
The image shown in Fig. 3.11 is elongated
along the major axis of the source but the sec-
ondary lobes cannot be distinguished. Three
coverages were used to yield the final images in
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FIGURE 3.9— Maps of 4C12.03 at 10.45 GHz. The
contour levels are given in Tab. 3.2, The map layout
is identical to Fig. 3.12

total and polarized intensity. The RMS noise
is 5.5 mJy/beam and 1.3 mlJy/beam respec-
tively. The source is asymmetrically polarized
with no significant polarized emission from the
southern lobe and hotspot. The maximum
fractional polarization of 10% is located co-
incident with the northern hotspot. The ori-
entation of the projected magnetic field in the
northern lobe is perpendicular to the jet di-
rection.
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Source Fig. | Contour Levels [mJy/beam]
4C12.03 | 3.9a | 3,5.2,9,15.6,27,47,81
3.9b | 1.5,3.4.5,7,10,15,20
NGC326 | 3.10a | 7.5,11,15,21,30,42,60,85,120
3.10b | 2,4,6,9,12,16
3C52 | 3.11a | 20,40,60,100,150,200,280,360,450,550
3.11b | 5,11,18,25,35
3C136.1 | 3.12a | 4,6,8,10,15,20,30,40,50,60,80,100,120,140
3.12b | 1.2,2.4,3.6,5,7,9,11,13
B20828+4-32 | 3.13a | 1.5,2.4,3.8,5.9,9.3,15,23,37,58,92,145
3.13b | 0.9,2,3.5.5.5,8,12.16
302231 | 3.14a | 10,20,40,60,80,100,140,180,220
3.14b | 3,5,7,9,11,14,17
30315 | 3.15a | 4,8,15,30,50,70,90,120,160,200,250
3.15b | 2,4,6,9,12,15,18,22,26
30379.1 | 3.16a | 30,45,60,80,110,140,170,200
3.16b | 4,5.5,7,9,11
3C403 | 3.17a | 4.5,7.8,13.5,23.4.40.5,70.1,122,210,365
3.17b | 1.4,2.4,4.2,7.3,10.8,21.8,32.4

TABLE 3.2— Contour levels of the 10.45 GHz maps.

3C136.1

3C136.1 is well resolved by the 69” beam.
The final map at 10.45 GHz is displayed in
Fig. 3.12. A total of 19 maps have been added
to yield the total intensity image; 20 cover-
ages have been used for constructing the polar-
ized intensity map. Whereas strong polarized
emission is detected from the whole source the
highest values of the fractional polarization
(~ 50%) can be found in the secondary lobes.
In the primary lobes the projected magnetic
field is aligned parallel to the jet direction.
Subsequently the field orientation is turning
towards the secondary lobes, where the fields
run parallel to the major lobe axis.

B20828+32

Due to the steep synchrotron spectrum of
B2 0828432 only part of the secondary lobes
can be detected at 10.45 GHz. The maps pre-
sented in Fig. 3.13 consist of data already pre-
sented by Mack et al. (1994). A few more
coverages obtained at excellent weather con-
ditions have been added. Also the data have
been cleaned to remove heavy sidelobe re-

sponses still visible in the original maps. The
obtained RMS noise is 0.53 mJy/beam in total
intensity (39 coverages) and 0.3 mJy/beam in
polarized intensity (44 coverages). Whereas
only the brightest knot of the northern sec-
ondary lobe is visible the southern lobe can be
traced out to some distance. Polarized emis-
sion is detected from the primary lobes and
from the source area connecting the primary
and the southern secondary lobe.

3C223.1

The secondary lobes of 3C223.1 are unresolved
in the total intensity image (Fig. 3.14). How-
ever, both primary lobes as well as the west-
ern secondary lobe can be distinguished in the
polarized intensity image. The RMS noise is
3 mJy/beam in total and 1 mJy/beam in po-
larized intensity. The fractional polarization
reaches maximum values of 20% towards the
tips of the western secondary lobe. The pro-
jected magnetic field is oriented perpendicular
to the jet within the primary radio lobes and
hotspots. In the secondary lobes the field is
aligned along the major lobe axis.
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FIGURE 3.10— Maps of NGC326 at 10.45 GHz. The
contour levels are given in Tab. 3.2. The map layout
is identical to Fig. 3.12

3C315

The final map displayed in Fig. 3.15 is a com-
bination of 13 individual coverages. The RMS
noise achieved is 1.2 mJy/beam in the total
intensity and 0.4 mJy/beam in the polarized
intensity image. In total intensity the source
structure is not well resolved. However the
secondary lobe extending toward the east can
be seen as a deformation of the contours. Due
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FIGURE 3.11— Maps of 3C52 at 10.45 GHz. The
contour levels are given in Tab. 3.2, The map layout
is identical to Fig. 3.12

to the slightly better resolution the X-shaped
morphology of 3C315 can be more clearly seen
in the polarized intensity image. The frac-
tional polarization is again reaching maximum
values (exceeding 40%) towards the outer ends
of the secondary lobes. The projected field is
aligned along the transition path between pri-
mary and secondary lobes.
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FIGURE 3.12— Maps of 3C136.1 at 10.45 GHz. The
contour levels are given in Tab. 3.2. The cross marks
the position of the nucleus. The hatched circle in
the lower left corner of the plot indicates the 3 dB
beam size. (upper panel) Contours of the total in-
tensity superimposed by polarization vectors. These
have been rotated by 90° in order to depict the pro-
jected magnetic field. Their lengths are proportional
to the polarized intensity. (lower panel) Contours
of the polarized intensity, superimposed by polariza-
tion vectors. Again the vectors have been rotated by
90°. Their lengths are proportional to the fractional
polarization.

3C379.1

3C379.1 is not resolved by the 69”beam. The
final maps are displayed in Fig. 3.16. The

B2 0828+32 2.8cm -TOTAL INTENSITY

32036

3232

3228

32224

081 28m40

081 28205 081 28700

B2 0828+32 2.8cm POLARIZED INTENSITY

B
3236’ Z?(j
3232 s
7=
i
i g
N
NES y
i= 74///
3228’ (4
&z
3224 =
@ -
i
08" 28m40: 08" 28720° 08" 28700

FIGURE 3.13— Maps of B20828+32 at 10.45 GHz.
The contour levels are given in Tab. 3.2. The map
layout is identical to Fig. 3.12

source is elongated along the major source axis
but the secondary lobes remain unresolved.
The polarized intensity image discloses polar-
ized emission close to the core but no signif-
icant contribution from the secondary lobes
has been detected. The fractional polarization
has maximum values of 15%. The projected
magnetic field is aligned along the major lobe
axis.
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FIGURE 3.14— Maps of 3C223.1 at 10.45 GHz. The
contour levels are given in Tab. 3.2. The map layout
is identical to Fig. 3.12

3C403

The secondary lobes of 3C403 are slightly re-
solved by the 10.45 GHz beam. The final maps
(Fig. 3.17) have been constructed out of 9 in-
dividual coverages. The rms is 1.5 mJy/beam
in total intensity and 0.35 mJy/beam in po-
larized intensity. The fractional polarization is
reaching maximum values of 30% at the tips
of the secondary lobes.
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FIGURE 3.15— Maps of 3C315 at 10.45 GHz. The
contour levels are given in Tab. 3.2. The map layout
is identical to Fig. 3.12
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FIGURE 3.16— Maps of 3C379.1 at 10.45 GHz. The
contour levels are given in Tab. 3.2. The map layout
is identical to Fig. 3.12
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FIGURE 3.17— Maps of 3C403 at 10.45 GHz. The
contour levels are given in Tab. 3.2. The map layout
is identical to Fig. 3.12
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4C12.03

4C12.03 is marginally resolved at this fre-
quency. The maps shown in Fig. 3.18 have
been combined from 5 coverages in total power
(RMS: 2 mJy/beam) and 4 coverages in po-
larized intensity (RMS 0.3 mJy/beam). Sim-
ilar to what was already seen at 32 GHz and
10.45 GHz the bulk of the polarized emission
originates in the northern radio lobe. The pro-
jected magnetic field is aligned with the major
source axis.

NGC 326

Six coverages in total intensity (RMS:
3 mJy/beam) and 5 coverages in polarized
intensity (RMS: 0.8 mlJy/beam) have con-
tributed to the maps of NGC 326 shown in
Fig. 3.19. The source is unresolved in total
intensity and slightly resolved in polarized in-
tensity. The fractional polarization is smaller
than 15%. The magnetic field structure is sim-
ilar to what is seen in the 10.45 GHz image.

3C52

The combined maps of 3C52 (Fig. 3.20) con-
sist of 2 coverages in total intensity (RMS:
3.5 mJy/beam) and 3 coverages in polarized
intensity (RMS: 1 mJy/beam). The source
is unresolved. The polarized intensity image
shows the asymmetric distribution of the po-
larized emission. The fractional polarization
reaches maximum values of 15%.

3C136.1

Due to its large angular size 3C136.1 is suf-
ficiently resolved at 4.85 GHz. Figure 3.21
shows the final maps. The total intensity im-
age is a combination of 16 coverages and has
an RMS noise level of 0.8 mJy/beam. The po-
larized intensity image consists of 19 coverages
and has an RMS of 0.25 mJy/beam. Simi-
lar to what is seen at 10.45 GHz the source
is strongly polarized. The fractional polar-
ization reaches maximum values of more than
40% within the secondary radio lobes.
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FIGURE 3.18— Maps of 4C12.03 at 4.85 GHz. The
contour levels are given in Tab. 3.3. The map layout
is identical to Fig. 3.12

B20828+32

The final images of B20828+32 displayed in
Fig. 3.22 have been constructed by combina-
tion of 14 maps in total and 12 maps in po-
larized intensity. The RMS noise levels are
0.7 mJy/beam and 0.15 mJy/beam respec-
tively. In total intensity only part of the sec-
ondary lobes were detected. In polarized emis-
sion however they can be seen clearly. The
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Source Fig. | Contour Levels [mJy/beam]
4C12.03 | 3.18a | 6,10,18,31,54,94,162,281
3.18b | 2,6,11,17,24,32,41
NGC326 | 3.19a | 9,16,27,47.81,140,243 420
3.19b | 3,7,12,18,25,33
3C52 | 3.20a | 15,26,45,78,135,234,405,701,1200
3.20b | 10,17,28,39
3C136.1 | 3.21a | 3,5.2,9,16,27,47,81,140,240,410
3.21b | 2.5.4,6,9,12,18,25.32.42.53,65
B20828132 | 3.22a | 2.5,4.3,7.5,13,22.5,39,67.5,117,203,290
3.22b | 1,2,3,4.5,6.5,9,13,18,24,31
3C223.1 | 3.23a | 15,26.45,78,123,235,405
3.23b | 7.5,11,14.5,18
3C315 | 3.24a | 15,26,45,78,135,233,405,700
3.24b | 5,9,13,18,25,32.42 53,65
3C379.1 | 3.25a | 15,26,45,78,135,233,405
3.25b | 3,5,7.5,10,15,20
3C403 | 3.26a | 25,43.75,130,225,390,675,1200
3.26b | 6,10,15,21,28,36,45,54,64,75,87

TABLE 3.3— Contour levels of the 4.85 GHz maps.

bright emission in the north-western corner of
the map originates from background sources
unrelated to B20828+4-32. The fractional po-
larization is high with values exceeding 50%
in the secondary lobes.

3C223.1

Figure 3.23 shows the final maps of 3C223.1 at
3.85 GHz constructed from 3 coverages. The
source is unresolved. No significant fractional
polarization was detected.

3C315

A total of 5 coverages have been combined
to yield the final images of 3C315 displayed
in Fig. 3.24. The RMS noise levels are
2.5 mJy/beam in total and 0.6 mJy/beam in
polarized intensity. The source is slightly re-
solved in polarized intensity only. The polar-
ized emission region is elongated along the ma-
jor axis of the north-south radio lobes. Similar
to the other frequencies the fractional polar-
ization is high with values of 30% towards the
tips of the northern and southern lobes.

3C379.1

3C379.1 is unresolved at 4.85 GHz. The final
maps displayed in Fig. 3.25 is a combination
of 9 individual coverages. The RMS noise is
3 mJy/beam and 0.5 mJy/beam for total and
polarized intensity respectively.

3C403

The images of 3C403 in total and polar-
ized intensity can be seen in Fig. 3.26. The
RMS noise is 7 mJy/beam (6 coverages) and
1 my/beam (4 coverages) respectively. The
source is unresolved in total intensity. It is
slightly elongated along the major source axis
in polarized intensity.
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FIGURE 3.19— Maps of NGC326 at 4.85 GHz. The
contour levels are given in Tab. 3.3. The map layout
is identical to Fig. 3.12
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FIGURE 3.20— Maps of 3C52 at 4.85 GHz. The con-
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FIGURE 3.21— Maps of 3C136.1 at 4.85 GHz. The
contour levels are given in Tab. 3.3. The map layout
is identical to Fig. 3.12
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FIGURE 3.22— Maps of B20828+32 at 4.85 GHz.
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FIGURE 3.24— Maps of 3C315 at 4.85 GHz. The

contour levels are given in Tab. 3.3. The map layout
is identical to Fig. 3.12
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3.5 The 2.7 GHz Maps

3C136.1

3C136.1 is marginally resolved at this fre-
quency (Fig. 3.27). The southern secondary
lobe is clearly visible, whereas the northern
counterpart is not resolved. The central part
of the source is polarized. The polarized emis-
sion is elongated along the axis defined by the
secondary lobes. No polarized emission is de-
tected from the primary lobes and hotspots.
The fractional polarization is less than 10%.
A total of 10 coverages have been added.
The RMS noise is 4 mJy/beam in total and
2.5 mJy/beam in polarized intensity.

B20828+32

The final maps of B2 0828432 are displayed in
Fig. 3.28. The RMS noise is 4 mJy/beam in
total and 2.5 mJy/beam in polarized intensity.
The source is partly resolved. The emission of
the secondary lobes is visible as a slight defor-
mation of the contours. The extended feature
located to the north-west are unresolved back-
ground objects blending into the source and
are completely unrelated with B2 0828+32.
Some polarized emission is detected from a
region close to the core of B20828+32. The
fractional polarization is below 20%.

3C223.1

3C223.1 is not resolved at 2.75 GHz. Eight
coverages have been combined to yield the fi-
nal maps displayed in Fig. 3.29. The RMS
noise levels are 5 mlJy/beam (total inten-
sity) and 2.5 mJy/beam (polarized intensity).
30223.1 is weekly polarized at this frequency.
The fractional polarization is below 10%.
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FIGURE 3.27— Maps of 3C136.1 at 2.7 GHz. The
contour levels are given in Tab. 3.4. The map layout
is identical to Fig. 3.12
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Source Fig. | Contour Levels [mJy/beam]
3C136.1 | 3.27a | 15,26,45,78,135.230,410,700
3.27b | 9,13,18,24.31,39
B20828132 | 3.28a | 12,21,36,62,108,187,324,560
3.28b | 9,13,18,24,31,39 48
30223.1 | 3.29a | 18,31,54,94,162,280,486 840
3.29b | 6,9,13,18,24

TABLE 3.4— Contour levels of the 2.7 GHz maps.
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Interterometric Images

This chapter presents interferometric radio data that has been used as part of the spectral analysis
of X-shaped radio galaxies complementary to the single-dish images discussed in the previous chapter.
The data were obtained either from own observations with the Westerbork Synthesis Radio Telescope
(WSRT) or were extracted and re-reduced from the WSRT archive. In addition use was made of radio
data contained in the Westerbork Northern Sky Survey (WENSS) and the NRAO VLA Sky Survey
(NVSS). The data reduction will be discussed only briefly. The final images will be presented and

discussed shortly.

4.1 WSRT Data

Observations of five X-shaped sources were
carried out with the WSRT at 1.369 GHz. The
time on source was 12 hours for each proposed
object and setup. All sources were observed
with the shortest baseline (9A) of 36 m, except
3C136.1 for which two setups with 9A=36 m
and, 72m were chosen in order to eliminate
the impact of 1st order grating rings across
the source. The linear dipoles (X,Y) of the
WSRT were set to parallel at 0°. The back-
end produces all possible 4 combinations (XX,
YY, XY, YX) thus allowing to recover the full
polarization information. The data were ob-
tained in full-redundancy mode yielding a to-
tal of 88 (40 unique, 48 redundant) baselines.
The initial data calibration was performed
using the NEWSTAR package. Thanks to
the excellent gain and phase stability of the
WSRT one calibrator measurement prior and
and after the observation is sufficient to cal-
ibrate a full 12-hr continuous run. The ob-
tained gain and phase correction are then in-
terpolated between these measurements and
applied to the data using the NCALIB task.
The polarization calibration requires correc-
tion of geometric dipole offsets from their
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ideal position. The TASK NCALIB (option
POLAR) determines necessary corrections by
evaluating the X and Y signals obtained from
an unpolarized or weakly polarized source
(usually 3C147). As a second step possible
non-zero phase differences between the X and
Y signals of all feeds have to be eliminated.
This is done with the option VZERO with the
help of a strongly polarized source (typically
3C48). After completion of the calibration the
data were exported to the FITS format us-
ing NSCAN. Further imaging (cleaning and
self-calibration) were performed in AIPS and
DIFMAP (Shepherd et al. 1995).

The data of B2 0828+32 and 3C52 were heav-
ily affected by interference The impact on the
data turned out to be so severe that even ma-
jor data flagging and selfcalibration did not
lead to images of sufficient quality. Conse-
quently the data for the affected sources were
discarded from the analysis entirely. Table 4.1
lists the rms noise of the final images.

4.2 NVSS Data

The NRAO VLA Sky Survey (NVSS) is a ra-
dio continuum survey covering the sky north
of —40° declination at a frequency of 1.4 GHz
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Source | Fig. rms | rms Q rms U rms PI
[mJy/beam] | [mJy/beam] | [mJy/beam] | [mJy/beam]
3C136.1 | 4.9 0.73 0.25 0.21 0.25
3C223.1 | 4.19 0.12 0.08 0.07 0.08
3C379.1 | 4.26 0.28 0.23 0.11 0.20

TABLE 4.1— Properties of the WSRT images. The rms noise is listed for Stokes parameters I,Q,U as well as for

the polarized intensity (PI) maps.

(Condon et al. 1998). The NVSS is flux com-
plete down to a level of 2.5 mJy. All fields have
been observed in Stokes parameters I,Q and U.
The images have been restored with a clean
beam of 45" x 45" in order to yield high signal
to noise. The rms noise is & 0.45 mJy/beam
(Stokes I) and & 0.29 mJy/beam (Stokes U
and Q). The data is available to the public ei-
ther in the form of processed (u,v) datasets
or as fully reduced image cubes. For the
multi-frequency analysis performed within the
framework of this thesis the available images
proved to be of sufficient quality and they
have been used without re-reducing the (u,v)
datasets. The 4°x4° image cubes have been
loaded from the NRAO ftp server. The cubes
were imported to AIPS and the relevant sub-
fields were extracted using SUBIM. The epoch
was switched from J2000.0 to B1950.0 using
REGRD in order to match the other datasets
used for the multi-frequency data analysis.
Also a frequency axis and the clean beam size
had to be added to the FITS-header manually.
The source list and the actual noise levels of
the images can be found in Tab. 4.2.

4.3 WENSS Data

The Westerbork Northern Sky Survey
(WENSS) is a low-frequency (325 MHz)
radio survey that covers the whole sky north
of 6=30° (Rengelink et al. 1997). The
limiting flux density is approximately 18
mJy at the 5-0 level. The resolution of the
survey is 54" x 54" - cosec(d). Due to the
declination limit only 4 X-shaped sources
were part of the WENSS (3C52, B2 0828+32,
3C223.1, 3C379.1) and only B20828+32 is
sufficiently resolved to be used for spectral

index mapping. The total intensity image of
B20828+32 is displayed in Fig. 4.14. The
data of the other 3 unresolved sources have
been used to determine the total flux for the
integrated spectra and the images will be not
shown here.

4.4 Miscellaneous Data

Additional data at different frequencies have
been extracted mainly from the WSRT
archive. These data have been re-reduced in-
cluding calibration. Other datasets have been
kindly provided by various persons.

4C12.03

Figure 4.1 presents a VLA map of 4C12.03 at
1.5 GHz. The image was kindly made avail-
able by Leahy & Perley (1991). The image
reveals the peculiar morphology of 4C12.03.
The two bright knots on either side of the core
suggest a two sided jet. There is no indication
of a hotspot in the southern lobe. The bright-
est feature of the south—west lobe can be
found between the primary and the secondary
lobe.

The NVSS maps (Fig. 4.2) reveal the high
fractional polarization of the northern (13%)
and the western (15%) radio lobes. The south-
ern and eastern lobes exhibit a mean fractional
polarization of 9%.

NGC 326

The total intensity image of NGC 326 dis-
played in Fig. 4.4 was originally published
by Condon et al. (1991). The authors
have kindly made this image available to
the public through NED. The rms noise is
4.5 mJy/beam. The HPBW is 15" x 15”. As
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Source Fig. rms [ rms Q rms U rms PI
[mJy/beam] | [mJy/beam] | [mJy/beam] | [mJy/beam]
4C12.03 | 4.2 0.64 0.28 0.31 0.32
NGC326 | 4.3 0.66 0.3 0.28 0.3
3C52 4.5 0.67 0.35 0.33 0.38
3C136.1 | 4.10 0.6 0.43 0.41 0.47
0828+32 | 4.16 0.45 0.3 0.3 0.32
3C223.1 | 4.20 0.57 0.3 0.3 0.31
3C315 4.25 0.73 0.37 0.34 0.35
3C379.1 | 4.27 0.54 0.29 0.31 0.31
3C403 4.28 0.83 0.38 0.41 0.42

45

TABLE 4.2— X-shaped sources included in the NVSS. The rms-noise is given in mJy/beam for Stokes parameters
1,U,Q and the polarized intensity (PI).

Source Beam rms
[mJy/beam]
3C52 67.4 "x 54" 3.7
B20828+32 | 100.5" x 54" 6.2
3C223.1 84.1"x 54" 3.8
3C379.1 56.1" x 54" 5.2

TABLE 4.3— Source list of X-shaped radio galaxies contained in the WENSS. Listed are the beam size and the

rms-noise level

4C12.03 VLA 1.5 GHz Total Intensity
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FIGURE 4.1— Total intensity image of 4C12.03 at
1.5 GHz. The map has been originally published by
Leahy & Perley (1991) and has been kindly made avail-
able by the authors.

can be seen the secondary lobes appear to be
straight. The northern lobe in particlar does
not show any significant curvature. Deep ra-
dio images like this have made the original
proposition of steady jet precession (Ekers
et al. 1978) quite unlikely.

