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Chapter 1

Introduction

Since the discovery of radio galaxies in the late 40’s (Bolton et al., 1949), synchrotron
radiation in radio galaxies has been proposed (Shklovskii, 1953; Burbidge, 1966) in order
to explain the radiation over a wide frequency range. Due to their large projected extent,
the transport of energy has become a common and important theme. In the early 70’s the
beaming model was suggested by Rees (1971); Blandford & Rees (1974); Scheuer (1974)
which describes a symmetric beam created by a central active galactic nucleus (AGN).
Curiously these symmtrically shaped sources have been known to have one-sided jets.
The process of relativistic beaming in radio galaxies can explain one-sided jets in many
powerful radio galaxies (Rees, 1971; Blandford & Rees, 1974; Scheuer, 1974). Since that
time, people have been looking for systematic asymmetries in radio galaxies which can
possibly be connected to the jet asymmetries. Now it is known that not only powerful
FR II-, but also many FR I-type radio galaxies have jet asymmetries (Morganti et al.,
1997b). Four asymmetries are known in radio galaxies from decades of observations:
these are the depolarization, spectral index (Liu & Pooley, 1991; Garrington et al.,
1991), the lobe length (Scheuer, 1995), and emission line asymmetry (McCarthy et al.,
1991). The last two of them are known to be not related (at least directly) to the jet
asymmetry. The first two asymmetries are known to be related to the jet asymmetry.

The first one is also known as the ‘Laing-Garrington effect’ (Laing, 1988; Garrington
et al., 1988). The idea is that a magneto-ionic medium having a King density profile
surrounds the radio galaxies, e.g. Garrington & Conway (1991). The radiation from the
jet-side lobe travels through fewer cells of the magneto-ionic medium to us than that of
the counter-jet side lobe. This idea is based on the assumption that the magnetic field
scale-length in the magneto-ionic medium is unresolved by the telescope beam used.
The second one is the spectral index asymmetry, which means that the jet-side lobe
has a flatter spectral index than the counterjet-side lobe. A possible explanation is
the frequency-shift effect. The jet-side lobe is advancing to us and has a blue-shifted
spectrum, while the counterjet-side lobe is receding, and thus has a redshifted spectrum
(Blundell & Alexander, 1994).

There are weaknesses in the theories of the two asymmetries which must be tested.
In the depolarization asymmetry, the depolarization measure, DP, is obtained from the
fractional polarization of two radio frequencies. At low signal-to-noise, the fractional
polarization is severely biased. This is known as the ‘Ricean bias’. In order to reduce the
problem, the integrated fractional polarization, m = XP/XI, is more frequently used
than the pixel-to-pixel fractional polarization, m = 3(P/I). As a result, DP contains
more information about the intrinsic fractional polarization than the foreground medium
information, and the DP maps are severely biased in extended lobes. This can lead to

1



2 CHAPTER 1. INTRODUCTION

a wrong interpretation of the DP trend in sources.

A further question about the foreground magnetic field is if there is any relation
between the Rotation Measure dispersion, ARM, and the DP asymmetry. To answer
this question, one must have a reliable pixel-to-pixel DP estimate, rather than the inte-
grated DP. In case of the spectral index asymmetry, the frequency shift effect requires
a relativistic speed of the advancing hotspot, which seems to be an unrealistic assump-
tion. Furthermore, the spectral index steepening from a two-frequency observation can
be also feasible through multiple injection spectra, the distribution of the magnetic field
strength, or spectral ageing. For the estimate of a pixel-to-pixel DP, we suggest a less
biased correction method, and with this new correction we have investigated the DP
asymmetry and DP trend in sources and the ARM - DP relation in giant radio galaxies
(GRGs) and B2 radio galaxies. This is the first part the thesis.

The second part deals with the spectral index asymmetry. Most of the spectral
index studies are based on two-frequency analyses. A recent study of 3C 449 (Katz-
Stone & Rudnick, 1997) shows that there are possibly more than one injection spectra
in 3C449. If this is a general property of radio galaxies, the spectral index asymmetry
must be influenced by it. We suggest an improved technique to analyze multi-frequency
spectra of radio galaxies and to extract injection spectra. Using this technique, we have
investigated GRGs and compact steep-spectrum (CSS) sources in order to find out if
there are indeed multiple injection spectra in GRGs and if CSS sources have a universal
injection spectrum or not. In the last section, we will check if there is any connection
between the spectral and the DP variation in GRGs.

First results - overview

Depolarization occurs only at low frequencies (e.g. < 1.6 GHz). The depolarization
asymmetry is also strong. However, there is only little connection to the RM dispersion.
The scale lengths of RM patches or the mean field strength in GRGs and in B2 sources
seems to be completely different. In GRGs, we find a high mean RM, a DP-spectral
curvature relation as well as multiple injection spectra. All of this leads us to the
conclusion that GRGs are not just a larger version of B2 sources, but a result of the
interaction with their environment.

The lack of any clear connection between DP and ARM suggests that RM structures
in radio galaxies are not multi-cellar as those of DP. Considering the lack of depolariza-
tion at high frequencies, even with a large beam size and considering the fact that RM
structures are due to a stronger field and to larger scale lengths, a possible interesting
scenario is the small-scale weak magnetic field which causes the depolarization to be
stretched and strengthened in the vicinity (or at the surface) of radio galaxies through
the interaction between radio galaxies and their environment. It implies different RM
scale-lengths in GRGs and B2 sources. It indicates that the interaction with the envi-
ronment is more important in GRGs than in B2 sources, since we detect a higher mean
RM in GRGs. In particular, the magnetic field is dynamically important in GRGs. This
idea is worth further scrutiny.