The NVSS image (Fig. 4.3) confirms the tail
of radio emission extending westward from the
tip of the northern secondary lobe visible in
the 1.4 GHz map presented by Worrall et al.
(1995). Polarized emission is detected only
from the active lobes with the average frac-
tional polarization being low (=~ 1.5%). The
secondary lobes appear to be unpolarized.

3C52

Total intensity maps of 3C52 at 1.4 GHz,
1.6 GHz and 2.7 GHz are available from
NED. The original data has been published
by Alexander & Leahy (1987). These images
have a common resolution of 5”x4”8. The
rms noise is 1.13 mJy/beam, 0.75 mJy/beam,
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FIGURE 4.2— NVSS image of 4C12.03. The upper
panel shows the total intensity image with superim-
posed E-vectors. The length of the vectors is propor-
tional to the polarized intensity. The image of the po-
larized intensity is displayed in the lower panel. The
length of the superimposed E-vectors is now propor-
tional to the fractional polarization. The contour levels
and the scale of the polarization vectors can be found
below the images.

and 3.8 mJy/beam for the 3 frequencies re-
spectively. Plots of the images can be found
in Figs. 4.6-4.8.
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FIGURE 4.3— NVSS images of NGC 326. The map
layout is identical to that of Fig. 4.2

3C136.1

Total intensity images of 3C136.1 at 1.4 GHz,
1.6 GHz and 2.7 GHz originally published by
Alexander & Leahy (1987) were kindly made
available by the authors. The map noise is
0.42, 0.45 and 1.1 mJy/beam for the three
frequencies respectively. The images are dis-
played in Figs. 4.11-4.13. The 1.4 GHz and
1.6 GHz data has been observed with the VLA
in C configuration, the 2.7 GHz image has
been obtained with the 5-km telescope. Con-
sidering the large extend of 3C136.1 and in-
specting the images we suspect that all images
suffer from missing flux (comp. Sect. 6.5.4).
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NGC 326 VLA 4.86 GHz Total Intensity
I I

2637 30 [~ -

00

36 30

00

DECLINATION (B1950)

3530

00

3430

45 40
RIGHT ASCENSION (B1950)

Peak flux = 75.9 mJy/beam
Levs =1.2,2.1, 3.6, 6.2, 10.8, 18.7, 32.4, 56.1

FIGURE 4.4— Total intensity image of NGC 326 at
4.86 GHz. The data were originally published by Con-
don et al. (1991) and have been kindly made available
by the authors.

B20828+32

WSRT archive data of B20828+32 at a fre-
quency of 608.5 MHz were extracted and re-
reduced including calibration. Careful flag-
ging and multiple phase-selfcalibration re-
sulted in an rms-noise in the final map of
~0.45 mJy/beam, which is better by a factor
of two compared to what was achieved in the
original publication (Parma et al. 1985). The
total intensity and polarized intensity images
can be seen in Fig. 4.15. The source is highly
polarized. The primary lobes exhibit frac-
tional polarization of 10-15% whereas the sec-
ondary lobes show considerably higher mean
polarization (~40% in the north and ~25%
in the south). The highest fractional polariza-
tion (&70%) one finds on the ridge of emission
that extends from the core into the northern
secondary lobe.

At 1.4 GHz two 8-hr full synthesis datasets
were extracted from the WSRT archive. No
polarization information was available. The
uv-data were edited and calibrated sepa-
rately and were then merged into a combined
uv-dataset using DBCON. Further imaging
and phase-selfcalibration was performed in
DIFMAP. The final total intensity image is
displayed in Fig. 4.17. The rms noise is
0.4 mJy/beam and the clean beam size is
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FIGURE 4.5— NVSS images of 3C52. The map lay-
out is identical to that of Fig. 4.2

4671x27"5.
3C223.1

VLA images of 3C223.1 at 1.5 GHz (L-band),
4.9 GHz (C-band) and 8.4 GHz (X-band) were
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FIGURE 4.6— Total intensity image of 3C52 at 1.411
GHz. The data has been previously published by
Alexander & Leahy (1987). The map layout is identi-
cal to that of Fig. 4.2
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FIGURE 4.7— Total intensity image of 3C52 at 1.646
GHz. The data has been previously published by
Alexander & Leahy (1987). The map layout is identi-
cal to that of Fig. 4.2
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FIGURE 4.8— Total intensity image of 3C52 at 2.695
GHz. The data has been previously published by
Alexander & Leahy (1987). The map layout is identi-
cal to that of Fig. 4.2

kindly provided by J. Dennett-Thorpe and
are displayed in Figs. 4.21-4.23. The reso-
lution of the images is 10" x 10”. A de-
tailed discussion of the employed imaging and
data reduction procedure can be found in
Dennett-Thorpe (1996) and Dennett-Thorpe
et al. (1999). The 8.4 GHz data have been
previously published by Black et al. (1992) at
a resolution of 2”5x2”5. The magnetic field
vectors swing smoothly from the active to the
secondary lobes and are aligned parallel to the
source edges. At the tips of the secondary
lobes the field orientation is parallel to the
lobe axis. Much of the source is highly po-
larized (15-30%). The peak of fractional po-
larization (~40%) is found coincident with the
brightness maximum of the north-western sec-
ondary lobe.

Snapshot observations of 3C223.1 at a fre-
quency of 609 MHz have been extracted from
the WSRT archive. The original observa-
tion took place in 1983. The time on source
is split into 4 intervals of 14 minutes each.
These intervals are evenly spread in hour an-
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gle in order to give a well defined uv coverage.
The uv dataset have been calibrated and re-
reduced. However the information about the
ionospheric conditions at the time of observa-
tion could not be retrieved anymore. There-
fore the polarization data was not used in the
following. The total intensity map is shown in
Fig. 4.18. The rms-noise is 25 mJy/beam.

3C315

Total intensity images of 3C315 at three fre-
quencies (1.4 GHz, 1.6 GHz and 2.7 GHz) are
provided to the public by Alexander & Leahy
(1987) via NED (Fig. 4.24). The morphology
of 3C315 is quite peculiar. Due to the ab-
sence of hotspots it is unclear which part of the
source represents the active and which part
the secondary lobes. Within this thesis we will
refer to the northern and southern lobes as the
active ones. This is motivated by the fact that
the northern lobe is considerably brighter than
its western counterpart. The south—east lobe
does not show any similar brightness asymme-
try. If at all, the brightest feature there is lo-
cated in the eastern lobe close to the core. In
contrast to the other X-shaped sources studied
here, 3C315 exhibits a bright and pronounced
radio core. The NVSS image (Fig. 4.25) re-
veals 3C315 to be highly polarized. The high-
est fractional polarization is found at the tip
of the southern lobe (&40%) and the tip of
the western lobe (&35%) whereas the north-
ern and eastern lobes are considerably less po-
larized (~20% and ~10% respectively).

3C379.1

Figure 4.26 presents the total and polarized
intensity images of 3C379.1 obtained with the
WSRT. The source has only short secondary
lobes at 1.4 GHz which do not exhibit any sig-
nificant polarized emission. The primary lobes
are polarized between 20% and 30% except in
the hotspot areas where the fractional polar-
ization is somewhat lower (5% — 8%).

3C403

Images of 3C403 at 1.4 GHz (Fig. 4.29) and
8.35 GHz (Fig. 4.30) were kindly made avail-
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able by J. Dennett-Thorpe. The 8.35 GHz
data have been previously published and dis-
cussed by Black et al. (1992). The imaging
procedure and data reduction techniques for
the 1.4 GHz image were discussed in detail in
Dennett-Thorpe (1996) and Dennett-Thorpe
et al. (1999). The rms-noise is 0.14 mJy/beam
and 1.5 mJy/beam for the two frequencies re-
spectively. The beam size is 475x4”5. The
images reveal the complex structure of 3C403.
A weak radio jet connects the core and the
eastern primary lobe. The jet and lobe show
strong signs of twisting and bending. The
western primary lobe has a strikingly similar
appearance. The core is clearly visible in total
intensity. A peculiar, compact and bright knot
can be seen in the eastern radio lobe along
the path of the jet. 3C403 is strongly polar-
ized with the mean fractional polarization ex-
ceeding 15% in all parts of the source. The
secondary lobes exhibit somewhat higher frac-
tional polarization with mean values of 25%.
The highest fractional polarization (~50 %)
can be found in the low luminosity regions at
the western rim of the southern lobe and the
eastern rim of the northern lobe. Other places
of strong polarization are the tips of the sec-
ondary lobes with values of ~40%. These ex-
tremely polarized areas most probably mark
shock regions where the lobe material inter-
acts with the ISM/IGM and the magnetic
fields are being compressed. The magnetic
field (comp. Black et al. 1992) is oriented
parallel to the jet within the primary lobes.
In the secondary lobes the field lines run in
loops tangential to the source edges.
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tensity (bottom) images of 3C136.1 obtained with the
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The layout of the maps is identical to Fig. 4.2
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FIGURE 4.11— Total intensity image of 3C136.1 at
1.411 GHz. The data has been previously published by
Alexander & Leahy (1987). The map layout is identical
to that of Fig. 4.2
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FIGURE 4.12— Total intensity image of 3C136.1 at
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to that of Fig. 4.2
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3C136.1 2.695 GHz Total Intensity
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FIGURE 4.13— Total intensity image of 3C136.1 at
2.695 GHz. The data has been previously published by
Alexander & Leahy (1987). The map layout is identical
to that of Fig. 4.2
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B2 0828+32 WENSS 609.6 MHz Total Intensity
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FIGURE 4.14— WENSS total intensity images of
B20828+32.
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FIGURE 4.15— Total intensity (left) and polarized intensity (right) images of B2 0828+32 at 608.5 MHz.
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FIGURE 4.29— VLA images of 3C403 at 1.45 GHz.
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to that of Fig. 4.2

FIGURE 4.28— NVSS images of 3C403. The map
layout is identical to that of Fig. 4.2
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Formation of X-shaped Radio Sources
Part I: Introduction

The most intriguing fact about X-shaped ra-
dio galaxies is the apparently low number of
sources of that type. Even though some X-
shaped objects might remain in hiding due to
projection and other selection biases the total
number of sources is certainly not dramatically
lowered by these effects. Possible explanations
for the small number of X-shaped sources are:

e they are very exotic objects that form
only rarely and under extraordinary cir-
cumstances.

e they are normal radio galaxies that are
currently in an short-lived and/or rare
phase of their evolution.

In order to distinguish between these scenarios
it is necessary to understand which formation
process can be responsible for the X-shaped
phenomenom.

This chapter will briefly introduce the most
important formation mechanisms that have
been proposed in the literature. In Chapter
7 these models will be reviewed again and dis-
cussed in greater detail in the light of the re-
sult of the spectral analysis presented in Chap-
ter 6.

5.1 Backflow

Leahy & Williams (1984) have argued in favor
of backflow being responsible for the forma-
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tion of the secondary lobes of X-shaped ra-
dio galaxies. Backflow is formed by jet ma-
terial that is released by the hotspots and is
then streaming back towards the host galaxy.
In the model proposed by Leahy & Williams
(1984) the backflowing material remains colli-
mated until it meets the backflow from the
opposite hotspot and expands laterally into
a fat disk oriented perpendicular to the ra-
dio lobe axis. The authors point out sev-
eral difficulties this model has in reproduc-
ing the X-shaped morphology. The formation
of the disk would be axisymmetric with re-
spect to the radio lobe axis, whereas X-shaped
sources exhibit rotational symmetry. Leahy &
Williams (1984) have proposed two symmetry-
breaking mechanisms that would lead to bend-
ing of the backflow into opposite directions
(see Fig. 5.1): (1) A spheroidal gas distri-
bution that is misaligned with the radio axis
would deflect any backflowing material, pref-
erentially in the direction parallel to the ma-
jor axis of the gas distribution. (2) An old
cavity in the ISM/IGM would provide a chan-
nel into which the backflow would preferen-
tially stream. However, in order to create such
a cavity in the past the radio jet must have
been oriented in that direction. In that sense
this scenario is not a pure backflow model but
would require a mechanism that has realigned
the radio jet. Considering the large linear sizes
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FIGURE 5.1— Sketch of two symmetry-breaking
mechanisms proposed by Leahy & Williams (1984)
to model directed backflows. In the upper graph a
non-aligned spheroidal gas distribution within the host
galaxy is deflects the backflowing material into oppo-
site directions. The lower graph sketches the situation
in case of a prior reorientation of the jet axis. The for-
mer radio lobes provide a low-density cavity into which
the backflowing material will preferentially stream.

of some of the secondary lobes a crucial ques-
tion is whether the speed of the backflow is suf-
ficient to form them within the lifetime of the
source. The speed of the backflow cannot be
directly observed. However the sound speed
provides a firm upper limit to the velocity of
the backflow. This picture is supported by nu-
merical simulations (e.g. Norman 1996, Aloy
et al. 1999) that predict subsonic backflows.
Also, observations of the lobes of radio galax-
ies have not revealed any evidence for strong
shock that would be produced by supersonic
flows.

In magnetized plasmas matter moves subson-
ically below the magnetosonic sound speed

given as:
vg =/ + 02 (5.1)

Here ¢, is the thermal sound speed and v, de-
notes the Alfvén velocity

[kT B
Ce = ] Vg = 5.2
’ myp * T Vop (52

where k is Boltzmann’s constant, 7" is the tem-
perature, m, denotes the proton mass, B is
the magnetic field strength, po is the mag-
netic field constant and p is the mass den-
sity of the medium. For physical conditions
prevailing in the lobes of radio galaxies the
dominant term is the Alfvén velocity. Assum-
ing typical values of B = 5 x 1071% T and
p=>5x10"2" kgm~3 we obtain an Alferi ve-
locity of v, ~ 6 x 10 ms™!. The thermal
sound speed corresponding to kT = 2 keV
(for NGC 326, see Worrall et al. 1995) is
cs = 1.4x10* ms~! and can be neglected. We
conclude that subsonic flows can occur at ve-
locities of a few percent of the speed of light
within typical radio lobe environments. Simi-
larly high backflow speeds have been inferred
from a statistical analysis of the jet/counterjet
arm-length ratio in a sample of radio galaxies
by Scheuer (1995).

Assuming backflow velocities close to the mag-
netosonic sound speed and typical secondary
lobe lengths of a few hundred kiloparsec one
requires flow times in the order of a few 107
yr for matter to flow from the core to the tips
of the secondary lobes. This is somewhat less
than the typical maximum radio source life-
time of ~ 108 yr. One should note however,
that this is an optimistic estimate. The true
lobe lengths are larger if projection effects are
taken into account which would increase the
required flow speeds. Also, real flows will
occur at speeds somewhat lower than v, if
no low-density cavity exists in the IGM/ISM.
Once the backflowing matter leaves the pri-
mary lobes and has to penetrate into the am-
bient medium we expect the flow to be de-
celerated by ram-pressure. Realistically the
required flow times will thus be closer to a
few 10® yr which would make backflow un-
likely as the dominant formation mechanism
unless X-shaped sources prove to be unusually
old. A more detailed analysis of the required
flow times will be presented in Chapter 7 after
spectral ages have been determined for all the
sources.
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5.2 Buoyancy

The prevailing picture of radio galaxies sug-
gests that the radio lobes have a lower density
than the surrounding medium. In the case of
Cygnus A numerical simulations have shown
that the density ratio between the lobe and
the ambient medium is of the order of 10™*
(Williams 1991). Therefore we expect buoy-
ancy to have impact on the large scale mor-
phology of the radio lobes. Buoyant forces
can cause bending of the lobes towards regions
in the ISM/IGM that provide density equi-
librium between the lobe and the surround-
ing medium. The buoyancy model has been
first introduced by Gull & Northover (1973)
in connection with luminous radio sources like
Cyg A. Later the concept was recalled by
Cowie & McKee (1975) to explain the strong
bending of tailed radio sources and was suc-
cessfully applied to several WAT radio sources
located in clusters (e.g. Burns & Balonek
1982, Sakelliou et al. 1996). In the buoyancy
model the radio lobes are being described as
a non-relativistic, hydrodynamical flow which
follows Euler’s equation:

ov VP

- V)o=—— , 5.3

GO V=—Slie 63)
where v is the flow velocity and p; is the den-
sity of the plasma in the radio lobes. The radio
lobe material is subject to a pressure gradi-
ent VP and gravity g. If the lobe backflow is
steady (% = 0) and the X-ray gas with den-
sity p. is in hydrostatic equilibrium, so that:

_Vvr

> (5.4)

g

equation 5.3 can be simplified to:
2 1 1)\dP
LANPO R (5.5)
2R pz  pi) dr
which relates the radial pressure gradient ‘Z—f
to the curvature radius R of the lobes. Wor-
rall et al. (1995) have applied this model to
NGC326. The source is embedded in an

asymmetrical X-ray emitting gas of tempera-
ture kT ~ 2keV. The authors determined the
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pressure gradient as well as p, by fitting mod-
els to the X-ray observations. The curvature
radius was extracted from the radio maps and
the flow speed was assumed to be 3000 kms™1.
The resulting density ratio p,/p; is positive for
both radio lobes up to distances of 300" (east)
and 100" (west) thus indicating a buoyant flow.
It is important to note that the density ra-
tio depends strongly on the adopted param-
eters in particular on the unknown backflow
velocity. A somewhat lower velocity of v =
600 kms~! would bring the density ratio to
unity and therefore would diminish the effect
of buoyancy. As was pointed out in the last
section backflow velocities of a few percent
of the speed of light might actually occur in
the radio lobes but one can expect consider-
able deceleration once the deflected flow has to
penetrate into the ISM/IGM to form the sec-
ondary lobes. The buoyancy model — while
possibly important for NGC 326 — is most
probably unable to generally account for the
formation of X-shaped radio galaxies. Stud-
ies of the gaseous environments of several X-
shaped sources were not able to detect signif-
icant cluster gas emission with the exception
of NGC 326. Whereas this might be due to a
lack of sensitivity for the more distant sources
the close-by objects should have been detected
if they had X-ray luminosities comparable to
NGC 326.

Even in the presence of so far undetected
cluster environments the buoyancy model is
also faced with the problem of reproducing
the striking rotational symmetry of X-shaped
radio galaxies. Buoyant bending will occur
along the path of maximum pressure gradi-
ents within the cluster gas. There is no ob-
vious reason why these gradients should be
symmetric with respect to the radio source.
The two angles between the primary and sec-
ondary lobes of an X-shaped source are typi-
cally equal to within +10°. If buoyancy would
be the dominant formation process one would
expect to find a more random distribution of
these angles.

Interestingly in some sources (e.g. 3C403)
the secondary lobes are considerably wider at
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their tips than close to the core which is what
would be expected for an buoyant expanding
bubble. Adiabatic expansion would also lead
to a shift of the synchrotron spectrum towards
lower frequencies (Carilli et al. 1991) and its
fingerprint should be visible during a spectral
analysis.

We conclude that buoyancy will influence the
large scale structure of radio galaxies only in
dense cluster environments (like in the case
of cluster WAT sources). In order to re-
produce X-shaped morphologies by buoyancy
forces alone would also require an unlikely con-
figuration of the ISM/IGM.

5.3 Jet-reorientation & Beam Pre-
cession

A natural way to explain the presence of a
pair of secondary radio lobes is a change of
the jet-axis at some point in the history of
the source. The secondary lobes would then
simply be the relic emission of the previously
active radio lobes. Because radio jets are be-
lieved to emerge along the spin axis of the mas-
sive central black hole, a mechanisms for jet
realignment must ultimately explain a change
of the spin angular momentum of the central
massive object. Furthermore, the jet reori-
entation must occur in a timescale less than
the lifetime of the source. Two such mech-
anisms have been proposed and will be dis-
cussed in the following two sections: accre-
tion of matter with orbital angular momentum
misaligned with the spin of the BH or alterna-
tively a binary black hole (BBH) in the center
of the host galaxy.

5.3.1 Matter Accretion

The continuous disposition of matter carrying
angular momentum that is misaligned with
the spin angular momentum of the central
black hole will ultimately realign the spin axis
of the BH. Such a misalignment of angular
momentum can occur if the host galaxy has
recently undergone merging with a compan-
ion galaxy. Tidal forces will severely disturb
the initial ISM distribution of the host which
can change the angular momentum of matter

falling onto the accretion disk surrounding the
central BH. On the other hand the freshly de-
posited matter of the merged companion will
almost certainly have different angular mo-
mentum than the ISM in the host galaxy prior
to the merger. Eventually this gas will sink
into the gravitational center and will realign
the spin of the central BH via accretion. The
timescale on which the spin axis becomes re-
aligned with the angular momentum vector of
the disturbed accretion flow is however not im-
mediately obvious. Apart from viscosity, that
will lead to a outward transport of angular
momentum of the accreted matter one also
has to take into account the general relativis-
tic Lense-Thirring effect. Lense & Thirring
(1918) have pointed out that a rotating mass
(e.g. a Kerr black hole) produces a gravita-
tional field that is not spherically symmetric
and that leads to a coupling between the spin
of the BH and the angular momentum of an
orbiting mass. For orbits not in the equatorial
plane, the central BH will exert a torque on —
and will experience an equal absolute torque
by — the test particle. Consequently, the or-
bit of the particle and the rotation axis of
the mass will undergo precession. The Lense-
Thirring effect provides a mechanism that can
realign the spin axis of the central BH more
rapidly than viscosity alone. Bardeen & Pet-
terson (1975) have applied this concept to ac-
cretion disks around rotating black holes (see
also: Rees 1978, Rees 1984, Scheuer & Feiler
1996, Armitage & Natarajan 1999, Natarajan
& Armitage 1999). A segment of the accretion
disk that has angular momentum misaligned
with the BH spin axis will experience Lense-
Thirring precession with angular velocity of:

w2Jr 3 (5.6)

where J denotes the angular momentum of the
BH. The differential precession will introduce
a warp in the accretion disk. As was pointed
out by Bardeen & Petterson (1975) there ex-
ists a critical radius r, at which the infall time
tin(r) of matter onto the black hole is equal
to the orbital time t,4(r). For orbits with
r < rp the combined influence of differential
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precession and viscosity leads to a decay of
the warp and ensures the alignment of the in-
ner disk with the equatorial plane of the BH,
irrespective of the in-falling material’s origi-
nal angular momentum. For r > r, the pre-
cession can build up over several orbits and
the disk will develop a stable large-scale warp.
The warped disk exerts a torque on the black
hole and causes it to precess. The disk ma-
terial at large radii provides a large angular
momentum reservoir which eventually causes
a change of the spin axis of the BH towards
the direction of the angular momentum vector
of misaligned outer disk. An analytical calcu-
lation of the timescale on which the spin of
the BH will be realigned has been presented
by Scheuer & Feiler (1996) in the approxima-
tion of small angles between the two involved
angular momentum vectors. The timescale is
given (for a maximally rotating BH) as:

M Rg )1/2
e M (Rwarp ( )

where M denotes the mass of the BH, M
is the mass accretion rate, Rg=2GM/c? is
the Schwarzschild radius, and Ryqrp denotes
the radius of the warp. For typical pa-
rameters (M = 108Mg, M=Mp=3Moyr’,
Ryarp=1000Rg) the realignment timescale is
of the order of 10° yr. For accretion rates
below the Eddington limit M, the timescales
become somewhat longer (¢, = 3 x 107 yr for
M=0.1Mg). Natarajan & Armitage (1999)
have obtained essentially identical results by
numerically solving a generalized version of
the Scheuer & Feiler equations.

In summary the chronology of this process is
as follows:

e Precession. Once the in-falling mat-
ter reaches radii comparable to the ra-
dius of the outer accretion disk the Lense-
Thirring effect will induce a precessional
motion of the central BH and conse-

quently of the jet axis.

e Realignment. Depending on the con-
figuration (mass and accretion rate) of
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the central engine the BH will become re-
aligned within 10® to 107 years.

5.3.2 Central Binary Black Holes

The possibility that AGN might contain mas-
sive binary black holes (BBH) was first pro-
posed by Begelman et al. (1980) and is justi-
fied by two widely accepted assumptions: that
most galaxies contain massive central black
holes and that galaxies frequently merge. The
spin axis of each BH will then undergo geode-
tic precession about the total angular momen-
tum of the binary system with the precessional
period of the more massive BH given as (Roos
1988):

tyrec = 9.3 x 1087527 M [y1] (5.8)

where ¢ is the mass ratio mg/Mg of the two
black holes (Mg being the bigger mass ex-
pressed in units of 108Mg) and r denotes the
orbital radius in parsec. Assuming that the ra-
dio jets emerge along the spin axis of the more
massive BH the precessional motion should
manifest itself in a large-scale beam reorien-
tation. Whether or not this effect can account
for the formation of the X-shaped radio galax-
ies depends critically on the evolution and sta-
bility of the binary system.

The formation and evolution of a binary black
hole system has been described extensively by
Begelman et al. (1980) (see also Roos 1981). A
binary black hole will form in a merger of two
galaxies which both contain a central black
hole. The shrinking of orbits (that is the loss
of orbital angular momentum) is governed by
three processes: dynamical friction, star ejec-
tion and gravitational radiation.

At large separation radii dynamical friction
of the dense stellar clusters surrounding the
two black holes leads to merging of the cores
within a timescale of 108 yr. The less mas-
sive BH continues to sink towards the center
of the newly formed core under the influence
of dynamical friction until the two black holes
become bound at the radius r,. As the bi-
nary system becomes harder and the orbital
period becomes shorter the loss of angular mo-
mentum due to dynamical friction eventually
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ceases. This is because the transfer of energy
from the binary system to a field star becomes
inefficient if the encounter lasts longer than
one orbit (Heggie 1975). When the binary
separation is approaching the cusp radius':

rw= 107208 [p (5.9)
9200

the dominant process to extract orbital angu-
lar momentum is star ejection. Stars passing
the binary on certain, so called loss cone or-
bits, will be ejected and will carry off binding
energy that will lead to further shrinking of
the binary orbit. The final and rapid phase
of the binary evolution begins when the orbit
shrinks to a radius where gravitational radi-
ation becomes dominant and the black holes
finally coalesce. We can suspect that the final
merging of the black holes will cause a rapid
realignment of the spin axis of the merged
black hole.
Whether or not the central BBH can account
for the formation of X-shaped radio galaxies
depends on which timescales the shrinking and
final merging of the binary system occurs.
Inspecting Eq. (5.8) it is obvious that for large
portions of the merging event (that is, for large
separation radii of the two black holes) the
precession period is much too long (compared
to typical source lifetimes) to cause any ob-
servable curvature of the large-scale radio jets.
Feasible precession periods that will have im-
pact on the large-scale radio morphology have
to be comparable or less than the source life-
time and thus will range from 10%t0108 years.
The radius rg at which the precession period
becomes less than 108 yr is given (in units of
the cusp radius ) by:

T8 2( 4 205 2
— =3.8x 10" (E) J900

(5.10)
Th

Figure 5.2 plots rg/r, against Mg for differ-
ent values of g¢. One can see that for all fea-
sible binary configurations the critical radius

! Mg denoted the mass of the more massive BH in
units of 10°Mgand 200 is the one-dimensional velocity
dispersion of the stars in the central core expressed in
units of 200 km/s
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FIGURE 5.2— Plot of the critical radius rs expressed
in units of the cusp radius r; as a function of the BH
mass Mg for q=1,0.1,and 0.01. rs denotes the sepa-
ration radius at which the precessional period of the
central BH becomes less than 108 yr. o200 was taken
to be unity.

lies well below the cusp radius. At radii be-
low 7, the loss of angular momentum is domi-
nated by star ejection. Begelman et al. (1980)
have pointed out that the time spend by the
source in this stage depends critically upon the
efficiency of repopulating stellar loss cone or-
bits. Stars that were originally orbiting the bi-
nary system on loss cone trajectories will even-
tually all become ejected and further shrink-
ing of the binary orbit stops. For all feasible
mass configurations of the BBH system this
occurs much before gravitational radiation be-
comes important. Consequently the binary
would become stable at a radius with a corre-
sponding precessional period that is too large
to cause any observable curvature of the sec-
ondary lobe within a sources lifetime.

In order to allow further shrinking and the
eventual merging of the binary the loss cone
orbits need to be refilled. Loss cone filling can
occur e.g. by star-star scattering. However,
Quinlan (1996) have inferred from numerical
simulations that this process probably is too
slow to ensure BH merging within the lifetime
of most sources. Quinlan & Hernquist (1997)
have investigated the effect of wandering of
the binary within the stellar core due to the
change of gravitational potential imposed by
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the continuous ejection of stars. The authors
conclude that the motion of the binary en-
hances the interaction cross section and can
further shrink the binary orbit. If however it
is enough to ensure merging of the two black
holes remains unclear.

Recently Zier (2000) presented new results
concerning BBH merging. Assuming realis-
tic, non-uniform stellar core distributions and
solving for the restricted 3-body equations the
numerical simulations suggest that star ejec-
tion is sufficient to shrink the orbits in order
to allow fast merging of the binary by gravita-
tional radiation if the mass of the central stel-
lar core and the binary are comparable. The
derived timescales of merging are of the order
of 10% to 107 yr depending on the assumed
masses of the stellar core and the two black
holes.

The chronology of BBH merging is as follows:

e Long period precession. The host
galaxies merge and the two black holes
form a bound binary system.  The
timescale of this phase is of the order of
108 years. The precessional period within
this phase is large compared to the typ-
ical source lifetime therefore no observ-
able curvature of the secondary lobes is
caused.

e Short period precession. Once the bi-
nary separation reaches the critical ra-
dius rg the precessional period becomes
comparable to the source lifetime and the
precession will cause observable curvature
of the radio lobes. The time the binary
spends in this phase is short (106 to 107
years) if the loss cone orbits will be re-
filled as shown by Zier (2000) or infinitely
long if no loss-cone feeding takes place.

¢ BH merging. During the final BH
merging the precession will cease and the
spin of the merged central BH will be
rapidly realigned.
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X-shaped S-shaped

FIGURE 5.3— This sketch illustrates the idea of
steady beam precession as the formation mechanism of
X-shaped radio sources. The motion of the hotspots at
the end of a pair of precessing beams will ’draw’ ellipti-
cal tracks into the plane of the sky. Leahy & Williams
(1984) have pointed out that randomly oriented pre-
cessing sources should appear as X-shaped (left) and
S-shaped sources (right) with equal probabilities.

5.4 Steady Precession or Fast Re-
alignment?

The original interpretation of X-shaped mor-
phologies given for NGC 326 was steady jet
precession Ekers et al. (1978). However,
present day deep radio images of NGC 326
(comp. Fig. 4.3) and other X-shaped sources
make this interpretation highly unlikely. Pre-
cession over timescales comparable to the
source lifetime with constant opening angle
should ’draw’ elliptical tracks in the plane
of the sky. Instead the observed morphol-
ogy is better described by straight active and
secondary lobes and strong curvature of the
lobes on a relatively short distance close to
the radio core. Leahy & Williams (1984) have
argued against steady jet precession on sta-
tistical grounds: randomly oriented precess-
ing sources should appear as X-shaped and
S-shaped sources with equal probability (see
Fig. 5.3) which is not the case. Apparently
the radio jets have been stable for a consider-
able time span, then have undergone a short
period of reorientation and presently are in a
stable state again. Both processes outlined
above predict such a fast reorientation of the
radio jets. A potential problem is posed by
the fact that both mechanisms also require
beam precession to occur prior to the realign-
ment. However, in some circumstances pre-
cession can occur without leaving a visible im-
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print on the large-scale radio morphology of a
source if

e the precession period is long compared to
the timescale of jet realignment. In such
a case only a small fraction of a total pre-
cession period would be completed before
the precession would cease. The intro-
duced lobe bending is then too small to
be visible on large scales.

e the precession amplitude (the opening an-
gle of the precession cone) is small. Small
amplitude precession would be visible on
small scales only as a wiggling motion of
the jet. The large scale morphology of
these sources would not be significantly
influenced.

In case of Lense-Thirring precession due to
matter accretion onto the BH the precession
period depends on the radius R of the accre-
tion disk warp. For a maximally rotating BH
it is given as (Armitage & Natarajan 1999):

TR [ &\’
t;m'ec = 2—6 (G—M>

The precession period is plotted as a function
of the warp radius in Fig. 5.4 together with
the realignment timescale given by Eq. (5.7).
Because of the strong dependence of #pre. on
the warp radius a proper treatment of the
problem would require a detailed understand-
ing of fueling of the accretion disk at small
radii. However, it is generally assumed that
a disk warp would form at a few thousand
Schwarzschild radii (Bardeen & Petterson
1975). As can be seen in Fig. 5.4 at these radii
the precession period is considerably longer
than the reorientation timescale and thus pre-
cession would leave no visible imprint on the
large-scale morphology of the source. There
exists a critical radius however, at which ¢pye.
becomes smaller than ¢,.. Whether or not this
fast precession in the final stage prior to jet
realignment does have impact on the source
morphology then depends only on the preces-
sion amplitude. Viscous forces will certainly
lead to a decay of the warp and a relaxation

(5.11)

Bardeen—-Petterson Re—Orientation
timescales: precession & realignement
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FIGURE 5.4— Plot of the realignment timescale ¢,
compared to the precession period tprec in case of jet
reorientation due to matter accretion. The warp radius
r is plotted in units of the Schwarzschild radius Rs.
A mass of M = 1 x 108Mg and an accretion rate of
M = Mg = 3Mg/yr has been assumed.

of of its inclination into the equatorial plane
of the accretion disk as it is moving inward.
The exact course of events of the warp decay
depends however on many largely unknown
parameters (mainly the viscosity) and cannot
be estimated with accuracy. It is therefore
possible that Lense-Thirring precession of
the accretion disk would lead to visible, fast
precession for a short time span just prior
before the precession will stop and the jet will
become realigned.

In the case of central binary black holes
the situation is somewhat more simple. The
precession period depends on the binary sep-
aration as given by Eq. (5.8). This relation
is plotted in Fig. 5.5 for different binary
configurations.  Precession periods should
be less than about 1 x 10® years in order
to leave a visible imprint on the large-scale
morphology. For all feasible BBH setups this
is the case at radii considerably smaller than
the cusp radius. As was pointed out by (Zier
2000) in this stage the merging of the binary
proceeds within some 10 years. Furthermore,
the merging timescale once gravitational radi-
ation becomes important is o< r* (Begelman
et al. 1980). This ensures that the precession
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FIGURE 5.5— Plot of tprec Of a central binary black
hole as a function of the separation radius expressed
in units of the cusp radius r,. The precession period
is displayed for the case of g=1, ¢=0.1, g=0.01 and a
BH mass of M=1 x 10®Mg

period (oc r%/2) is always long with respect
to the reorientation timescale. Thus, beam
precession will never have impact on the
large-scale radio morphology.

5.5 Summary and Conclusions

On morphological grounds the favored expla-
nation for the genesis of X-shaped radio galax-
ies is a fast realignment of the radio jets. The
two fast reorientation mechanisms outlined in
this chapter — BBH merging and misaligned
matter accretion — both seem feasible of re-
producing X-shaped sources. However, much
depends on the involved timescales and how
they fit to the actual source lifetimes that will
be derived in the next chapter. Critical in
the context of the BBH merging is the ques-
tion whether or not the binary will always
merge and if so on which timescales. Even
though Zier (2000) has shown that stellar loss
cone feeding does result in fast binary merging
the numerical simulations make rigid assump-
tions about the structure of the central stellar
core of which little is known. If fast merging
does always occur then BBH merging is the
most likely formation process of X-shaped ra-
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dio sources.

Misaligned accretion onto the black hole can
quickly realign the spin of the central BH and
the orientation of the large-scale jets. Prob-
lematic can be that the jets might undergo
rapid precession in the final stage of the re-
alignment which should leave its imprint on
the radio morphology. Much depends on the
details of gas funneling onto the accretion disk.
At present numerical simulations lack the res-
olution to determine the fate of the gas down
to scales of the accretion disk. Therefore, it
might turn out that matter accretion is not
feasible to form X-shaped sources.

The ‘environmental’ formation processes —
buoyancy and backflow — are most probably
not the dominant formation mechanism of X-
shaped radio sources. Backflow likely is too
slow to be able to form the secondary radio
lobes within a source lifetime unless backflows
are supersonic (for which there is no indica-
tion) or the backflow would stream into an old
cavity (which would require beam reorienta-
tion). Buoyancy on the other hand might have
impact on the large scale morphology of some
of the X-shaped sources located in denser en-
vironments (e.g. NGC326). However, al-
most all X-shaped sources live in poor envi-
ronments which disqualifies buoyancy to be
the main formation process of these objects.
In order to reproduce the rotational symme-
try of X-shaped sources buoyancy would also
require an unlikely configuration of the ambi-
ent medium.
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Spectral Analysis

6.1 Integrated Spectra

The total fluxes of all available observations
were determined and combined with source
fluxes compiled from the literature to con-
struct integrated synchrotron spectra. These
spectra have been determined for the whole
source and also — when the resolution was
sufficient — for individual source components.
The geometry of the images at the various fre-
quencies was adjusted in order to match in size
and sampling using the AIPS task HGEOM.
All maps were then smoothed to a common
beam and their pointing was aligned. The
required positional shifts to further align the
images were applied using LGEOM. Finally
all maps were combined in an image cube us-
ing MCUBE. The fluxes were then extracted
with BLSUM from the image cube. Litera-
ture fluxes were extracted from NED and com-
plemented with fluxes from Kellermann et al.
(1969) (re-calibrated to the Baars-scale with
conversion factors given by Laing & Peacock
1980). The flux errors were computed includ-
ing noise and systematic contributions:

+ AS2

sys

ASior = \/Asfms (6.1)
The systematic term includes calibration er-
rors and errors introduced by the imaging pro-
cedure (mainly cleaning and self-calibration).
The systematic contributions cannot easily be
quantified because of the complex and some-
times subjective nature of the imaging pro-
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cess employed to produce radio images. Con-
sequently the values of the systematic errors
have been chosen somewhat subjectively de-
pending on the quality of the datasets. Typi-
cally we have assumed systematic errors of 5-
10%. In the case of the 9 mm single dish data
we have adopted higher values of 15% due to
the problems encountered during the data re-
duction (comp. Sect 3.1).

The error introduced by map noise ¢ depends
on the integration area A (in beam areas) over
which the flux has been determined:

A8, s = oV A (6.2)

Typically this term is rather small and the to-
tal error is dominated by the systematic con-
tributions.

6.2 Spectral Index

The spectral index between two frequencies v
and v is defined as:

o log(S1) — log(S2)
log(v1) — log(v2)

(6.3)

where S; and Sy are the fluxes obtained at
these frequencies. The error of the spectral
index is calculated as:

B 1 ASI\?  [AS)\?

= Tog(%) 1n(10) () + (%)
(6.4)

Spectral index maps are created by calculating

the spectral index for every map pixel. This

Ao
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calculation has been performed with the ATPS
task COMB. As preparatory work it is neces-
sary to smooth all images to a common beam
size. Furthermore, HGEOM has to be run in
order to ensure matching pixel sampling, co-
ordinates and reference pixels. Crucial in the
calculation of spectral index maps is the ac-
curate alignment of the images. When both
maps contain a strong point source the align-
ment can be checked by fitting a Gaussian to
this component in order to derive necessary
shift parameters. However, a more reliable
method is to perform a cross-correlation of the
images similar to what has been described in
Chapter 3 for the single-dish data. Such cross-
correlation has been done with the IMDIFF
task contained in the MIRIAD package.

6.3 Spectral Ageing

Relativistic electrons lose energy through var-
ious loss processes. For the conditions pre-
vailing in radio lobes the most relevant loss
mechanisms are synchrotron losses (o< E?),
inverse-Compton losses (< E?) and losses due
to adiabatic expansion of the emitting plasma
(x E). Due to the energy dependence of
these processes high-energy electrons become
depleted faster than their low-energy counter-
parts. This leads to a break in the initial
power law distribution of electron energies.
Consequently the radiation spectrum with an
initial slope of a;;,; will become steeper for fre-
quencies higher than a characteristic so-called
break frequency v,. Such theoretical radia-
tion spectra have been computed making dif-
ferent assumptions (for a summary see Myers
& Spangler 1985). These models are:

e The KP model (Kardashev 1962, Pachol-
czyk 1970) assumes a one-time injection
of particles. The pitch-angle scattering
is assumed to take place on timescales
much larger than the radiation lifetime.
The high-frequency spectral slope is then
%ainj — 1.

e The JP model (Jaffe & Perola 1973) is
identical to KP, except that it allows for
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fast pitch-angle isotropization. For fre-
quencies exceeding v this leads to an ex-
ponential steepening of the spectrum.

e The continuous injection or CI model de-
scribes the radiation spectrum in the case
where a powerlaw distribution of fresh
particles is continuously re-injected into
the radio lobes. The superposition of
electron populations of various ages re-
sults in a high-frequency spectral slope of
ainj — 0.5. The CI model is also used
to represent spectra of compact, non-
resolved sources.

The spectral break moves to lower frequencies
with time and thus the current location of v
provides a tool to estimate the age of the ra-
diating plasma. The break frequency v is re-
lated to the spectral age as given by Alexander
& Leahy (1987):

VB 1

t=1.59 x 10°
B2+ Bic \/up(1+ 2)

[Myr]

(6.5)
where B is the source magnetic field strength,
Brc = 3.25(1 + 2)? denotes the equivalent
field strength of inverse-Compton scattering
with the cosmic microwave background (both
in uG) and vy is the break frequency in GHz.
The spectral age is defined as the time since
the electrons have been accelerated for the
last time. In the case of radio galaxies this
is thought to happen in the hotspots. The
break frequency can be determined by fit-
ting spectral models to the synchrotron spec-
tra as it has been done by e.g. Carilli et al.
(1991). Throughout this thesis the SYNAGE
software (Murgia 1996) has been used to de-
rive the break frequencies. As an improve-
ment to older fitting algorithms SYNAGE is
able to independently fit the break frequency
and the injection index aj,; (the spectral in-
dex of the unaged initial radiation spectrum).
Also the program properly treats losses due
to adiabatic expansion as well as the im-
pact of synchrotron-self absorption on the low-
frequency shape of the spectrum (Murgia
et al. 1999). The minimum number of fre-
quencies that have to be available to perform
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a fit to the synchrotron spectrum is three.
When flux measurements at only two frequen-
cies exist, Myers & Spangler (1985) have dis-
cussed a method to calculate spectral ages
from the two-point spectral index if a value
for a;p; is assumed a priori. One should keep
in mind however that the ages are extremely
sensitive to the assumed ;. The actual er-
rors of course depend on the redshift and the
source magnetic field, but as a rule of thumb
a variation of £10% in «j,; typically results
in age differences of ~40-50%! Consequently
ages derived from two point spectral indices
have to be interpreted with caution. Whereas
the v, can be determined quite accurately if
the frequency range covered by observations is
sufficiently large and well sampled, the inabil-
ity to directly measure the source magnetic
field strength introduces a major uncertainty
in the calculation of spectral ages. In order
to estimate B one usually has to rely on mini-
mum energy or equipartition arguments (these
will be discussed in greater detail in the next
section). Figure 6.1 displays the spectral age
as a function of B for different values of v, and
z. As can be seen rather small errors in the
derived B values can introduce large errors in
t. This is especially true at low redshifts and
for small break frequencies. To avoid the prob-
lems of poorly determined values of B one can
instead calculate the maximum age (which oc-
curs for By = v/3B) for a given v, and z:

tmaz = 1.55 x 102 [Myr] (6.6)

vp(1+2)3
Apart from the uncertainties introduced by
calculating B some general caveats concern-
ing the interpretation of spectral ages exist
(see Eilek 1996a, Eilek 1996b). First of all the
spectral ageing theory assumes uniform mag-
netic fields which is almost certainly far from
the true physical conditions in radio sources.
In many radio galaxies that have been stud-
ied with sufficient resolution we find the emis-
sion to be highly filamentary (e.g. in M87 see
Owen et al. 1998), which is very likely, at
least in part, due to fluctuations of the mag-
netic field strength. In such a situation elec-
trons in the low field regions of the source
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FIGURE 6.1— Spectral age as a function of source
magnetic field strength. (top) The upper panel shows
the age for different redshifts and a fixed break fre-
quency of 10 GHz. Due to the redshift dependence of
the inverse-Compton losses the derived spectral ages
are higher for small z for a given break frequency.
(bottom) The lower plot displays the dependence of
the age on the source magnetic field for different values
of v, and a fixed redshift of z = 0.15. As can be seen
rather small uncertainties in the assumed value of B
can introduce large errors in the derived ages. This is
especially true for low break frequencies and redshifts.

loose energy only very slowly until they dif-
fuse into the high field regions where they
start loosing energy according to the standard
synchrotron ageing theory. Thus, the derived
spectral ages would be highly underestimated.
Furthermore, stochastic, turbulent reaccelera-
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tion of the particles can lead to a synchrotron
spectrum resembling that of a usual ageing-
only model (Borovsky & Eilek 1986). The
decay of the break frequency is however taking
place much slower than predicted by the stan-
dard model. Finally, the ad-hoc assumption
of a powerlaw distribution of electron energies
does not need to be true (Eilek & Arendt
1996). In summary it is important to note
that spectral ages calculated using minimum
fields are not necessarily equal to, but rather
provide a firm lower limit to the true source
ages.

6.4 Minimum Energy

As was outlined above the determination of
spectral ages relies quite heavily on the esti-
mation of the source magnetic field B. We
cannot, however, determine the value of B
directly from the observations. The radio
luminosity L, determines only the product
VKBt where V is the volume of the source,
k is defined by the electron energy spectrum
(N(E)dE = kE~P). Consequently it is im-
possible to decide whether a high luminosity
is produced by either a low electron flux in a
high field, or vice versa. There is, however, a
way to estimate a minimum value for B for
a given luminosity and volume. The general
concepts of calculating B,,;, will be outlined
briefly in the following. For a more detailed
discussion see Longair (1997).

The total energy of a radio source is the sum
of the particle and the magnetic energy:

BZ

Wiotal = Vee + V2—a

Ho

where €, denotes the energy density of the rel-
ativistic electrons. To take into account the
particle energy present in the form of relativis-
tic protons €, one assumes that the protons
have 3 times the energy of the electrons:

e = pfee
€total — (1 + ;B)ee
= T7NeEe

To calculate the particle energy a powerlaw
electron energy spectrum with a minimum and
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maximum energy cutoff (E;, and F,.;) is
assumed. Furthermore, electrons of a particu-
lar energy are taken to radiate monochromat-
ically at their critical frequency so that:

1/2

1/2
Epaz X Vnaz Epin X v

min
Finally we receive for the total energy:
B2
Wiotar = GnLuBi?’/Q +V_—, (67)
240
where G is a function of «, vyin, and vy
(see Longair 1997). Minimizing this term we
receive for the minimum energy:

7 137 |3k 4
min — L o Lu .
Wi 6M0V [ 5 Gn (6.8)

and for the minimum magnetic field:

2/7
MG”L”] (6.9)

Bmin: [ 9 Vv

At this point it is worth to review again the
caveats of the minimum energy theory:

e The total energy of the source is sensitive
to the value of . We know little about its
actual value but it is commonly assumed
to be unity. However, Eilek & Hughes
(1991) have demonstrated that some par-
ticle acceleration mechanisms can pro-
duce 400 times more energy in protons
that in electrons.

e The cutoff frequencies are commonly as-
sumed — somewhat arbitrarily — to be
Vmin = 10 MHz and v, = 100 GHz.
The energy estimate depends however
only weakly on these parameters.

e The total energy calculation depends on
the volume V' of the source and assumes
that the particles and magnetic fields fill
the emitting volume uniformly. However
high-resolution maps indicate that the
emission from radio sources is to some ex-
tend filamentary. Therefore a filling fac-
tor ¢ is used to describe the fraction of
the volume contributing to the emission.
The value of ¢ and whether it is constant
for all radio sources is unknown. Usually
¢ is assumed to be unity.
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Throughout the thesis B,,;, and W,,;, have
been calculated following Longair (1997). The
parameters entering the calculation have been
taken as: v, = 10 MHz, vy, = 100 GHz,
n = 1 and ¢ = 1. The cosmological pa-
rameters have been chosen as h = 0.75 and
go = 0.5. The source volumes have been calcu-
lated assuming a cylindrical shape for the ra-
dio lobes and following the method described
by Burns et al. (1979).

6.5 Results

6.5.1 4C12.03

Figure 6.2 displays the integrated spectrum of
4C12.03 in the frequency range from 80 MHz
to 10.45 GHz. The 80 MHz datapoint (ex-
tracted from the Parkes Catalogue) is in-
consistent with the flux measurements at
178 MHz and 408 MHz. At 178 MHz two inde-
pendent measurements have yielded identical
fluxes. We thus believe the 80 MHz datapoint
to be erroneous and have flagged it during the
fitting procedure. The solid line represents the
best fitting CI model with «;,; = —0.43. The
spectral fit indicates a low frequency break at
v, =931 MHz. Tests of the stability of the
fit solution have been performed by consec-
utively flagging all low frequency datapoints
and repeating the fit. It has turned out that
the low frequency break persists even when all
frequencies below 1.4 GHz have been flagged.
The impact on v, and a;,;was marginal. Con-
sequently we consider the low-frequency spec-
tral break to be real.

Spectral index maps at a resolution of
69” x69” have been obtained between 1.4 GHz
and 10.45 GHz, and between 1.5 GHz and
10.45 GHz (Fig. 6.3). The trend of the
spectral index along equidistant points con-
necting the primary to the secondary lobes
are displayed in Fig. 6.4. The spectral in-
dex is marginally steepening from the pri-
mary (a &~ —0.8) towards the secondary lobes
(¢ = —1). Break frequencies have been
derived from spectra including 3 frequencies
(1.4 GHz, 1.5 GHz and 10.45 GHz). Due to
the poor frequency coverage the injection in-
dex had to be fixed to a;,; = —0.434 as in-
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Model CI

a[njv 0.434 1
Voo 9.3054E+08 [Hz]
? Xfea. 0.9487 1

1-¢ CUTS
0.4060 <a, <  0.4629
7.2294E+08 <v,,,< 1.1874E+09

[ 4c12.03 Integrated Spectrum
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8 9 10

Log v [Hz]

FIGURE 6.2— Integrated Spectrum of 4C12.03. The
datapoints have been compiled from the literature
and were complemented with fluxes obtained from the
multi-frequency radio images. The solid line represents
the best fitting CI model. datapoints marked by open
circles have been flagged for the fitting procedure. The
fit parameters and errors can be found in the figure leg-
end.

dicated by the fit to the integrated spectrum.
The trend of v is displayed in Fig. 6.5. There
is a gradual decrease of break frequency from
vy =~ 16 GHz (primary lobes) to v, ~ 10 GHz
(secondary lobes). The trend of break fre-
quencies is very similar for the north—east
and the south—west lobes. One should keep
in mind that the break frequencies might have
been underestimated due to the fairly bad cov-
erage in frequencies. As mentioned above the
integrated spectrum seems to indicate a spec-
tral break below 1 GHz. In such a case our fre-
quency coverage — with the lowest frequency
being 1.4 GHz — might be ill-suited to obtain
reliable values of v . In case of 4C12.03, radio
observations at 608 MHz would be necessary
to properly confine the low-frequency spectral
break.

Minimum energy and fields have been calcu-
lated at various points in the primary and
secondary lobes (see Fig. 6.4). In order
to decrease the errors fluxes have been in-
tegrated in 41x41 pixel boxes centered on
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the marked locations. The values of B,
and other calculated properties are listed in
Tab. 6.1. The minimum magnetic field of
the north—east lobe progressively declines
from By, = 4.2uG to Bpin = 2.1uG. In the
south—west lobe the highest magnetic fields
(Bmin = 4.3uG) are not coincident with the
tip of the active southern lobe, but instead
can be found in the high brightness region
connecting the active to the secondary lobes
(between regions 2 and 3).

Synchrotron ages have been calculated using
the derived magnetic fields (see Tab. 6.1). The
trend of t,, is displayed in Fig. 6.6. There
is indication for an age gradient from the ac-
tive to the secondary lobes. Typical ages of
~ 25 Myr one finds at the tips of the pri-
mary lobes whereas the secondary lobes ex-
hibit higher ages of ~ 33 Myr. It is worth to
mention again that due to the uncertainties of
the derived break frequencies the true spectral
ages might also be somewhat higher than the
derived values.
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FIGURE 6.3— 30 spectral index maps of 4c12.03 be-
tween 1.4 GHz and 10.45 GHz (upper panel), and be-
tween 1.5 GHz and 10.45 GHz (lower panel). The su-
perimposed contours represent the total intensity at
1.5 GHz.
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Lobe | Region | Luminosity Umin Upnin Brin | tsyn tinaz
[erg/s] [erg] [erg/cm®] | [uG] | [Myr] | [Myr]

1 21x10" [15x10°® [ 1.6 x 10712 42 | 23.2 | 33.3

2 14 x10%2 | 1.2x10%® | 1.3x 10712 | 3.7 | 24.8 | 33.8

north 3 9.3x10* | 9.3x10%5 | 1.0x10""2 | 3.3 | 27.8 | 36.2
- 4 6.3 x10* | 59x10% | 1.1x10712| 34 | 29.6 | 39.1
east 5 43 x10* | 5.6 x 105 | 7.0 x 10713 | 2.7 | 33.0 | 41.3
6 3.3x10% | 5.3%x10% | 53x10°1 | 24 | 348 | 43.0

7 2.6 x10* | 5.1 x10% | 4.1x10" | 2.1 | 335 | 415

1 1.5 x 10*" | 2.1 x10°7 | 6.4x 1073 | 2.6 | 26.5 | 32.9

south 2 5.8 x10* | 45%x10% | 1.4x10712| 39 | 255 | 35.3
- 3 8.6 x 1041 | 5.7 x10° | 1.8 x 1072 | 4.3 | 25.3 | 37.2
west 4 3.1x10* | 50x10% | 54x10713 | 24 | 31.0 | 38.3
5 1.7 x 10*" | 3.5 x 10°7 | 3.7x 10713 | 2.0 | 32.0 | 39.8

6 1.1 x 108 | 27 x10°7 | 29x 10713 | 1.8 | 33.3 | 42.1

TABLE 6.1— Physical properties and spectral ages of 4C12.03. For the positions of the various regions see
Fig. 6.4.
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FIGURE 6.4— Trend of the spectral index between
1.4 GHz and 10.45 GHz, and between 1.5 GHz and
10.45 GHz along the line connecting the active to
The top panel represents the
north—east the bottom panel the south—west tran-
sition. Spectral indices have been calculated in 41x41
pixel boxes centered on the positions marked by crosses

the secondary lobes.
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FIGURE 6.5— Trend of the break frequency across
the north—east , and south—west lobes. The regions
are marked by crosses in the finding chart of Fig.6.4.
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FIGURE 6.6— Trend of the spectral age in 4C12.03
along the north—east and south—west lobes.
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FIGURE 6.7— Integrated spectrum of NGC 326. The
datapoints have been compiled from the literature and
have been supplemented by fluxes obtained from avail-
able datasets. The solid line represents the best fitting
CI-model. The fit parameters and errors can be found
in the plot legend. Datapoints marked by open circles
have been flagged for the fitting procedure.

6.5.2 NGC326

The integrated spectrum of NGC 326 is dis-
played in Fig.6.7. Fluxes have been com-
piled from the literature and have been supple-
mented with values obtained from the avail-
able observations. Obviously there is an in-
consistency of fluxes at low frequencies. In
particular the 178 MHz datapoint (from Pilk-
ington & Scott 1965) lies significantly lower
than the 38 MHz and 80 MHz fluxes. Due to
the influence of confusing background sources,
low frequency fluxes are known to be overes-
timates in many cases. To clarify the spectral
shape at low frequencies we have investigated
different scenarios by fitting spectral mod-
els with different datapoints below 1.4 GHz
flagged. The lowest x? values were obtained
when the 178 MHz flux has been flagged and
the 38 MHz and 80 MHz datapoints were in-
cluded. In the opposite case (with the 38 MHz
and 80 MHz datapoint being flagged) the best
x? was a factor of 2 higher. Also, when in-
cluding the 178 MHz datapoint we obtain an
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injection index of a;;,; = —0.375 which is con-
siderably lower than the canonical minimum
of a;nj = —0.5 predicted by shock acceleration
theory. We therefore conclude that most likely
the 178 MHz flux value reported by Pilkington
& Scott (1965) is erroneous. Extrapolating
the 178 MHz flux to what is suggested by the
best fitting spectral model we obtain a lumi-
nosity Li7g = 2.5x 102> W Hz~'h—2. The cor-
rected luminosity moves NGC 326 closer to the
FR /FRII boundary even though the source
is still of FRI type. The best fitting spectral
model (see Fig. 6.7) suggests an injection in-
dex of aj,j = —0.765 and a break frequency
of v, =41 GHz.

A resolved spectral analysis has been carried
out using maps at 3 frequencies (1.4, 4.86
and 10.45 GHz). The images were convolved
to a common resolution of 69”x69”. The
spectral index maps are displayed in Fig. 6.8.
The analysis revealed that the 4.85 GHz data
severely suffers from missing flux in the re-
gion of the secondary lobes. This is demon-
strated in Fig. 6.9 which exhibits a spectrum
extracted at the tip of the southern secondary
lobe. Consequently, the data at this fre-
quency were discarded from the spectral age-
ing study of NGC 326. Figure 6.11 exhibits the
trend of spectral index between 1.4 GHz and
10.45 GHz calculated at equidistant points
along the east—north and west—south ra-
dio lobe (see Fig. 6.10). The spectral in-
dex of the primary lobes is quite steep with
a ~ —0.8. One finds a gradual steepening
from the primary towards the secondary lobes.
The tip of the southern lobe exhibits a rela-
tively flatter spectrum (o = —1.0) than the
tip of the northern counterpart (o ~ —1.2).
Break frequencies have been determined from
the two-point spectral index between 1.4 GHz
and 10.45 GHz. We have fixed the injection
index to qin; = —0.765+3-3% as indicated by
the integrated spectrum. A plot of v, across
NGC 326 can be found in Fig. 6.12. There is
a decrease in break frequency from the active
to the secondary lobes. The active lobes ex-
hibit extremely high values of 1. Considering
the uncertainties of the two-point spectral in-
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dex the spectral shape is also consistent with a
straight power law. The secondary lobes show
break frequencies below 100 GHz. The north-
ern secondary lobe has relatively lower values
of v than its northern counterpart.
Minimum energies and magnetic fields have
been calculated for the east—north and
west—south lobes of NGC 326. The relevant
physical properties together with the obtained
particles ages are listed in Tab. 6.2. The min-
imum magnetic fields are high for the primary
lobes (5.7 and 6.5 4G) and are somewhat lower
within the secondary lobes (4.5 and 3uG). Fig-
ure 6.13 represents the trend of t,y, along
equidistant points connecting the active to the
secondary lobes. As can be seen there is a
gradual increase in age towards the tips of the
secondary lobes. The east—north lobe has
an overall higher age than the south—west
counterpart. The inferred ages of the primary
lobes are around 1 Myr. These are the lowest
values of ¢y, derived for any of the sources in
the studied sample. Even though the age cal-
culations are based on the two-point spectral
index and therefore are subject to fairly large
uncertainties the morphology of NGC 326 sup-
ports the picture of very young primary lobes.
Of all known X-shaped sources NGC 326 ex-
hibits the shortest primary lobes. If this was
due mainly to projection then we would ex-
pect to find a large asymmetry in luminosity
between the two lobes because of relativistic
beaming which is not the case. Most probably
the short length of the primary lobes is there-
fore intrinsic. In case of jet reorientation this
would indicate that the formation event has
happened fairly recently which is consistent
with the findings presented in this section.
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FIGURE 6.8— Spectral index maps of NGC 326
(greyscale) superimposed by contours of the 4.86 GHz
total intensity. The upper panel represents the spectral
index between 1.4 GHz and 4.86 GHz, the middle panel
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Lobe | Region | Luminosity Uinin Wnin Bimin | tsyn tinaz
[erg/s] [erg] [erg/cm®] | [uG] | [Myr] | [Myr]

1 3.0 x 104 | 2.6 x10°7 | 3.0 x 10~ | 5.7 0.5 0.8

East 2 3.5 6.2
— 3 11.7 | 16.7
North 4 2.2x10% | 27x10° | 1.8x10712 | 45 | 19.7 | 28.3
5 23.5 | 33.8

1 4.5 x 104 [32x10° [39x1072 | 6.5 0.6 1.2

West 2 0.9 1.8
— 3 3.8 4.5
South 4 1.4 x 10*" | 3.1 x10°7 | 8.3x 10713 | 3.0 9.4 11.0
5 16.6 | 19.3

6 19.2 | 224

TABLE 6.2— Physical properties of NGC 326 for the source regions marked in Fig. 6.10. The minimum en-
ergy/field calculations have been done for larger areas, that combined several regions as indicated in the table.

NGC 326 Synchrotron Spectrum
West —> South Region 6
_0.5 T

log Flux [Jy]

-25 ' '
9.0 9.5 10.0

log Freq [Hz]

FIGURE 6.9— Spectrum of NGC 326 extracted at
the tip of the southern secondary lobe. Clearly the
4.86 GHz datapoint is severely affected by missing flux.

FIGURE 6.10— Finding chart of NGC326. Fluxes
have been integrated in 7x7 pixel boxes centered on
the position marked by crosses.
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FIGURE 6.11— Trend of the spectral index between
1.4 GHz and 10.45 GHz along the east—north and the
west—south transition line. The regions are marked by
crosses in Fig. 6.10.
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FIGURE 6.12— Trend of the break frequency along
the east—mnorth , and the west—south transition
line calculated from the two-point spectral index be-
tween 1.4 GHz and 10.45 GHz. An injection index of
@inj = —0.765 has been assumed. The errorbars re-
flect the break-frequencies obtained for ain; = —0.751,
and ainj = —0.791 as determined by the fit to the in-
tegrated spectrum. Note that the y-axis has been plot-
ted on logarithmic scale. The regions on the x-axis are
marked by crosses in Fig. 6.10.
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FIGURE 6.13— Trend of the spectral age along the
east—mnorth , and the west—south transition line con-
necting the active to the secondary lobes. For the lo-
cation of the source regions see Fig. 6.10.



6.5 Results

Model CI ‘
o, 0.624 1
22 Vorear  2-5215E+10 [Hz]
X4 0.2708 1

Log Flux [Jy]

1-¢ CUTS
0.6044 <a < 0.6421
1.6241E+10 <vy < 4.3187E+10

[ 3c52 Integrated Spectrum
S I ) IR SO NS |
7 8 9 10 11

Log v [Hz]

FIGURE 6.14— Integrated spectrum of 3C52. The
datapoints were compiled from the literature and were
complemented with fluxes obtained from the multi-
frequency radio images. The solid line represents the
best fitting spectral model. The fit parameters and
errors can be found in the plot legend.

6.5.3 3C52

The integrated spectrum of 3C52 displayed
in Fig. 6.14 is composed of 19 datapoints of
which 11 were extracted from the literature.
The covered frequency range extends from
38 MHz to 32 GHz and the spectrum shows
curvature over essentially the full range. The
solid line represents the best fitting spectral
model, which was obtained for a CI model
with aj,j= —0.624 and v, =25.2 GHz. The fit
result does not crucially depend on the high
and low frequency datapoints. Stability test
with the 38 MHz and 32 GHz datapoints be-
ing flagged yielded identical results within the
errorbars. Spectral index maps have been con-
structed at a resolution of 5”4”8 using im-
ages at 1.4 GHz, 1.7 GHz and 2.7 GHz (see
Figs. 4.6-4.8). Due to the rather small angular
size of 3C52 neither the low frequency WENSS
nor the high-frequency single-dish data (ex-
cept at 32 GHz where the secondary lobes
were not detected) provides sufficient resolu-
tion to include them in this analysis. As a re-
sult the frequency range for which a resolved
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FIGURE 6.15— Spectral index greyscale maps of
3C52 between 1.4 GHz and 1.7 GHz (top), between
1.4 GHz and 2.7 GHz (middle), and 1.7 GHz and
2.7 GHz (bottom). Superimposed are contours show-
ing the total intensity at 1.4 GHz. The spectral index
cutlevels are 4 o for the top, and 6 o for the middle and
bottom map.

spectral analysis can be performed is rather
small (1.4, 1.7 and 2.7 GHz). The spectral in-
dex maps are presented in Fig. 6.16. Even
though the spectral index maps are rather



86

noisy (due mainly to the presence of arti-
ficial sidelobe-structure in the 2.7 GHz im-
age) there is indication for a spectral steepen-
ing towards the secondary lobes. To increase
the snr, spectral indices have been determined
by integrating fluxes over 7x7 pixel areas at
equidistant points along the north—east and
south—west lobes. The relevant positions of
these points are marked by crosses in the mid-
dle panel of Fig. 6.16. The trend of the spec-
tral index between 1.4 GHz and 2.7 GHz, and
between 1.7 GHz and 2.7 GHz is displayed
in Fig. 6.16. Even when integrating fluxes
in larger areas the error of the spectral index
remains large in the secondary lobes. How-
ever, in the south—west lobe one can see a
spectral steepening to occur from region one
up to region 4. In the north—east lobe the
situation is less clear. The calculated spec-
tral indices seem to indicate a steeper spec-
trum at the tips of the secondary lobe. How-
ever, the errors are also consistent with an al-
most constant spectral index across the whole
lobe. To further constrain the spectral shape
higher-frequency maps with sufficient resolu-
tion would be needed. Alexander & Leahy
(1987) have performed a spectral analysis of
3C52 between 1.4 GHz and 5 GHz. The spec-
tral index distribution presented by the au-
thors shows more clearly than our result a
gradual spectral steepening towards the sec-
ondary lobes. In order to derive spectral
ages, break frequencies have been obtained by
fitting model spectra. Due to the poor qual-
ity of the available data and the fairly lim-
ited frequency range, the injection index had
to be fixed apriori to a value of o, j= —0.624
as indicated by the integrated spectrum. The
trend of v, is displayed in Fig. 6.17. As ex-
pected the uncertainties of v} are quite large.
For most regions of the north—east lobe no
upper limits of v, could be obtained because
the datapoints were — within the errorbars —
consistent with a pure powerlaw shape of the
spectrum. In case of the south—west lobe
there is however indication for a gradual de-
crease in break frequency from the primary
towards the secondary lobe.
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Table 6.3 lists the physical properties and
spectral ages calculated in the various source
regions of 3C52. The minimum magnetic
field gradually decreases from the primary to-
wards the secondary lobes. The highest field
strength (B, = 17.74G) is coincident with
the location of the northern hotspot. The
magnetic field of the southern hostpot is some-
what lower (B, = 11.9u4G). At the tips
of the secondary lobes we find typical fields
strengths of B, ~ 7.5uG. Of all X-shaped
radio galaxies studied, 3C52 exhibits the high-
est minimum magnetic fields and is also the
most luminous source. Likely, this is due to
3C52 being located in a cluster. The interac-
tion of the radio emitting plasma with the am-
bient (presumably dense) cluster medium ef-
fectively alligns the magnetic fields. The con-
finement of the ambient medium prevents ex-
pansion and thereby enhanced radiation losses
as has been discussed in the case of Cyg A by
Barthel & Arnaud (1996).

Figure 6.18 presents the trend of the spectral
age along the north—east and south—west
lobes.  Despite the large errors the ob-
served age gradient from the primary to-
wards the secondary lobes is significant. The
southern primary lobe has a spectral age of
tsyn=5j:§'2 Myr and then progressively ages
to teyn=21.24§1 Myr in region 4. The
north—east lobe shows a similar behaviour
but seems to be younger by a few Myr.
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Lobe | Region | Luminosity Umin Uynin Brmin | tsyn tinaz
[erg/s] [erg] [erg/cm®] | [uG] | [Myr] | [Myr]
1 44x10% [ 48x10°%® [29x10711 | 177 [ <29 | <178
north 2 23x10% | 45%x10%® | 1.4x 10711 | 12.1 | 4.6 17.7
- 3 8.9x10* | 2.6x10%® | 7.8 x 10712 | 9.2 3.0 8.5
east 4 28x10*2 | 1.0x10° | 59x10°2| 80 | 13.2 | 328
5 1.5 x 10*2 | 5.6 x 10°7 | 5.5 x 10712 | 7.7 | 274 | 66.0
1 14 x10% | 28x10°% | 1.3x 1071 | 11.9 | 5.0 18.8
south 2 1.2 x10* | 3.3x10% | 8.9x 10712 | 9.8 7.9 23.9
- 3 1.0 x 103 | 2.9 x 10°% | 8.4 x 10712 | 95 9.5 27.9
west 4 1.7x10*2 | 58x10°7 | 6.4x 1072 | 83 | 21.2 | 54.6
5 1.1 x 10*2 | 44 x10°7 | 5.2x 10712 | 75 | 157 | 36.9

TABLE 6.3— Physical properties and spectral ages of 3C52. The locations of the relevant regions can be found
in Fig. 6.16. The spectrum for region 1 in the northern lobe is best approximated by a pure power law. The given
upper limit of the spectral age refers to the lower limit of v} as obtained from the spectral fit.
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dex distribution for the north—east lobe, the lower
one for the south—west lobe. The spectral indices
have been computed from fluxes obtained in 7x7 pixel
boxes centered on the position marked by crosses in
the middle panel.
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FIGURE 6.19— Integrated spectrum of 3C136.1
ranging from 38 MHz to 10.45 GHz. The solid line
represents the best fitting spectral model. The data-
points marked by open circles have been flagged dur-
ing the fitting procedure. The best fitting model for
3C136.1 is a pure powerlaw spectrum with a slope of
a = —0.725. The fit results and errors can be found in
the plot legend.

6.5.4 3C136.1

The integrated source spectrum of 3C136.1 is
displayed in Fig. 6.19. The spectrum exhibits
no curvature and is best fitted by a pure pow-
erlaw with a slope of o;,; = —0.725. Multi fre-
quency image cubes for further spectral anal-
ysis have been constructed at a resolution of
69" x69” (including data at 1.37, 1.4, 1.41,
1.65, 2.7 and 10.45 GHz), as well as at a res-
olution of 147"x147" (additionally including
4.85 GHz data). The spectral analysis has re-
vealed that the data at 1.41, 1.65 and 2.7 GHz
had to be discarded entirely due to their small
image sizes. Comvolution to larger beams has
introduced severe flux errors towards the map
edges. Unfortunately nothing could be done
about the map sizes because these images were
provided by Alexander & Leahy (1987) “as-
is”. Furthermore, the 2.7 GHz image suffers
heavily from missing flux. This can be clearly
seen in the component spectra of 3C136.1 (see
Fig. 6.22). The 2.7 GHz datapoint system-
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atically lies below the solid line marking the
best fitting spectral model. The effect is more
severe in the secondary than in the primary
lobes.

Spectral index maps of 3C136.1 including data
at 1.37 GHz, 4.85 GHz and 10.45 GHz are
displayed in Fig. 6.20. The source exhibits
a spectral gradient from the primary towards
the secondary lobes . The spectral indices of
the active lobes range about —0.5 to —0.65
which are rather typical values for hotspots in
extended radio sources. Towards the north-
ern and southern secondary lobes the spec-
trum is progressively steepening. This can
be more clearly seen in Fig. 6.21. Spectral
indices have been calculated along the ridge
of maximum brightness for 6 source regions
in the west—north and east—south lobes.
Fluxes were integrated in 10 x 10 pixel areas
centered on the positions marked in Fig. 6.21.
Fluxes of the 1.37 GHz and 1.4 GHz images
were averaged. The progressive steepening
from the active towards the secondary lobes
can be seen clearly. The spectral gradient
is more pronounced in the east—south lobe
where the spectral index (between 1.4 GHz
and 10.45 GHz) is varying from a=-0.6 at
the hotspot to a=-1.0 at the tip of the sec-
ondary lobe. In the west—north lobe we
find only moderate steepening ranging from
a=-0.7 at the hotspot to @=-0.85 towards the
tip of the northern lobe. The overall steeper
spectrum between 4.85 GHz and 10.45 GHz
indicates that the synchrotron spectrum of
3C136.1 exhibits some curvature at frequen-
cies above 5 GHz. Figure 6.22 shows spectra
of the various source regions (see Fig. 6.21)
with superimposed best fitting spectral mod-
els. For all regions the lowest x? values were
obtained using JP models.

Figure 6.23 displays v} along the ridge of max-
imum brightness connecting the active to the
secondary lobes. There is a trend of decreas-
ing break frequency from the active towards
the secondary lobes. The west—north lobe
shows overall higher break frequencies than
the east—south lobe.

The physical properties and spectral ages of
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the various source regions of 3C136.1 are listed
in Tab. 6.4. The calculated minimum mag-
netic fields are relatively weak. The field
strength is below 3uG everywhere in the
source. Also, we find a decrease in B,,;, from
the active towards the secondary lobes.

The trend of spectral ages along the
east—south and west—north lobes is pre-
sented in Fig. 6.24. There is indication for
a moderate age gradient from the active to
the secondary lobes up to region 5. The situ-
ation at the very tip of the secondary lobes is
less clear. While in the southern lobe %4y, is
increasing to 33.9437 Myr the northern lobe
indicates lower ages of merely 18.5+3$ Myr in
region 6. The spectral indices and ages de-
rived in regions conincident with the active
lobes are in good agreement with the results
presented by Alexander & Leahy (1987). The
authors have made use of the maps at 1.41,
1.65 and 2.7 GHz which were discussed in this
section. The somewhat steeper age gradient
in the eastern lobe which was claimed by the
authors is therefore very likely a consequence
of the influence of missing flux.
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FIGURE 6.20— Spectral index maps of 3C136.1. The
top panel shows the spectral index distribution be-
tween 1.37 GHz and 10.45 GHz at a resolution of
69" x69”. Spectral index maps at a resolution of
147" x147" can be found in the middle (1.37 4.85 GHz)
and lower (4.85-10.45 GHz) panels.
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Lobe | Region | Luminosity Unmin Wynin Buin | tsyn tmaz
[erg/s] [erg] [erg/cm®] | [uG] | [Myr] | [Myr]

1 42x 10 [8.0x10° [59x10 2| 2.5 | 21.9 | 25.1

East 2 T7x10T [1.8x10% [46x10 B | 22 | 24.3 | 27.6
5 3 26.2 | 29.7
South 4 1.5 x 10T [6.0x10° [3.2x10 13| 1.9 | 26.9 | 30.7
5 8.9 x10% | 45x%x10% | 34x10"1 | 1.9 | 247 | 28.2

6 4.7 x10% | 2.7 x10% | 2.7 x 1071 | 1.7 | 33.9 | 39.1

1 7.7 x 108 [ 1.5%x10° [ 85x 1071 | 3.0 | 182 | 21.7

West 2 3.7x 108 | 7.9%x10% | 7.3x10°13 | 2.8 | 203 | 23.8
- 3 3.9x10*" |82x10%5 | 89x10"" | 3.0 | 21.9 | 26.3
North 4 1.8 x 104 |57 x10° | 51x10°13 | 2.3 | 250 | 28.5
5 1.2x 108 |43 %1057 | 43x10713 | 2.2 | 23.6 | 26.8

6 6.0 x 10%0 | 32x10%5 | 3.1x10°3 | 1.8 | 185 | 21.2
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TABLE 6.4— Physical properties and spectral ages of various regions of 3C136.1. In regions 2 and 3 of the

eastern lobe the calculation of the minimum energy/field has been done in the combined region.
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FIGURE 6.21— Trend of the spectral index along
the west—north (upper panel) and east—south lobes
(lower panel). Fluxes have been integrated in 10x10
pixel areas centered on the positions marked by crosses
in the middle panel.

CHAPTER 6 SPECTRAL ANALYSIS

3c136.1
West —> North Lobe
1.00
® region 1
= region 2
region 3
A region 4
<region 5
region 6
= 0.10 |
=
X
=
w
0.01 ¢
s 10
10 10
Freq [Hz]
3c136.1
East —> South Lobe
1.00
® region 1
= region 2
region 3
A region 4
<region 5
region 6
0.10
=
=
X
=
L
0.01 |

L
1e+09 1le+10
Freq [Hz]

FIGURE 6.22— Spectra exctracted at source re-
gions across the ridge of maximum brightness for the
west—mnorth lobe (top panel), and the east—south lobe
(lower panel). The solid line indicates the best fit-
ting spectral model. The datapoints at 1.41, 1.65 and
2.7 GHz suffer from missing flux and convolution er-
rors due to the small image sizes. These images have
not been used in the spectral analysis.
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FIGURE 6.23— Break frequency distribution along
the east—south and west—north transition from the
active to the secondary lobes (see Fig. 6.21).

3c136.1 Spectral Age
40
®—@ east —> south
=—u west —> north
S 30 |
2 30
(]
()]
IS
[
°
& 20
2]
10 L L L L L L
0 1 2 3 4 5 6
region

FIGURE 6.24— Trend of the spectral age along the
east—south and west—north lobe. The location of
the regions can be found in Fig. 6.21.
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FIGURE 6.25— Integrated spectrum of B20828+32.
The datapoints were compiled from the literature and
were complemented with fluxes obtained from the mul-
tifrequency radio images. The solid line represents the
best fitting CI spectral model. The fit parameters can
be found in the plot caption.

6.5.5 B20828+32

The integrated spectrum of B20828+-32
(Fig. 6.25) is best approximated by a CI
model with ag,; = —0.59 and 15,=22.4 GHz.
The spectrum has been constructed out of
7 frequencies ranging from 325 MHz to
10.55 GHz. The resolved spectral analy-
sis has been performed using 6 frequencies
(325 MHz, 609 MHz, 1.4 GHz, 1.42 GHz,
10.55 GHz) smoothed to a common resolution
of 101" x75”. Figure 6.26 presents spectral in-
dex maps between 325 MHz and 609 MHz, and
between 1.4 GHz and 10.55 GHz. In addition,
spectral indices have been calculated by inte-
grating fluxes in 9x9 pixel boxes centered on
equidistant points along the east—mnorth and
west—south lobes (see Fig. 6.27). The trend
of the spectral index is displayed in Fig. 6.28.
The high-frequency spectral index (1.4 GHz -
10.55 GHz) exhibits a gradual steepening from
the primary towards the secondary lobes. This
can be more clearly seen for the west—south
lobe due to the higher signal-to-noise as com-
pared to the east—mnorth lobe. The spectral
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index of the active lobes is & & —0.7 and then
progressively steepens to values of a =~ —1.1
in the southern, and a ~ —1.3 in the northern
secondary lobe. Whereas the spectral index of
the west—south lobe gradually steepens, one
can see a rather sharp drop in the northern
lobe between regions 5 and 6. These findings
are in excellent agreement with the spectral
analysis of B2 0828432 (between 609 MHz and
10.55 GHz) presented by Klein et al. (1995).
The low-frequency spectral index (325 MHz -
609 MHz) shows little overall variation around
the initial a &= —0.6 in the active lobes.
Break frequencies have been obtained by fit-
ting a JP-model to the spectra extracted in
the various regions of B20828+-32. It turned
out, however, that allowing o, to be a free fit
parameter results in unsatisfactory fits. The
injection index and the obtained break fre-
quencies undergo large jumps from region to
region. Therefore «;,; was fixed to the value
obtained from the fit to the integrated spec-
trum (oynj= —0.59). Figure 6.29 displays the
trend of break frequencies from the primary
towards the secondary lobes. The errorbars
have been obtained by refitting the model with
ainj fixed to the upper and lower error bound-
aries as indicated by the integrated spectrum.
There is a gradient in v, starting at ~ 130 GHz
at the primary to < 10 GHz at the tips
of the secondary lobes. The change of v
is gradual for the west—south lobe. The
east—north lobe shows a similar behaviour
except for regions 3-5 where an increase in
break frequency takes place (the fits to these
regions, however, were of low quality as indi-
cated by the large error bars). Table 6.5 lists
the calculated minimum energy properties of
B2 0828+32. The highest minimum magnetic
fields (Bpin =~ 2uG) one finds in the active
lobes. The field strength is steadily decreasing
towards the secondary lobes reaching ~ 0.8uG
at their tips.

Finally, spectral ages have been computed for
each region using the obtained values of By,
and . The trend of the spectral age is dis-
played in Fig. 6.30. Both lobes show an in-
crease of age from the primary (¢ ~ 10Myr)
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to the secondary lobes (¢ ~ 40Myr). The
ages derived in this thesis are considerably
lower than the values reported by Klein et al.
(1995) who have reported spectral ages (by fit-
ting KP models) of 74 Myr for the northern
and 69 Myr for the southern lobe. As was
pointed out by Murgia (1996) this discepancy
orginates from a normalization problem inher-
ent to the KP model. In order to be consistent
with JP and CI models it is necessary to mul-
tiply KP break frequencies by a normalization
factor of 2.25. Consequently, a factor 0f 0.66
needs to be aplyed to ages derived from KP-
models which which brings the ages of Klein
et al. (1995) into perfect agreement with the
values obtained in this thesis.
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FIGURE 6.26— Spectral index maps of B20828+32
between 325 MHz and 609 MHz (upper panel), and
between 1.4 GHz and 10.55 GHz (lower panel). The
small extension to the southeast of the eastern pri-
mary lobe is due to a background source unrelated to
B2 0828+32.
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Lobe | Region | Luminosity Usmnin Wnin Brmin | tsyn timaz
[erg/s] [erg] [erg/cm®] | [uG] | [Myr] | [Myr]

1 12.3 | 13.6

2 8.8 x10* | 2.0x10%® | 3.8x10713 | 2.0 | 145 | 16.1

3 14.0 | 15.5

East 4 9.0 11.1
- 5 55x10% | 29x10° | 1.2x10713 | 1.1 | 15.2 | 187
North 6 34.7 42.8
7 36.8 | 48.8

8 45x10%0 | 4.6 x10°5 | 7.9x 107 | 0.9 | 359 | 46.9

9 41.1 | 53.6

10 39.8 | 52.2

1 11.5 | 12.7

2 1.3x10% | 22x10%® | 45x10°13 | 22 | 13.7 | 15.2

3 15.5 | 17.2

West 4 19.9 22.0
— 5 6.7x 10" [3.8x10° [ 1.3x107B | 1.2 | 221 | 27.1
South 6 25.8 31.6
7 22.2 | 30.7

8 2.8x10% | 3.0x10° | 64x10*| 08 | 235 | 324

9 42.6 | 58.8

TABLE 6.5— Physical properties of 0828+32 for the source regions marked in Fig. 6.27. The minimum energies
and fields have been determined in larger areas comprising of several regions.
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FIGURE 6.27— Equidistant points marked by num-
bers along the line connecting the active to the sec-
ondary lobes. Centered on these points integrated
fluxes have been determined in 9x9 pixel boxes.
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FIGURE 6.28— Trend of the spectral index between
325 MHz and 609 MHz, and between 1.4 GHz and
10.55 GHz, along the line connecting the active to
the secondary lobes. The top panel represents the
east—rnorth, the bottom panel the west—south tran-
sition. For the location of the regions see Fig. 6.27.
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6.5.6 3C223.1

The integrated spectrum of 3C223.1 is pre-
sented in Fig. 6.31. The solid line repre-
sents the best fitting CI model with v, =
53 GHz and o;p; = —0.67. The fit indi-
cates a slight increase of spectral slope to-
wards higher frequencies. Dennett-Thorpe
(1996) have presented a spectral analysis of
3C223.1 and have discussed the possibilty of
a high frequency break. However the author
suspected the spectral curvature to be artifi-
cial due to missing flux in the high frequency
15 GHz image. The 32 GHz single-dish obser-
vation presented in this thesis confirms that
indeed the spectrum begins to deviate from
a pure powerlaw at frequencies above a few
GHz. This fit result does not heavily depend
on the 32 GHz measurement. Stability tests
of the fitting procedure, conducted with the
low frequency (38 MHz, 178 MHz) and high-
frequency (32 GHz) datapoints being flagged
yielded identical results for v, and o;y;within
the errors.

Spectral index maps at a resolution of
10”x10" were constructed using images at
1.4 GHz, 4.9 GHz and 8.5 GHz (Fig. 6.32).
The spectral index distribution of 3C223.1
is rather peculiar. Unlike other X-shaped
sources (with the exception of 3C403; see
section 6.5.9) the spectrum of the secondary
lobes is considerably flatter than in the pri-
mary lobes. This can be more clearly seen
in Fig. 6.33 where the trend of spectral index
is displayed along the north—west and the
south—east lobes. In order to increase the snr
fluxes have been integrated in 7x 7 pixel boxes.
Whereas regions close to the hotspots exhibit
spectral indices of about —0.75 typical values
in the secondary lobes range from a = —0.6
to —0.65. The western secondary lobe ex-
hibits an almost constant spectral index of
— 0.62. More interestingly in the east-
ern secondary lobe the flattest spectral slope
occurs at its tip with a progressive steepening
towards the core. This apparent ”spectral re-
versal” has already been noticed and discussed
by Dennett-Thorpe (1996). The author could
reproduce this effect even with different imag-
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FIGURE 6.31— Integrated spectrum of 3C223.1.
The datapoints were compiled from the literature and
were complemented with fluxes obtained from the mul-
tifrequency radio images. The solid line represents the
best fitting spectral model. The fit parameters can be
found on the plot. The 178 MHz datapoint marked
by an open circle has been flagged during the fitting
procedure as it’s flux value is most probably miscali-
brated.

ing techniques employed and therefore con-
cluded that the flatter spectrum throughout
the secondary lobes is real. A possible expla-
nation for this finding is particle reaccelera-
tion within the secondary lobes. However the
absence of any shock signatures in which the
particles would be reaccelerated argue against
such a scenario. Also, the high degree of
polarized emission observed in the secondary
lobes indicates that stochastic reacceleration
by plasma turbulence is not applicable in the
case of 3C223.1. Alternatively, the primary
and secondary lobes might consist of particle
populations with an entirely different injection
spectrum. This should manifest itself in dif-
ferent values of a,; for the two lobe systems.
Figure 6.34 displays the trend of a;,;. Even
though there is a tendency for flatter injection
spectra in the secondary lobes the fairly large
errors are also consistent with constant injec-
tion indices across the whole of the lobes.

On the other hand, it is possible that the
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steeper spectrum of the primary lobes sim-
ply reflect higher radiation losses and en-
hanced magnetic fields due to the interaction
of the hotspots with the ISM/IGM. If jet re-
orientation is responsible for the formation of
X-shaped sources we expect such increased
losses. After the jet has been realigned it has
to drill through the dense ambient medium in
order to create a new lobe cavity. If this ex-
plantion is true it remains puzzling why a sim-
ilar spectral reversal has not been observed in
NGC 326 even though it is the youngest X-
shaped source and is located in a denser envi-
ronment than 3C223.1

Break frequencies have been obtained by fit-
ting JP models to the synchrotron spectra
of the various source regions of 3C223.1.
The spectra include data at six frequencies
(608 MHz, 1.39, 1.46, 4.89, 8.47 and 32 GHz).
The corresponding maps were smoothed to a
common resolution of 46”x 30”. A plot of
the break frequency trend can be found in
Fig. 6.35. In most source regions the spec-
tra exhibit virtually no curvature and are con-
sistent with pure powerlaw models within the
errorbars. As can be seen in Fig. 6.36 our in-
ability to further contrain the high-frequency
break is mainly caused by the poor quality
of the 32 GHz data. The 32 GHz data is in-
deed crucial for the determination of the break
frequency because the integrated spectrum in-
dicates the location of the break to be above
50 GHz.

The trend of t4y,is displayed in Fig. 6.37. For
most regions of 3C223.1 only upper limits of
the spectral age could be obtained and for
none of the regions a lower limit could be es-
tablished. Consequently no definte statement
about possible age gradients in the lobes of
3C223.1 can be made. The upper age lim-
its indicate however that ts,,is smaller than
12 Myr everywhere in the source which makes
3C223.1 one of the youngest studied X-shaped
source.
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FIGURE 6.32— Specral index maps of 3C223.1 be-
tween 1.5 GHz and 4.9 GHz (top), between 1.5 GHz
and 8.5 GHz (middle), and between 4.9 GHz and
8.5 GHz (bottom) at a resolution of 10" x10"” . For the
calculation of the spectral index maps a total intensity
cutoff level of 60 has been used.
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Lobe | Region | Luminosity Umin Wnin Biin tsyn timaz
[erg/s] [erg] erg/cm?] | [uG] | [Myr] | [Myr]

1 2.0x10* [ 9.7x10° | 4.7x1072 | 7.1 2.0 4.4

2 14x10%2 [76x10°7 [40x10 2] 66 | <42 | <85

south 3 <44 < 8.9
— 4 25 x 104 [2.8x10°7 [ 1.6 x10°2 | 42 | <71 | <10.2
east 5 2.7 x10* | 3.1x10° | 1.6 x 10712 | 4.1 74 10.5
6 1.7 x 10*" | 2.8 x10°7 | 9.5 x 10713 | 3.2 9.3 12.0

7 1.0 x 10** | 1.7x10% | 9.1 x 10713 | 3.1 11.9 15.2

1 21x10% [1.1x10® [ 44x1072 ] 6.9 3.4 7.3

2 5.6 x 10*T [ 5.6 x 10°7 | 1.8 x 10712 | 4.4 4.8 7.1

north 3 4.0 5.9
— 4 21x10% [33%x10° [1.0x10 2| 33 | <88 | <11.3
west 5 3.0x10*" | 41x10° | 1.2x107'2 | 3.6 8.5 11.4
6 3.3x10% [ 3.9x%x10% | 14x10°2 | 39 | <10.5 | < 14.7

7 1.8 x 10*" | 3.0x10°7 | 9.3 x 10713 | 3.2 0.8 1.1

TABLE 6.6— Physical properties and ages of 3C223.1. Minimum energies and fields have been computed in the
combined regions 2 & 3 in the southern and northern active lobe. For some regions only lower limits of v, could
be obtained from the spectral fits. For these regions upper limits of the spectral age are given in the table.
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FIGURE 6.33— Trend of the spectral index along the
ridge of maximum brightness (marked by crosses) for
the north—west (top) and south—east lobe (bot-
tom). The spectral index has been calculated using
integrated fluxes obtained in 7x7 pixel areas centered
on the marked positions. For the sake of clarity only
the bottom part of the error bars have been plotted for
spectral indices between 4.9 and 8.5 GHz.
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FIGURE 6.34— The distribution of the injection in-
dex along the north—west and south—east lobes of
3C223.1.
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FIGURE 6.35— Break frequency distribution of
3C223.1. The break frequencies are plotted along the
line of maximum brightness connecting the primary
to the secondary lobes (see Fig. 6.33). Datapoints
marked by arrows denote the cases when the spectral
fits were consistent with an unbroken powerlaw and
consequently no break frequency could be determined.
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FIGURE 6.36— Spectrum of region 1 in the
north—west lobe of 3C223.1. The solid line repsesents
the best fitting JP model. As can be seen the rather
large errors obtained for v, are mainly introduced by
the large noise of the 32 GHz data.
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FIGURE 6.37— The trend of tsy, in 3C223.1 along
the ridge of maximum brightness connecting the ac-
tive to the secondary lobes (see Fig. 6.33). Datapoints
marked by arrows represent the cases in which only
lower limits of v, could be determined from the spec-
tral fits.
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6.5.7 3C315

The integrated spectrum of 3C315 is displayed
in Fig. 6.38. It consists of 33 datapoints
extracted from the literature and 6 fluxes
obtained from available datasets. The cov-
ered frequency range extends from 26 MHz to
32 GHz. The solid line represents the best fit-
ting CI model indicating c;y,; = —0.76 £ 0.01
and v, = 39.4+%° GHz.

Due to the small angular size of 3C315 the
number of images that provide sufficient res-
olution for further spectral analysis is rather
small. The single-dish data at 4.85 GHz and
10.45 GHz (3.15 and 3.24) had to be ex-
cluded on the basis of resolution. Only the
32 GHz data has an adequately small beam
(30" x30") however the emission at this fre-
quency is weak (see Fig. ??). The peak in-
tensity which corresponds to the bright core
is below the 10c level. Only the brightest
parts of the radio lobes show up above 3o,
which is too low to be used for a quantita-
tive study. Consequently the spectral analysis
has been performed with only 3 frequencies
in a fairly small frequency range (1.42, 1.65
and 2.7 GHz). Figure 6.39 presents the corre-
sponding spectral index maps at a resolution
of 9"1x5”5. In order to increase the signal-
to-noise, fluxes have been determined in 9x9
pixel boxes centered on equidistant positions
marked in Fig. 6.40. The trend of the spectral
index along the north—west and south—east
lobes is presented in Fig. 6.41. The steepest
slope between 1.65 GHz and 2.7 GHz is lo-
cated at the tips of the primary lobes (o =
—1.46 and a = —1.26 for the southern and
northern lobes respectively). The spectrum
then becomes flatter in regions close to the
core and again steepens towards the tips of the
secondary lobes. The extremly steep spectral
index of region 6 and possibly the flat index in
region 7 of the northern lobe is caused by arti-
ficial sidelobe structure present in the 2.7 GHz
image. The peculiar spectral behaviour is con-
sistent with the findings of Alexander & Leahy
(1987).

Break frequencies have been determined by
fitting of JP models to the synchrotron spec-
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FIGURE 6.38— The integrated spectrum of 3C315.
Fluxes have been extracted from the literature and
have been complemented by values obtained from
available datasets. The solid line represents the best
fitting CI model. The fit parameters and the relevant
fit errors can be found in the plot legend.

tra of the various regions of 3C315. Due to
the poor frequency coverage the injection in-
dex had to be fixed to aj,j = —0.766 as has
been obtained from the integrated spectrum.
The trend of v along the north—west and
south—east lobes is displayed in Fig. 6.42. Be-
cause the highest available frequency in this
analysis is 2.7 GHz the location of the high fre-
quency break is ill constrained by the fits. In
several regions the upper limits of v, were ex-
tremly large or consistent with pure power law
spectra. These cases are denoted by arrows.
Regions 6 and 7 in the north—west lobe suffer
from the presence residual sidelobe emission
in the 2.7 GHz image. Due to the large errors
no clear trend of v, along the north—west
and south—east lobes is visible. In order to
improve the situation sensitive high frequency
observations with good resolution would be
needed. Table 6.7 lists the physical proper-
ties and ages of the various regions of 3C315
obtained from minimum energy calculations.
The minimum magnetic fields lie below 7uG
everywhere. The highest values of B,,;, are
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found in regions 4 and 5 of the north—west
and south—east lobes.

The trend of ¢4, is plotted in Fig. 6.43.
Despite the large errors there is indication
in the south—east lobe for ageing away
from the core towards the lobe tips. The
highest ages of t5,,=33.7+{% 5 occur at the
tips of the primary and secondary lobes
(tsyn=33.7£1% 5 and t4,,=26.5+113 respec-
tively) whereas the ages close to the core are
somewhat lower (ts,,=9.2+59). The situation
in the north—west lobe is however less clear
and no obvious trend of the spectral is visible.
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FIGURE 6.39— Greyscale spectral index maps of
3C315 between 1.42 GHz and 1.65 GHz (top), be-
tween 1.42 GHz and 2.7 GHz (middle), and between
1.65 GHz and 2.7 GHz (bottom). The superimposed
contours represent the total intensity image of 3C315
at 1.42 GHz. The spectral index calculation has been
clipped for fluxes below 60.
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FIGURE 6.40— Equidistant point along the
north—west and south—east lobe transition line.
Crosses mark the positions where fluxes have been
integrated in 9x9 pixel boxes.
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FIGURE 6.41— Spectral index distribution along
north—west (top) and south—east (bottom) transi-
tion connecting the active to the secondary lobes. The
location of the regions are marked by crosses in Fig.
6.40.
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FIGURE 6.42— Trend of v, along the north—west
and south—east lobes. The break frequencies have
been determined by fitting a JP model with ain; =
—(0.766 to the synchrotron spectra. Datapoints marked
by arrows denote cases where the fit was consistent
with a pure powerlaw and no break frequency and/or
no upper limit for v, could be obtained.
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FIGURE 6.43— Trend of the spectral age along the
north—west and south—east lobes of 3C315. Ar-
rows denote the cases where only an upper limit of
tsyn could be obtained. The regions are the same as
marked in Fig. 6.40.
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Lobe | Region | Luminosity Umnin Uynin Brin tsyn tnaz
[erg/s] [erg] erg/cm®] | [uG] | [Myr] | [Myr]

1 6.4 x 1041 | 6.7 x10°7 | 24 x 10~ | 5.1 24.2 39.7

2 1.6 x 10*2 | 1.4 x 10°® | 2.9 x 10712 | 5.6 12.9 22.6

north 3 1.5x10%2 | 1.5 x10%° | 2.7 x 10712 | 54 16.7 28.6
- 4 1.7x10*% [1.2x10%® [3.9x 1072 | 6.5 22.8 45.8
west 5 21.0 42.1
6 51x 102 [75%x10° [ 1.5 x 1012 | 4.0 | 106.0 | 149.5
7 2.8 x 108 | 59x%x10°7 [ 95x 1013 | 3.2 | <227 | <29.1

1 42x 10" [50x%x10°7 [ 2.1 x 10712 | 4.7 33.7 52.1

2 1.1 x 10*2 | 1.0 x 10°8 | 2.9 x 1072 | 5.6 21.4 37.6

south 3 1.5 x 10*2 | 1.2 x10%°® | 3.6 x 10712 | 6.2 18.8 36.3
- 4 1.8 x10% [1.2x10%® [ 4.6 x 1072 | 7.0 9.2 20.0
east 5 14.1 30.6
6 8.6 x 107 [ 1.3x10°® [ 15x1072 | 4.1 24.6 34.9

7 5.9 x 1041 | 8.7 x10%7 | 1.5 x 10712 | 4.1 26.5 37.6

TABLE 6.7— Source properties of 3C315.
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FIGURE 6.44— Integrated spectrum of 3C379.1.
The solid line represents the best fitting CI-model. The
fit parameters and errors can be found in the plot leg-
end. The 38 MHz datapoint marked by an open circle
has been flagged for the fitting procedure.

6.5.8 3C379.1

The integrated spectrum of 3C379.1 presented
in Fig. 6.44 consists of 16 datapoints com-
piled from the literature and supplemented by
fluxes obtained from available datasets. The
covered frequency range extends from 38 MHz
to 32 GHz. The best fitting spectral model is a
CI-model with a;,; = 0.72 und v, =72.2 GHz.

For the resolved spectral analysis only the
images at 1.4 GHz (WSRT) and 32 GHz pro-
vide sufficient resolution. The spectral index
map at a resolution of 30" x30"bewteen these
two frequencies is displayed in Fig. 6.45. Due
to the low signal-to-noise of the 32 GHz im-
age the calculation of spectral indices is lim-
ited to the brightest regions of the active lobes
only. The short secondary lobes of 3C379.1 are
only slightly resolved in the 1.4 GHz map and
remain below the detection limit at 32 GHz.
The southern and northern lobes have a mean
spectral index of a = —0.81 £ 0.05, and o =
—0.78 £+ 0.06, respectively. Table 6.5.8 lists
the minimum energy properties of 3C379.1.
Break frequencies have been obtained using
the two-point spectral index. An injection in-
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FIGURE  6.45— Spectral index  distribution
(greyscale) of 3C379.1 between 1.4 GHz and 32 GHz.
Superimposed are contours of the 1.4.GHz total
intensity convolved to a 30" x30"” beam. The spectral
indix calculation has been clipped for fluxes below the
30 level.

dex of a;n; = —0.72+):922 has been assumed
as was determined by the fit to the integrated
spectrum. The resulting break frequencies
were v, = 359+222 GHz for the southern and
vp = 638+523 GHz for the northern lobe. The
inferred spectral ages are tg, = 2.6 & 0.6
(southern lobe) and tsy, = 2.2+%3 (northern

lobe).
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Lobe | Luminosity Umin Wnin Bmin | tsyn tmaz
erg/s] [erg] [erg/cm®] | [uG] | [Myr] | [Myr]

north | 1.1 x 10 [ 8.9 x10°8 | 3.6 x 10 12| 6.2 2.2 4.4

south | 2.4 x10* | 1.7x10% | 47x1072 | 7.1 2.6 5.8

TABLE 6.8— Source properties of 3C379.1
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6.5.9 3C403

The integrated spectrum of 3C403 is displayed
in Fig. 6.46. The datapoints are best approx-
imated by a CI model with v, = 25 GHz
and a;n; = —0.68. In order to test the sta-
bility of the fit all high-frequency datapoints
above 5 GHz have been flagged for the fit-
ting procedure. The effect on v, and wip;
was only marginal and the fit results were
identical within the errorbars. As can be
seen the 32 GHz datapoint lies well above
the fit solution. Several possible reasons for
this flux offset have been investigated. A
possible explanation for a spectral upturn at
high frequencies is the contribution of an addi-
tional thermal component produced by dust.
Indeed 3C403 is the only X-shaped source
that has significant infrared luminosity. The
source was detected in the three shortest wave-
length channels of the TRAS all sky survey
(Golombek et al. 1988). We have investigated
spectral fits including an extra dust compo-
nent. It has turned out that a dust component
with 7' < 10 K must be present in order to cre-
ate the observed spectral upturn at 32 GHz.
This is considerably cooler than the canonical
30 K which is typically observed in active ra-
dio sources (Chini et al. 1989). Furthermore,
spectra extracted at various locations indicate
that the 32 GHz is offset by a constant offset
everywhere within 3C403. If the upturn were
due to thermal emission we would instead ex-
pect to find larger contributions towards the
center of the host galaxy where the concentra-
tionr of dust is higher than at greater distances
from the core.

We therefore conclude that the increased flux
at 32 GHz is most probably not physical. The
flux can however be systematically overesti-
mated in case the beam size of the 32 GHz
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FIGURE 6.46— Integrated spectrum of 3C403. The
datapoints have been compiled from the literature and
have been supplemented with fluxes from own observa-
tions. The solid line represents the best fitting model
(CI). The fit results and errors are marked on the plot.
The open circles indicate that this datapoint has been
flagged during the fitting procedure. At 32 GHz we
show the original flux, the flux after correcting for the
beam size, and the flux after recalibration.

map exceeds the assumed default 30”. This
might occur because of the poor beam and
pointing characteristics at 32 GHz during the
period of observation (see Sect. 3.1). To test
the impact of an enlarged beam the HPBW
of the two brightest source components (as-
cociated with the hotspots) of 3C403 have
been determined and compared to that of
the smoothed 1.5 GHz and 8.4 GHz images.
We have found the beam size to be around
34"which causes a flux correction of 28%.
However, this correction is still insufficient to
bring the 32 GHz datapoint into agreement
with the other datasets. In fact still no spec-
tral model at all is consistent with the 32 GHz
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flux. We therefore conclude that the 32 GHz
data must as well suffer from severe miscal-
ibration. The integrated spectrum indicates
a neccesary flux correction of 50%. In order
to investigate the possibility of an errornous
calibration we have applied the flux correc-
tion and have extracted spectra in various
source regions. To better constrain the spec-
tral fits we have first performed these tests
at a fairly low resolution of 69”in order to be
able to include the 10.45 GHz data. Spec-
tra with the corrected 32 GHz flux are dis-
played in Fig. 6.47. At 69” resolution the
source is only slightly resolved. Therefore we
have chosen a Cl-model for the spectral fit-
ting procedure (which also resulted in the low-
est x? values). The 32 GHz datapoints have
been flagged and the injection index has been
fixed to a;,; = —0.65 as indicated by the in-
tegrated spectrum. Apparently the flux cor-
rection brings the 32 GHz data in good agree-
ment with the model. Even though a meti-
coulous re-inspection of the 32 GHz data has
not revealed no evidence for a miscalibration
we conclude that nevertheless it is the most
likely explanation for the flux offset. Because
of possible other problems with this dataset we
have pursued the most conservative approach
and have excluded the 32 GHz data entirely
from the spectral analysis.

The spectral index map between 1.45 GHz
and 8.35 GHz at a resolution of 4”5 resolution
is displayed in Fig. ??. The steepest spec-
trum is conincident with the hotspot areas of
the primary lobes. This can be more clearly
seen in Fig. 6.49 which displays the trend of
the spectral index along the east—south and
west—north lobes. Close to the core (regions
2 & 3) the spectrum becomes flatter but then
again steepens towards the tips of the sec-
ondary lobes. Most interestingly the flat spec-
trum areas conincide with regions of high frac-
tional polarization (region 3 in the north lobe;
region 3 & 4 in the south lobe). Possibly these
areas are locations of strong shocks that reac-
celerate the particles and thus lead to the ap-
parent flattening of the synchrotron spectrum.
One should note however that the spectral in-
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dices in these areas are rather typical for the
lobes of radio galaxies. More unusual are the
steep spectra at the tips of the primary lobes.
This is reminiscent of what has been observed
in 3C223.1. The apparent spectral reversal
can be understood if the reorientation event in
3C403 is ongoing or has ended very recently.
The realigned jet would have to drill a new
cavity in the dense ISM of the host galaxy
which would lead to enhanced radiation losses
in the hostpots.

Break-frequencies have been derived using the
two-point spectral index between 1.5 GHz and
8.4 GHz. As was discussed in Sect. 6.3 this
method depends heavily on the assumed value
of a;pj. In the case of 3C403 «;y,j can be deter-
mined with high accuracy (£1.7%) from the
integrated spectrum thus yielding reasonably
well constrained break-frequencies and ages.
The minimum magnetic fields and calculated
spectral ages of 3C403 are listed in Tab. 6.9.
There is a gradient in magnetic fields from
the primary (> 10uG) towards the secondary
lobes (~ 5uG). The calculated spectral ages
along the east—south and west—north lobes
are plotted in Fig. 6.50. The overall inferred
ages are low (<10Myr) everywhere in 3C403.
Also there is a clear age gradient from the ac-
tive lobes towards the secondary lobes, even
though the absolute difference in spectral age
between these regions is only ~5 Myr.
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FIGURE 6.47— Spectra of the eastern (top left) and western (top right) active lobes and the northern (bottom
left) and southern (bottom right) secondary lobes of 3C403. The solid lines represent the best fitting model. The
fit results and errors can be found in the plot legend. Datapoints marked by open circles have been flagged for the
fitting procedure. The displayed 32 GHz fluxes have been rescaled as described in the text. The injection index
has been fixed to ain; = —0.65 as indicated by fit to the integrated spectrum.
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Lobe | Region | Luminosity Umin Uynin Brin | tsyn trnaz

[erg/s] [erg] [erg/cm®] | [uG] | [Myr] | [Myr]

1 1.3 x10*? [ 42x10°" | 1.3x 10~ | 11.9 | 3.9 16.2

east 2 3.3x 104 | 1.6 x10%7 | 6.4 x 102 | 8.3 4.0 10.6
- 3 2.3x 104 | 1.1 x10° | 6.2 x 102 | 8.2 3.9 9.9
south 4 1.8 x 10*1 | 2.1 x10% | 1.8 x 10712 | 44 6.7 9.6
5 2.8 x10% | 3.6x10° | 1.9x 10712 | 4.5 9.9 14.4

6 9.4x10% | 1.2x10% | 20x 10712 | 4.6 9.2 13.7

1 1.8 x10*2 | 51x10°" | 1.6 x 10711 | 13.0 | 3.3 15.2

west 2 4.8 x 10*1 | 3.1 x10°7 | 4.0x 10712 | 6.6 4.7 9.6
— 3 2.8 x 104 | 2.8 x10°7 | 2.0 x 102 | 4.6 3.1 4.6
north 4 2.0x10* | 2.7x10° | 1.6 x 10712 | 4.1 8.3 11.4
5 2.1 x10% | 24x10° | 24x 10712 | 4.9 7.8 12.0

6 8.8 x 1040 | 8.8 x10% | 2.5 x 10712 | 5.2 8.6 13.9

TABLE 6.9— Source properties of 3C403.
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FIGURE 6.48— Spectral index map between
1.45 GHz and 8.35 GHz for 3C403.

FIGURE 6.49— Trend of the spectral index (upper
panel) along east—south and west—north lobes of
3C403. Fluxes have been extracted in 14x14 pixel
boxes centered on the positions marked by crosses in
the finding chart (lower panel).
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3c403 Spectral Age
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FIGURE 6.50— Trend of the spectral age along the
transition line from west—north (upper panel) and
east—south (lower panel). The relevant source regions
are the same as marked in Fig. 6.49. The break fre-
quencies have been derived from the two-point spec-
tral index for a JP spectrum assuming o;,; = —0.667
The dashed lines correspond to the spectral ages cal-
culated for the upper (ain; = —0.678) and lower
(atinj = —0.658) limit of the injection index as derived
from the fit to the integrated spectrum.
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6.6 Summary

Magnetic Fields

We have derived minimum magnetic fields for
all nine X-shaped sources. Typical values of
Bpin are of the order of a few uG. The high-
est minimum field (17.74G) has been found
in 3C52 coincident with its northern hotspot.
The lowest fields (< 1uG) are located at the
secondary lobe tips of B20828+32. In most
cases there is a clear gradient of B, from
the primary towards the tips of the secondary
lobes. The only exceptions are 3C315 and
4C12.03 (south lobe) where the highest fields
were observed in regions in between the pri-
mary and secondary lobes. Typically the de-
rived magnetic fields are a factor of 2-3 higher
in the primary lobes as compared to the tips
of the secondary lobes. In nearly all sources
the trend of By, is symmetric for the two
lobe systems. An exception is 3C52 which
has a considerably higher field strength at the
northern hotspot as compared to its southern
counterpart.

Spectral Index

Most of the X-shaped sources of this sam-
ple exhibit a gradual decrease in spectral in-
dex from the primary towards the secondary
lobes.  Clear exceptions are 3C223.1 and
3C403. Both sources exhibit the steepest spec-
tra at the hotspots with unusually low spec-
tral indices of o & —0.8. The reason for this
is unknown. Either reacceleration occurs in
the secondary lobes that creates a flatter spec-
trum with respect to the primary lobes or the
radiation losses are enhanced in the hotspot
regions. This can be understood in the frame
of the reorientation models if the jet reorien-
tation is ongoing or has finished very recently.
The reoriented jet has to penetrate into the
ISM of the host in order to drill a new lobe
channel. Similar to what has been reported for
Cygnus A (Barthel & Arnaud 1996) the con-
finement of the ambient medium would lead
to increased synchrotron losses. The overall
low ages inferred for 3C403 and 3C223.1 are
consistent with this idea. It is however un-
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clear why a similar effect has not been ob-
served in NGC 326, which is located in a rel-
atively denser medium and is even younger

than 3C223.1 and 3C403.

Spectral Ages

Spectral ages have been calculated for the
sample of X-shaped sources. For most objects
there is a trend of increasing ages from the
primary towards the secondary lobes which is
consistent with the reorientation scenarios. It
should be noted however that some of the age
calculations carry large uncertainties due to
the partly poor quality of the available data.
The youngest structures are the primary lobes
of NGC 326, 3C223.1 and 3C403. Most inter-
estingly these are also the sources having the
shortest lobe lengths. Such a finding is ex-
pected in the frame of jet reorientation sce-
nario. Young primary lobes indicate ongoing
or recent realignment of the jet. After realign-
ment we expect a short lobe due to its confine-
ment by the dense ISM until a new channel has
been drilled.

The oldest structures are the secondary lobes
of B20828+32 (¢ ~ 40 Myr). Note that this
source is also the most extended of all known
X-shaped sources.

The overall spectral ages of the secondary
lobes of X-shaped sources are similar to the
inferred ages of other radio galaxies (e.g.
Alexander & Leahy 1987, Carilli et al. 1991,
Klein et al. 1995).
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Formation of X-shaped Radio Sources
Part II: Revisited

7.1 Reorientation and Flow Speeds
As has been outlined in Chap. 5 the timescales
and speeds of the formation process provide
a means to distinguish between the various
proposed mechanisms. In case of the envi-
ronmental formation processes — backflow and
buoyancy — the requirement of subsonic back-
flows provides a limit to the flow speeds of the
plasma from the hotspots towards the tips of
the secondary lobes. In case of the reorien-
tation models on the other hand the theory
makes rigid predictions about the timescales of
reorientation. The spectral ages derived in the
previous chapter now allow us to actually cal-
culate the flow and reorientation speeds. The
speeds have been derived by dividing the flow
distance by the corresponding spectral age.
However, it is not obvious how to best esti-
mate the correct flow distance. Because radio
sources evolve with their hotspots propagating
into the ISM/IGM it is not quite clear where
matter having a particular spectral age was
originally released by the hotspots. For mat-
ter now located at the tips of the secondary
lobes there are two extreme cases:

a) the matter was released close to the radio
core. Then the flow distance is simply the
length of the secondary lobe.
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b) the matter was released close to the cur-
rent location of the hotspots. The flow
distance is the combined length of the pri-
mary plus the secondary lobe.

These are the extreme cases and consequently
yield lower and upper limits of the true flow
velocities. In the following, flow speeds have
been calculated for both scenarios by divid-
ing the relevant flow distance by the spec-
tral age measured at the tips of the secondary
lobes. The parameters and calculated speeds
are listed in Tab. 7.2. As can be seen the de-
rived flow speeds spawn a range of a few 106
to a few 10" m/s. The distribution of speeds
is displayed in Fig. 7.1 (scenario a) and Fig.
7.2 (scenario b). The average speed is marked
in the histograms by arrows.

Projection effects

The calculation of speeds can in principle be
strongly affected by projection effects. The
radio maps allow the determination of pro-
jected lobe lengths only. Projection will thus
show up in the speed calculations as a cosi
dependency of the lobe length (where i de-
notes the inclination with respect to the plane
of the sky). The spectral ages on the other
hand can be expected to be largely unaffected
by projection except for the extreme case of
large inclination angles . For large inclina-
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Flow Speed
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FIGURE 7.1— Histogram of the flow speed calcu-
lated by dividing the lengths of the secondary lobes
by the spectral ages obtained at the tips of the lobes.
The histogram contains only the cases in which speeds
could be derived with errors smaller than one bin-
width (2.5x10° m/s). The average speed is 8.8x10°
m/s with a standard deviation of 3.8x10° m/s.
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FIGURE 7.2— As in Fig. 7.1 but with the flow dis-
tance assumed to be the length of the secondary plus
the active lobes. The average speed is 1.5x107 m/s
with a standard deviation of 6.0x10° m/s

tions the synchrotron radiation is integrated
along very long path lengths through the lobes
and comprises radiation from particle popula-
tions in various stages of synchrotron ageing.
Therefore spectral fits using JP or KP mod-
els would not accurately determine the true
particle ages. However, sources having a very
large secondary lobe inclination will also be

Lobe Length vs. Flow Speed
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FIGURE 7.3— Flow speeds plotted vs. the lobe
length. In case projection effects would strongly affect
the derived flow speeds this should manifest itself in a
trend of lower speeds to preferentially occur for short
(projected) lobe lengths. However, no such trend is
visible indicating that the fairly large range of speeds
cannot be attributed to projection effects but must be
intrinsic.

strongly affected by the selection effects out-
lined in Chap. 2 and consequently would have
a low chance of being included in this sam-
ple of X-shaped sources. Assuming that all
X-shaped sources have roughly the same in-
trinsic flow speed the imprint of projection
should manifest itself in a dependency of the
calculated speeds on the lobe length. In par-
ticular one should find a trend of apparently
lower speeds to occur in the case of shorter
lobe lengths because a good fraction of these
lobes might appear short only due to projec-
tion effects. Figure 7.3 presents a plot of the
lobe lengths vs. the calculated speeds. Even
though the number of sources is small and the
errors are quite large there seems to be no
such trend in the studied sample of sources.
We therefore conclude that the broad distribu-
tion of speeds of X-shaped sources cannot be
caused mainly by projection effects but must
be in most part intrinsic.

Conclusions

The derived speeds are even in the most con-
servative case of assuming the shortest pos-
sible lobe lengths close to 10% of the speed
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of light. Such high speeds pose a difficult
problem for the backflow and buoyancy mod-
els in which an upper limit to the flow ve-
locity is imposed by the sound speed. It has
been demonstrated in Chap. 5 that the mag-
netosonic sound speed can be as high as a few
percent of the speed of light with typical val-
ues of 6x10°m/s. For the sample studied in
this thesis the average value is already some-
what higher than this and individual sources
lay considerably above. Assuming longer lobe
lengths due to projection the situation be-
comes even more unfavorable. Also one should
keep in mind that flows with velocities close
to the magnetosonic sound speed might occur
in the magnetized, low-density environment of
the lobe cavity. When forming the secondary
lobes the backflowing or buoyant matter has
to eventually leave the lobe cavity and will
have to penetrate into the denser ISM/IGM.
Consequently ram-pressure effects should de-
crease the flow speed considerably and we can
expect velocities in the secondary lobes close
to the thermal sound speed which is about one
to two orders of magnitude below the magne-
tosonic sound speed. We thus conclude that
the speeds derived on the basis of spectral ages
are inconsistent with the requirement of sub-
sonic flows.

In the case of jet reorientation one is not faced
with the sound speed limit because the sec-
ondary lobes are not formed by a flow of mat-
ter but consist of material left behind by a
receding jet. Instead, the predicted reorien-
tation timescales have to be compared with
the derived spectral ages. The reorientation
timescale t,. can be estimated from the spec-
tral analysis since it is approximately equal to
the age at the tips of the secondary lobe t;p.
This is illustrated in Fig. 7.4 which sketches
the evolution of a reorientation event. When
the reorientation of the radio jets has just been
completed t4, is exactly equal to .. This is
not true anymore during later stages of the
source evolution when #, will become larger
than ¢,.. In this respect ty, provides only
an upper limit of the reorientation timescale.
However there is a strong selection bias that
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works in a way as to ensure that 4, is always
comparable to the reorientation timescale in
the studied sample of X-shaped sources. Se-
lection effects let us pick out such sources
that are not much older than the reorienta-
tion event. Radiation losses will make the sec-
ondary lobes fade away quite rapidly once they
are not being fed with fresh particles anymore.
This selection bias will be studied in greater
detail in the following chapter. It is worth to
note again that #;;, provides an upper limit to
the reorientation timescale. As has been dis-
cussed in Chap. 5 the two reorientation mod-
els — BBH merging and misaligned accretion
— both predict reorientation timescales in the
order of 10° to a few 107 years. Inspecting the
spectral ages obtained at the tips of the sec-
ondary lobes listed in Tab. 7.2 we find them to
spawn the range from 8 x 10% to 4 x 107 years
which is in excellent agreement with the the-
oretical predictions.

7.2 Reorientation Angle

Very likely the peculiar morphology of X-
shaped sources has been caused by a reori-
entation of their radio jets. The amount of
change in orientation between the original and
the realigned radio jets is visible as the an-
gle between the primary and secondary lobes.
Due to projection effects this intrinsic reori-
entation angle ¢ cannot be inferred directly
from the radio images. Instead only the pro-
jected reorientation angle ¢’ can be measured
directly. As the 3D-orientation of a particular
X-shaped source is unknown it is impossible
to re-construct its intrinsic reorientation an-
gle. However, if projected angles for a larger
number of sources exist then one can employ
statistical methods to estimate the most likely
distribution of intrinsic angles. The idea is
to construct a theoretical distribution of pro-
jected angles for an ensemble of X-shaped
sources having intrinsic angles between ¢, and
¢2. This theoretical distribution can then be
compared with the observed distribution of
projected angles in order to find the best fit-
ting values of ¢ and ¢3. In order to obtain
such a theoretical ¢’ distribution it is neces-
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FIGURE 7.4— Sketch of the evolution of a jet reorientation event. The open circle depicts the radio core with
the jet emerging along the solid line. The current hotspots are marked by filled circles and are embedded in the
radio lobes (shaded ellipses). At the onset of the reorientation process the observed age at the tips of the lobes is
t:ip=0. The jet than swings and finally becomes realigned in a new direction. The age at the tip of the secondary
lobe is then equal to the reorientation timescale tr.. In the following, the active lobes will propagate into the
ISM/IGM and become longer whereas the secondary lobes will fade away and become shorter. During this stage

the observed t4;p will be somewhat longer than t,..

sary to first construct a model representation
of X-shaped sources. The source model is then
projected to all possible viewing angles to ob-
tain the expected distribution of projected an-
gles ¢' corresponding to the intrinsic angle ¢.

The Model

We use a simplified model to describe an X-
shaped source. In this model the source con-
sists of two pairs of linear radio lobes having
the full lengths (hotspot to hotspot) I, and [,
for the primary and secondary lobes respec-
tively (see Fig. 7.5). The primary and sec-
ondary lobes are oriented at the intrinsic (re-
orientation) angle ¢. We have defined the pri-
mary lobe to be oriented along the x-axis of
the initial (un-projected) coordinate system.
The z-axis defines the direction towards the
observer. The primary and secondary lobes
have been represented by the corresponding
vectors p and §. The angle ¢ is located in the

xy-plane.
l,/2 ls/2 - cos ¢
p= 0 §=1 Il5/2-sin¢
0 0

The projection to a different line-of-
sight has been realized through an Euler-
transformation in the following way (see
Fig. 7.6):

1) a rotation about the initial z-axis (angle /)
which performs the following transformation:

z — z'(=1z)

!
y — Yy
z = 2

2) a rotation about the 2’-axis (angle ):
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z

to the observer|

FIGURE 7.5— Sketch of the model used to derive
the distribution of projected angles. In this simplified
model an X-shaped source consists of two linear lobes
of lengths /, and [, for the primary and secondary lobes
respectively. The lobes are oriented at the intrinsic
angle ¢ and are located in the xy-plane. The line-of-
sight to the observer is along the z-axis.

X=x'

2nd rotation (angle ) .- B

7=z" .
e

4

to the observe

FIGURE 7.6— Sketch of the transformation used to
project the X-shaped source model to different lines-of-
sight. The first rotation (angle 3) is executed around
the initial x-axis. Afterwards a second rotation (angle
) is performed around the z’-axis. The original z-axis
is coincident with the line-of-sight to the observer.

Applying the transformation yields:

— —
p—=Dp
§— 3!

with the lengths of the transformed vectors
being [, and I;.

=2\ +7}
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The projected source angle ¢’ is then calcu-
lated as:

plzslw + ply3,y>
1L/2-1,/2

The inclination with respect to the plane of
the sky (xy-plane) is given as:

¢' = arccos (

!

. D,
1 = arctan —
4

Projected Angle Distribution

The outlined model allows to obtain the theo-
retical distribution of ¢’ for a randomly ori-
ented sample of X-shaped sources having a
particular intrinsic source angle ¢. This has
been realized by projecting the model to all
lines-of-sight in the range:

0° < B <90°
0° <y < 180°

However, this distribution cannot be com-
pared “as is” with the observed angle distri-
bution. In many cases a particular viewing
angle will result in a projected source geome-
try that does not have X-shaped morphology
any longer. Viewing angles that are affected
by such selection effects (see Sect. 2.1) thus
have to be excluded from the theoretical ¢’
distribution before it can be compared with
the observed distribution of projected angles.
The following criteria have been used to take
selection effects into account:

e ¢’ <20° or ¢’ >160°
if the projected angle is too small or too
large the emission of the secondary lobes
will blend into the primary lobe. Hence,
the existence of secondary lobes in such
sources would be hidden.

e i > 40°
if the inclination of the jet with respect
to plain of the sky becomes too large then
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relativistic beaming will increase the dy-
namic range between primary and sec-
ondary lobes making the detection of the
secondary lobes unlikely.

oI/ <0.3- l;
in cases where the secondary lobes will
be shortened by projection effects to
an extend where they will be consider-
ably shorter than the (projected) primary
lobes the source would not be classified as
being X-shaped anymore.

The impact of these selection effects on the
projected angle distribution is demonstrated
in Fig. 7.7 (for the case of ¢=50°). Individual
plots display the projected angle ¢’ as a func-
tion of # and . Valid viewing angles (in the
sense that they are not excluded due to selec-
tion effects) are marked in the plots by super-
imposed green box symbols (A). The full col-
lection of figures corresponding to other values
of ¢ can be found in Appendix B.

After compensating for the selection effects we
can finally construct the theoretical ¢’ distri-
bution that corresponds to a particular intrin-
sic angle ¢. Figure 7.8 displays the ¢’ distribu-
tion for ¢=>50° (plots for other values of ¢ are
listed in Appendix B). As can be seen the dis-
tributions are always peaked around the value
of the intrinsic angle. A measure for the sharp-
ness of the distribution is given by the P[10]
and P[20] parameters that give the cumula-
tive probability to find a projected angle ¢’
within +10° or +20° of the peak, respectively.
The f; value gives the fraction of valid view-
ing angles. Table 7.1 lists these parameters for
10° < ¢ <170°. As documented by the fs pa-
rameter selection effects have a large impact
on the ¢’ distribution only for angles close to
0° or 180°. In the extreme case of ¢=10°, or
¢=170° only a few percent of the lines-of-sight
pass the selection criteria, whereas for ¢p=90°
this fraction rises to 80%. An important thing
to note is that the distribution of projected an-
gles is always peaked around the initial intrin-
sic angle ¢. It is sharpest for small and large
¢, but even in the 'worst’ case of $=90° the
probability to find a projected angle between
80° and 100° is still 65%.

¢ | P[0] P[20] [
10° 1092 1.0 0.01
20° 1098 099 0.26
30° 1 097 099 0.64
40° 1 0.84 1.0 0.72
50° 1 0.78 091  0.74
60° | 0.73 0.86  0.76
70° 1 0.70  0.82  0.77
80° | 0.68 0.79  0.78
90° | 0.65 0.76  0.80
100° | 0.65  0.76  0.79
110° | 0.66  0.78  0.79
120° | 0.70  0.81  0.78
130° | 0.74 0.87  0.75
140° | 0.84 090 0.74
150° | 0.86  0.91  0.67
160° | 0.91  0.93 0.33
170° | 0.70  0.83  0.02

TABLE 7.1— Table lists the P[10], P[20] and fs pa-
rameters of the ¢’ distribution as a function of the
intrinsic angle ¢.

Comparison with Observations

The aim is to obtain some idea about the most
likely distribution of intrinsic angles ¢ of the
observed sample of X-shaped sources. This
is done by creating a theoretical distribution
of projected angles ¢}, that corresponds to a
sample of sources having intrinsic angles in the
range from ¢y to ¢.. This theoretical distri-
bution can then be compared to the observed
' s distribution in order to find the distribu-
tion that fits the observations best. The com-
bined theoretical ¢}, distribution is obtained
by integrating the individual ¢' distributions
(corresponding to one particular ¢) over all
angles between ¢, and ¢.. Examples of ¢},
for different configurations of ¢, and ¢ can
be found in Fig. 7.9. The ¢}, distribution is
represented by the solid line. The observed
distribution of projected angles ¢/, is super-
imposed (dashed line).
The observed projected angles have been
obtained from the highest resolution radio
maps. The angle has been measured be-
tween the lines connecting core—hotspot and
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FIGURE 7.7— Plots of the projected angle ¢’ as a function of the transformation angles 8 and + for an intrinsic
source angle of $=50°. Each individual plot corresponds to a specific angle 3 as indicated in the plot title. Angles
superimposed by green A symbols represent viewing angles that would pass the selection criteria outlined above.
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FIGURE 7.8— Histogram showing the expected dis-
tribution of projected angles ¢’ for a randomly oriented
sample of X-shaped sources having an intrinsic angle of
¢=50°. The probabilities have been normalized in or-
der to yield a total probability of unity over all viewing
angles. Marked on the plot the maximum probability
is given and the angle-bin where it occurs. The P[10]
and P[20] parameters give the cumulative probability
to observe a projected angle ¢’ within +10°, or +20°
of the maximum respectively.

core—secondary lobe tip. Whereas the core —
hotspot connection can be easily found, the
definition of the secondary lobe tip is some-
what arbitrary. Therefore, we assume a typi-
cal error of £10% in measuring the value of
tps-  3C379.1 has been excluded from the
sample entirely. Its secondary lobes are too
short to accurately determine the projected
source angle. The observed distribution is
rather narrow and is peaked at around 50°.
It is important to note, that the absence of
angles ¢!, >90° is not due to a symmetry ef-
fect. In all sources the morphology indicates a
clear association of one of the secondary lobes
with one of the primary lobes. For this reason,
projected angles in the range from 0° to 180°
could occur and would be distinguishable.
From Fig. 7.9 it is obvious that none of the
theoretical distributions fit ¢,  very well. As
was outlined above the individual ¢’ distribu-
tions tend to be narrowly peaked around the
corresponding ¢ value. We can therefore sus-
pect that the wanted ¢}, distribution will con-
tain a rather narrow range of angles ¢. The
distribution ¢}, that fits the observed pro-
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FIGURE 7.9— Distribution of projected angles ¢’ for
different configurations of ¢, and ¢.: 10°<¢p<170°
(top), 10°<¢<90° (middle), and 90° <$<170° (bot-
tom). The solid line represents the theoretical ¢’ dis-
tribution. The superimposed dashed line marks the
observed distribution of projected angles. The two dis-
tributions have been normalized to have equal areas.

jected angle distribution best is displyed in
Fig. 7.10. It was constructed with ¢,=60°
and ¢.=90°.
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Conclusions

Even though the statistical errors are still
quite large due to the small number of known
X-shaped sources we have nevertheless ob-
tained an idea about the most likely distri-
bution of reorientation angles in the studied
sample of X-shaped radio galaxies.

Most important: the distribution of intrin-
sic angles in the sample is rather narrow.
The best fit was obtained for a range of
60°<¢$<90°. Inspecting Fig. 7.10 it is obvious
that the fit does not reproduce the sharp peak
of the ¢/, distribution. In the model outlined
above we have used equal weighting for all an-
gles between ¢, and ¢.. In order to better
reproduce the peak at 50° it would be neces-
sary to increase the weight of intrinsic angles
around 50° to 60° with only a small contri-
bution of large angles. The most likely reori-
entation angle of X-shaped sources therefore
seems to lie in the regime of 50°-60°. How-
ever, a larger number of sources would be de-
sirable in order to increase the statistics. In
the light of the formation processes proposed
for X-shaped sources such a narrow distribu-
tion of intrinsic angles cannot be understood
easily.

In case of buoyancy one would expect a more
homogeneous distribution of projected angles.
The buoyant flow is directed along the gradi-
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FIGURE 7.10— Best fitting ¢, distribution (solid
line). It was constructed with ¢,=60° and ¢.=90°.
The superimposed histogram (dashed line) represents
the observed distribution of projected angles.
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ent of maximum pressure. There is no obvious
reason why pressure gradients in the ambient
medium should preferentially occur in a direc-
tion of 50° with respect to the orientation of
the radio jets.

Merging of a central BBH on the other hand
should result in a reorientation angle that is
defined by the spin vectors of the two black
holes. The mechanism thus provides a sim-
ple explanation why no projected angles ex-
ceeding 90° have been observed in any of the
X-shaped sources. The most extreme case of
anti-parallel spins would result in a reorienta-
tion angle of 90°. On the other hand all BH
spin orientations between 0° and 180° should
occur with equal probabilities and therefore
we would expect the ¢’ distribution (account-
ing for selection effects) to be similar to the
one displayed in Fig. 7.9 (middle). Either the
selection effects at work have to be more se-
vere or other processes during the BBH merger
have impact on the spin orientation of the
merged BH.

The situation in the case of misaligned matter
accretion is more complicated. In principle
the direction of the reoriented jet should be
coincident with the angular momentum vec-
tor of the freshly deposited matter. Without
assuming a preferred direction of angular mo-
mentum one would thus expect a ¢’ distribu-
tion with an equal number of angles between
0° and 180° which is not the case. Much de-
pends however on the details of the gas dy-
namics when it sinks to radii close to the ac-
cretion disk. Even though numerical models
at present cannot predict the fate of the gas at
these small radii it seems quite possible that
the overall gas distribution of the host galaxy
and the gravitational potential of the central
stellar cluster can have influence on the dy-
namics of the accreted matter in such a way
as to result in a preferred angular momentum
direction.

7.3 Summary and Conclusions

On the basis of the intrinsic properties de-
rived in this chapter — the reorientation an-
gles and the reorientation timescales — we can
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rule out the buoyancy and backflow scenar-
ios as the primary formation processes of X-
shaped radio sources. These mechanisms work
on timescales that exceed the timespans in-
ferred from the spectral analysis. Even in the
case that spectral ages would provide vast un-
derestimates of the true source ages the envi-
ronmental formation models still lack any ex-
planation for the observed distribution of the
projected reorientation angles.

The jet realignment models — BBH mergers
and matter accretion — work on timescales
that are in excellent agreement with the de-
rived reorientation timescales. The misaligned
matter accretion is faced with the problem
to reproduce the distribution of projected an-
gles unless so far unknown mechanisms will
roughly align the angular momentum of the
accreted matter while it is sinking towards
the accretion disk. From all proposed mod-
els BBH merging is in best agreement with
the observations. It naturally explains the ab-
sence of projected angles exceeding 90° in the
studied sample of X-shaped sources. However,
at present it does not explain why the ¢’ dis-

obs
tribution is so sharply peaked at around 50°.
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Jet Reorientation:

At this point we can conclude that the most
likely formation process of X-shaped radio
galaxies is reorientation of their radio jet axis.
Whether this reorientation occurs because of
merging binary black holes in the galactic cen-
ters or through accretion of misaligned mate-
rial onto the accretion disk or whether both
processes contribute cannot be decided with
absolute certainty at present time. However,
both scenarios require galaxy merging as the
initial trigger of the reorientation event. Most
interestingly both models suggest that jet re-
orientation does inevitably occur every time
two galaxies merge, if one or both of them
contains a massive central black hole. Merg-
ers are thought to occur quite frequently, how-
ever X-shaped sources appear to be a very rare
species of radio galaxies. In the following we
will investigate this apparent contradiction.

8.1 X-shaped Sources in Hiding

Galaxies are known to contain large amounts
of gas and most galaxies are believed to con-
tain massive central black holes. Mergers of
such galaxies thus naturally provide the in-
gredients needed to induce realignment of the
central BH spin axis. Merger events contain-
ing an AGN should then always result in a
visible reorientation of the jets. An appar-
ent contradiction of the jet reorientation mod-
els is posed by the small number of X-shaped
radio galaxies compared to the rather large

A Common Event?
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number of merger events. Certainly, selec-
tion effects due to projection and beaming (see
Chap. 2 can conceal the X-shaped nature of
some sources on unfavorable viewing angles.
For moderate intrinsic angles the fraction of
sources hidden by selection effects is about
25% (see Sect. 7.2). This suggests that — un-
less there is a large, hidden population of ob-
jects with very small reorientation angles — se-
lection effects are not sufficient to account for
the low number of X-shaped sources. Another
problem for the connection of merging and re-
orientation arises when inspecting the environ-
ments in which the hosts of X-shaped sources
are embedded. None of the known sources lay
in dense clusters, only a few sources seem to be
located in small, low-mass clusters or groups
whereas most sources seem to be isolated field
galaxies. This is surprising because mergers
do occur more frequently in clusters an there-
fore one would expect to find X-shaped sources
preferentially in dense environments.

Both apparent contradictions — the small
number of X-shaped source and their pre-
ferred location in poor environments — might
however be resolved when another selection
bias inherent to the classification of X-shaped
sources is taken into account.

It is important to note again that the clas-
sification of X-shaped sources is purely mor-
phological and is defined only by the presence
of visible secondary lobes. However the sec-
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ondary lobes of X-shaped sources will eventu-
ally fade away due to synchrotron and inverse-
Compton losses once they are not being fed by
fresh particles anymore. A short fading time
compared to the total active lifetime of the
source would then naturally explain the ap-
parent low number of X-shaped sources. We
also expect the fading timescale in clusters to
be considerably shorter than in low density en-
vironments due to enhanced radiative losses
(as in the case of Cyg A; see Barthel & Ar-
naud 1996). This would explain the relative
overpopulation of X-shaped sources in poor
Support to this idea is given
by the apparent absence of X-shaped sources
at redshift above z=0.3. While this is due
in part to a lack of sensitivity and resolution
we also expect to see fewer X-shaped objects
with increasing redshift due to the increasing
strength of the inverse-Compton process.

environments.

8.2 Simulated Source Evolution

As was outlined above the length of the lobe
fading time is the crucial parameter in the
further evolution of the source. The actual
secondary lobe fading time of a particular X-
shaped source cannot be calculated a priori.
It depends on the luminosity of the secondary
lobes, the initial electron energy distribution,
the magnetic fields at work and as well on ob-
servational parameters like frequency and sen-
sitivity. If however the radiation spectrum
and magnetic field strength of a particular
source are known with sufficient accuracy the
evolution of the radiation spectrum and thus
the morphology of the source with progressing
time can be simulated.

Lobe Fading Time

The break frequency is linked to the spectral
age through Eq. 6.5. Knowing the magnetic
field strength B and the redshift z the for-
mula can thus be used to predict the shape
of an observed synchrotron spectrum at later
times. Such a spectral evolution is sketched
in Fig. 8.1 for 4C12.03. Because of the expo-
nential shape of the spectrum for v > v} the
flux at a particular frequency v will decrease

CHAPTER 8 JET REORIENTATION: A COMMON EVENT?

Simulated Ageing - 4¢c12.03

Bmin = 2 microG
B(IC) = 4 microG

JP-Model

Flux [Jy]

t=33Myr

Frequency [Hz]

FIGURE 8.1— Model spectra of 4C12.03 demonstrat-
ing the evolution of the synchrotron spectrum with
progressing time. The line corresponding to an age of
t=33 Myr represents the actual observed spectrum at
the tips of the secondary lobes of 4C12.03. The curves
corresponding to higher ages were constructed using
the standard ageing formula with the minimum mag-
netic field at the secondary lobe tip of 2uG. The dashed
line marks the observation frequency of 1.4 GHz. As
can be seen the secondary lobes become undetectable
at a given frequency quite rapidly once the break fre-
quency becomes comparable to or smaller than the ob-
servation frequency. Such a plot can be used to esti-
mate at which age the flux of the secondary lobes will
be below the sensitivity limit of an observation.

rapidly in time once the break frequency be-
comes comparable to v,ps. Assuming a spe-
cific flux level that can still be detected by our
observation one can thus determine at which
break frequency and age this particular source
region will have faded away. To estimate the
lobe fading time of the sample of X-shaped
sources we have extracted spectra in the cen-
tral regions of the secondary lobes. These
spectra have then been artificially aged until
the flux has dropped below the 3o limit ob-
tained from the radio maps at vy,. The cor-
responding break frequency vg.; then yields
the lobe fading time #,4.. Of course the fad-
ing time is not constant across the whole sec-
ondary lobe due to the point-to-point differ-
ences of the spectral shape and the observed
gradients in magnetic fields. Because the in-
ferred ages at the tips of the secondary lobes
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are generally the highest they can be expected
to fade away somewhat faster than source re-
gions close to the core. Due to the rather small
derived gradients in age and magnetic field
(see Chap. 6) we expect the differences in the
lobe fading time to be small. The employed
method to study the spectral evolution of radi-
ation from the central regions of the secondary
lobes therefore will be sufficient for a rough es-
timate of the relevant fading timescales. Table
8.1 lists the lobe fading times and the param-
eters used for deriving them.

All sources have very similar lobe fading times
tfade (at v~1.4 GHz) between 110 Myr and
180 Myr. These values are comparable to the
inferred lifetimes of some of the oldest radio
sources (Saripalli et al. 1994, Schoenmakers
et al. 1998). Unless adiabatic expansion fur-
ther enhances the overall radiation losses we
thus have to conclude that the secondary lobes
of the sources studied here will most probably
be visible throughout their whole active life-
time. It is however important to note that the
radiation losses depend on the redshift and the
local environment of the source. The impact
that these parameters have on the expected
lobe fading time will be studied in the follow-
ing.

Environment and Redshift

The radiation losses due to the inverse-
Compton process are propotional to (1 + z)2.
For most radio sources with typical lobe mag-
netic fields of a few uG the equivalent inverse-
Compton field Bjc usually is of compara-
ble size. Already at moderate redshifts the
inverse-Compton process typically becomes
the dominant radiation loss mechanism. The
lobe fading time would therefore decrease if
the source were located at a higher redshift.
The same is true if the source were located
in a denser environment. There is indication
that the radiation losses increase due to the in-
teraction with the magnetized cluster medium
(Barthel & Arnaud 1996), which can be ex-
pressed by an increased source magnetic field.
We have used Eq. 6.5 to calculate the lobe
fading time as a function of z and By, with
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the break frequency beeing fixed at v.p;z. This
is displayed in Fig. 8.2 for 4C12.03. Assum-
ing the actual magnetic field strength in the
secondary lobe of B,,;,~2uG the lobe fading
time decreases with increasing redshift from
its current value of =130 Myr to ~50 Myr at
z=0.5. Assuming higher fields (to simulate
a denser local environment) the lobe fading
time at low redshifts are somewhat lower but
with increasing redshift the differences in mag-
netic field have less and less impact on the
lobe fading time. At z=0.5 all curves ’con-
verge’ at a typical value of tf44. ~50 Myr.
The plots corresponding to the other studied
sources can be found in Fig. 8.3. With the
exception of 3C223.1 all lobe fading times at
z=0.5 are less than 50 Myr. Assuming that
the feeding of the secondary lobes has stopped
with the onset of the reorientation and recall-
ing our findings from Chap. 7 that this has
happened about 10-40 Myr ago we conclude
that the secondary lobes would be visible for
another few 107 years if these sources were lo-
cated at higher redshifts or in denser environ-
ments. While this is rather short it is difficult
to decide whether such a timescale is consis-
tent with the low number of known X-shaped
sources.

Also it is unclear whether the sources of this
sample are representative for the whole class
of X-shaped sources. Possibly the sources of
our sample are untypical in the sense that they
have unusually long lobe fading times. As we
have seen %, becomes more or less inde-
pendent of B,,;, at higher redshifts. Sources
with very short fading times must have high-
frequency critical frequencies v,;;. This would
imply either spectra with extremely steep in-
jection indices or very faint secondary lobes.
Even though at present there is no indication
for such a population of sources, its existence
cannot be ruled out completely. Such sources
— if they exist — can have lobe fading times
of 10° years and less, which would make their
detection rather unlikely.
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Source Vobs | Bmin

[GHz] | [#G]

Bic | Verit | tfade
(1G] | [MHz] | [Myr]

4C12.03 1.5 2.0

4.0 675 130

NGC 326 1.4 3.0

3.6 480 180

3C136.1 1.4 2.0

3.7 993 160

B20828+32 | 1.5 1.0

3.6 | 1020 110

3C223.1 1.5 3.5

4.0 701 120

3C403 1.5 5.0

3.6 678 110

TABLE 8.1— The lobe fading times and the relevant parameters that have been used in deriving them. vops
denotes the frequency for which the lobe fading time has been calculated. Bj,;, and Bj¢ are the minimum and
inverse-Compton magnetic field strengths. vcri: is the critical break frequency at which the flux of the secondary
lobes has dropped below the 3¢ limit and ¢fq4e is the corresponding lobe fading time.

4c¢12.03 Lobe Fading Time
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FIGURE 8.2— Plot of the lobe fading time as a func-
tion of redshift for 4C12.03. Different curves corre-
spond to different values of the source magnetic field.
The solid line curve represents the actual minimum
field strength measured in the central region of the
secondary lobes.

8.3 Simulated Maps

This section is intended to give an impres-
sion of what we can expect a former X-shaped
source with faded secondary lobes to look like.
Simulated maps of X-shaped sources at var-
ious time steps have been created following
a simple procedure. The simulated spectra
(see Fig. 8.1) have been used to estimate by
which factor f(¢) the flux of a particular area
within the secondary lobe decreases with time
at a given frequency vy,s. The radio map
at this frequency was then scaled with f()

and clipped at the initial 3o noise level of the
unscaled image. The simulated images are
displayed in Figs. 8.4 - 8.9. The employed
method of creating these images is somewhat
crude as it simply scales the entire image by a
constant factor. In reality the primary lobes
which are constantly fed with fresh particles
would remain more or less unaffected by the
ageing. Also the point-to-point differences of
the magnetic field and spectral shape have
not been taken into account. Proper treat-
ment would require the extraction of the syn-
chrotron spectra and minimum fields at each
point of the secondary lobes and then calculat-
ing and applying a factor f(¢) which depends
on the location. However, to obtain a first im-
pression the method followed here is probably
sufficient.

As we can see, at later stages of their evo-
lution X-shaped sources will appear more or
less like normal double-lobed radio galaxies.
In most cases short extrusions remain in re-
gions close to the core. This is reminiscent of
what has been observed in a large number of
apparently normal double-lobed radio sources.
Leahy & Williams (1984) have reported that
in their complete sample of 3C sources with
large angular sizes about two-thirds show sim-
ilar lobe distortions near the central galaxy.
Interestingly nearly all of these distortions ex-
hibit the same rotational symmetry as has
been observed in X-shaped sources. Even the
prototypical double-lobed radio galaxy — Cyg
A - has clearly visible lobe extension which
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FIGURE 8.3— Plots of the lobe fading time as a function of redshift for five different X-shaped sources. Different
curves correspond to different values of the source magnetic field. The solid line curve represents the actual
minimum field strength measured in the central region of the secondary lobes.

were termed ’plumes’ by Carilli et al. (1991). is backflow. However, backflow cannot easily
The usually explanation for these extrusions explain the observed rotational symmetry (see
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Chap. 5).

We instead speculate that the symmetric lobe
extrusions observed in many radio sources
might be the relic emission of faded secondary
lobes. This would indicate that the phe-
nomenom of jet reorientation would be more
common than presently believed. Support
to this idea comes from a new class of ob-
jects, the so-called double-double radio galax-
ies (DDRG). DDRGs are characterized by
the presence of a pair of double-lobed radio
sources with a common center (Schoenmakers
et al. 2000a, Kaiser et al. 2000, Schoenmak-
ers et al. 2000b). In many cases the inner
and outer radio sources are misaligned by a
small angle. Schoenmakers et al. (2000a) also
note that — like X-shaped sources — DDRG
occupy the luminosity range between the FRI
and FRII regime. The authors have specu-
lated that DDRG might simply be X-shaped
sources having small reorientation angles.
Also a number of compact and presumably
young radio sources (CSOs) have been found
that are clearly associated with larger scale
emission which is considerably misaligned
with the radio source axis (Baum et al. 1990b,
Owsianik et al. 1998, Schoenmakers et al.
1999).
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FIGURE 8.4— Maps simulating the ageing of
4C12.03. With increasing time the intensity of the
secondary lobes decreases until they have completely
faded away.
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B2 0828+32 Simulated ageing - 50 Myr
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FIGURE 8.7— B20828+32 - Simulated ageing.



8.3 Simulated Maps 139

FIGURE 8.9— 3C403 - Simulated ageing.
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Summary

The thesis set out to investigate the nature
and genesis of the peculiar class of X-shaped
radio galaxies. X-shaped sources are puzzling
because of the extremely low number of ob-
jects of that type. Three scenarios were inves-
tigated:

e X-shaped sources are a class by itself and
are formed through a mechanisms unlike
normal radio galaxies.

X-shaped sources are normal radio galax-
ies but they are currently in an unusual
and/or short lived phase.

X-shaped sources are numerous, but se-
lection effects keep us from identifying
more of them.

The backbone of this work is the multi-
frequency spectral analysis. Magnetic fields
were calculated using the standard minimum
energy assumptions. Break frequencies were
determined from the synchrotron spectra by
fitting spectral models. The break frequencies
were then used to calculate spectral ages fol-
lowing the method proposed by Alexander &
Leahy (1987).

In nearly all sources we have found a gradi-
ent of decreasing magnetic fields and spec-
tral indices from the primary towards the sec-
ondary lobes. Furthermore, the trend of spec-
tral age clearly indicates increasing ages to-
wards the tips of the secondary lobes. Spec-
tral ages of the secondary lobes have been
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found to be of the order of a few 107 years,
which is rather typical for the lobes of 'nor-
mal’ radio galaxies. Some of the primary lobes
(3C223.1, 3C403, NGC 326) however are quite
young (10° years). The young spectral ages of
these sources and the short lengths of their
primary lobes indicates that possibly the re-
orientation of their jets is ongoing or has fin-
ished only recently.

The spectral ages have been used to test the
proposed formation scenarios. The required
flow speeds in the case of the buoyancy and
backflow models is inconsistent with the cal-
culated spectral ages. The predictions of the
jet reorientation mechanisms are in excellent
agreement with the inferred spectral ages.

In the following we have compared the theo-
retical distribution of projected source angles
for a randomly oriented sample of X-shaped
sources with the distribution of observed an-
gles. It has turned out that the studied sample
of X-shaped sources must have a distribution
of intrinsic angles, which is rather narrow and
contains angles between 50° and 90°. This
finding does not fit well into any of the pro-
posed formation mechanisms. The absence of
observed angles larger than 90° is however pre-
dicted by the model of merging binary black
holes.

The impact of radiation losses on the radia-
tion lifetime of the secondary lobes has been
investigated. It has turned out that all sources
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studied in this thesis have similar secondary
lobe fading times of 110-180 Myr. This sug-
gests that their secondary lobes will remain
visible throughout the total lifetime of the
sources. We have demonstrated that the lobe
fading times are considerably shorter (a few
107 years) for sources located at higher red-
shifts or in denser environments. Such fast
lobe fading times are consistent with the ap-
parent absence of X-shaped sources at red-
shifts exceeding z=0.3 and are most probably
able to account for the problem of 'missing X-
shaped sources’.

Finally, we have created images of X-shaped
sources that simulate their morphologies dur-
ing later stages of their evolution. Even
though the employed simulation is rather sim-
ple, we have obtained simulated maps that are
remarkably reminiscent of 'nmormal’ double-
lobed radio galaxies. In particular the sym-
metric lobe extensions that have been re-
ported in a large number of radio galaxies can
be reproduced. We speculate that jet reori-
entation might occur more frequently in radio
galaxies than believed up to present. The exis-
tence of misaligned large-scale emission in the
compact CSOs and the misaligned inner lobes
of DDRG give support to this interpretation.



Test Observations with the 100-m Telescope
at 32 GHz

We briefly report on test observations with the 32 GHz system installed in the secondary focus
of the 100-m telescope. These tests were performed 20th of June 1999 during night time. The
aim of the tests was to investigate the present status of the main beam of the telescope after
replacement of the outer surface panels.

Prior to these tests we had encountered strange results when observing strong point sources
(e.g. for pointing and calibration). The pointing seemed to make fairly big jumps (~ 30”) and
frequently calibration maps resulted in elongated or disrupted source images.

We have observed a series of 11 calibration maps on 3C286 in an elevation range from 68° to
30°. The results are displayed in Fig. A.1. The strong influence of the elevation on the quality
of the telescope’s beam is evident. With increasing elevation the main beam becomes more and
more elliptical and distorted. At the very highest elevation of 68° the main beam has fragmented
into several blobs. Also the amplitude of the main beam decreases with increasing elevation.
In order to quantify these findings we have fitted gauss profiles to the calibration maps. The
results are displayed in Tab. A.1. The amplitude drops nearly linearly with increasing elevation.
The dependence is plotted in Fig. A.2. The HPBW along the major beam axis is increasing
with increasing elevation. Along the minor beam axis the HPBW is more or less constant at
~ 25" (which is slightly less than the default value of 27" which was determined during previous
test observations). The position angle of the major axis is staying more or less constant with
elevation.

Conclusions:

The gain and the beam characteristics of the 100-m telescope at 32 GHz are currently strongly
dependent on the elevation. Up to elevations of 35° the beam elongation along the major beam
axis is less than 30% and the gain loss is less than 10%. We suggest that one should restrict the
elevation range to values below this margin of 35° when observing at 32 GHz until the quality
of the surface will be improved by holography in fall 1999.
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Elev. | Max | Buaj | Bmin | PA.
30 | 39798 | 30" | 25.5" | 324
32 | 37452 | 33.6" | 25.2" | 24.5
34 | 36883 | 33.0" | 25.2" | 24.4
37 | 31721 | 36.0" | 25.8" | 26.9
39 | 32512 | 36.0" | 24.6 | 35.1
41 | 29000 | 39.6" | 25.2" | 27.2
43 | 29083 | 37.8" | 25.2" | 33.8
45 | 27346 | 42.0" | 25.8" | 31.7
49 | 24823 | 42.0" | 25.5" | 34.3
51 | 24279 | 40.8" | 27.0" | 31.5

TABLE A.1— Results of the elliptical Gaussian fit to the main beam at various telescope elevations. Listed are
the elevation (col.1), the amplitude (col.2), the major and minor axes (col.3 and col.4), and the position angle
(col.5).
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Amplitude-dependence on Elevation
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FIGURE A.2— The dependence of the amplitude (determined by gauss fitting) of the main beam with elevation.
One can see an almost linear decrease with increasing telescope elevation.



Projected Angle Distributions

In this section the complete list of projected angle distributions of Chap. 7 can be found. Figures
B.1 to B.17 display plots of the projected angle ¢’ as a function of the transformation angles
B and . Each figure corresponds to a single intrinsic angle ¢. Viewing angles that pass the
selection criteria outlined in Chap. 7 are marked by superimposed green A symbols.

Figure B shows the theoretical distributions of projected angles for a randomly oriented sample
of X-shaped sources. Each plot corresponds to a particular intrinsic angle ¢. Invalid viewing
angles that violate the selection criteria described in Chap. 7 have been discarded and are not
contained anymore in the distributions.
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APPENDIX B PROJECTED ANGLE DISTRIBUTIONS
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FIGURE B.2— Projected angle distributions corresponding to an intrinsic angle of $=20°. The plot layout is
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FIGURE B.3— Projected angle distributions corresponding to an intrinsic angle of $=30°. The plot layout is

identical to Fig. B.1.
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FIGURE B.7— Projected angle distributions corresponding to an
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FIGURE B.8— Projected angle distributions corresponding to an intrinsic angle of $=80°. The plot layout is

identical to Fig. B.1.
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FIGURE B.9— Projected angle distributions corresponding to an intrinsic angle of $=90°. The plot layout is

identical to Fig. B.1.
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FIGURE B.10— Projected angle distributions corresponding to an intrinsic angle of $=100°. The plot layout is

identical to Fig. B.1.
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FIGURE B.11— Projected angle distributions corresponding to an intrinsic angle of $=110°. The plot layout is

identical to Fig. B.1.
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FIGURE B.12— Projected angle distributions corresponding to an intrinsic angle of $=120°. The plot layout is
identical to Fig. B.1.
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FIGURE B.13— Projected angle distributions corresponding to an intrinsic angle of $=130°. The plot layout is

identical to Fig. B.1.
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FIGURE B.14— Projected angle distributions corresponding to an intrinsic angle of $=140°. The plot layout is
identical to Fig. B.1.
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FIGURE B.15— Projected angle distributions corresponding to an intrinsic angle of $=150°. The plot layout is

identical to Fig. B.1.
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FIGURE B.16— Projected angle distributions corresponding to an intrinsic angle of $=160°. The plot layout is
identical to Fig. B.1.
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FIGURE B.17— Projected angle distributions corresponding to an intrinsic angle of $=170°. The plot layout is
identical to Fig. B.1.
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FIGURE B.18— Theoretical distribution of projected angles for a randomly oriented sample of X-shaped sources.
Each plot corresponds to a particular intrinsic angle ¢ as indicated in the plot title. These distributions take into

account the selection effects outlined in Chap. 7.
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AGN
AIPS
BH
BBH
BLRG
BLR
CSO
DDRG
FRI
FRII
HPBW
HEG
HST
IGM
IRAS
ISM
NED
NLRG
NLR
NVSS
VLA
VLBI
WAT
WSRT

Acronyms

Active Galactic Nuclei

Astronomical Image Processing System
Black Hole

Binary Black Hole

Broad Line Radio Galaxy

Broad Line Region

Compact Symmetric Object

Double Double Radio Galaxy
Fanaroff-Riley Type 1

Fanaroff-Riley Type 2

Half Power Beam Width
High-Excitation Narrow-Line Galaxy
Hubble Space Telescope
Intergalactic Medium

Infrared Astronomical Satelite
Interstellar Medium

Nasa Extragalactic Database
Narrow Line Radio Galaxy

Narrow Line Region

NRAO VLA Sky Survey

Very Large Array

Very Long Baseline Interferometry
Wide Angle Tail source

Westerbork Synthesis Radio Telescope
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