Due to the lack of any spectral curvature information of B2 sources, it is an open
question whether or not B2 sources have such a trend in their spectra. This should be
studied with new-generation instruments such as the 9-mm array-receiver at the 100-m
Effelsberg telescope.



Part 1

Polarization Asymmetries






Chapter 2

Depolarization of Giant Radio
Galaxies

2.1 (De)-polarization

Synchrotron radiation from radio galaxies is known to be linearly polarized. Even un-
resolved sources show measurable linear polarization. Using this linear polarization
property, we can measure the fractional polarization and the polarization angle of the
radiation after traversing the Faraday medium (e.g. a magnetized thermal plasma be-
tween the polarized source and us). First investigations of the Galatic Faraday medium
were made by Simard-Normandin et al. (1981) and others using the integrated polar-
ization of extragalactic sources. With increased sensitivity and angular resolution of
radio telescopes and telescope arrays, the investigation of the Faraday medium of radio
galaxies has become one of the main interests of this field. Burn (1966) and Laing (1985)
have shown that deciphering the geometry of the Faraday medium is very complex. In
general, there are two basic geometric configurations.

e The Faraday medium is ‘internal’ to the source, and physically mixed with the
emitting volume (e.g. a thermal cloud surrounded by a shell of relativistic elec-
trons).

e A foreground Faraday medium (in front of the synchrotron source) has a fine
structure that is unresolved by the telescope.

Decades of multi-frequency observations have shown that the Faraday rotation is
highly linear in A\?> when the spatial resolution is good enough. This linearity is the
property of the resolved slab and the external (resolved) Faraday medium (Burn, 1966).
The difference between the internal slab geometry and the external medium becomes
evident in the fractional polarization. In the internal case, we will see the secondary
maxima of the fractional polarization in the low-frequency regime. In the external case,
we will see no depolarization at low frequencies. The observational results seem to be
‘in between’. The achievement of full frequency-sampled data is virtually impossible.
While a depolarization trend is seen, it is not easy to distinguish between the internal
slab and the unresolved external component.

The Faraday rotation of supernova remnants and spiral galaxies is an example of the
first case. In this case, the Faraday rotation profile is non-linear in A2. On the other
hand, the observational results of radio galaxies over the last decades, especially multi-
frequency observations with high angular resolution, have proven that Faraday rotation

5



6 CHAPTER 2. DEPOLARIZATION OF GIANT RADIO GALAXIES

in radio galaxies does follow a A2 law. Therefore, it must be concluded that the Faraday-
rotating media do not permeate the lobes of radio galaxies. Recently obtained sensitive
X-ray images (e.g. with ROSAT, Chandra) exhibit cavities in the hot gas towards the
lobes of radio galaxies. This confirms that the thermal electrons of the X-ray halos and
the relativistic electrons of the radio lobes are not mixed. Physically, this could imply
pressure balance between the thermal and the relativistic electrons. Alternatively, it
could mean rapid acceleration of the thermal electrons in the radio lobes and rapid
cooling of the relativistic electrons in the X-ray halo. In any case, the A2 behaviour
of the Faraday rotation of radio galaxies indicates that the differential depolarization
(DP) and the Rotation Measure (RM) of radio galaxies are due to an ’external’ Faraday
medium. It also implies that the Faraday media are almost or even fully resolved. This
should lead to a low differential de-polarization.

In the case of fully resolved Faraday cells and assuming that radio galaxies reside
in the centre of X-ray halos with King profiles, we expect an RM asymmetry instead
of a depolarization asymmetry. Although the scale length of the Faraday cells is not
definitely known yet, the A\? behaviour suggests that we do resolve the Faraday screen.
On the other hand, the asymmetry of the differential depolarization (i.e. the ‘Laing-
Garrington effect’ Laing (1988); Garrington et al. (1988)) is known to be the best proof
of the relativistic beaming effect of jets in radio galaxies. The Laing-Garrington effect
means that a non-negligable amount of (magnetic) energy is contained in small-scale
(unresolved) magnetic field structures. In that case, Faraday rotation will deviate from
the A2 behaviour and will be saturated at Ax < m/3 (Burn, 1966).

In this work, we study the RM and the DP distribution of various radio galaxies.
The fractional polarization of a radio source is determined by the pitch angle distribu-
tion of the relativistic electrons, the geometry of the magnetic field, and by the energy
distribution function of the relativistic electrons

N(E) < E7P, with ajn; = (p — 1)/2.

The general power-law distribution is known from radio observations, cosmic-ray exper-
iments, and from theory. The theoretical fractional polarization of the radio intensity is
(almost) independent of frequency. On the other hand, the measured fractional polariza-
tion of the flux density is additionally dependent on the depolarization due to differential
Faraday Rotation, i.e. on the distribution of thermal electrons along the line-of-sight,
as well as the line-of-sight component of the magnetic field. This way, the polarized
component of the radiation undergoing Farady rotation becomes frequency dependent.

For decades, one-sided jets of AGNs have been observed. The most succesful expla-
nation of this phenomenon is Doppler boosting caused by the relativistic bulk motion of
the jet material. Since the radio lobes are connected to, and fed by, the jets, large efforts
have been made in order to look for independent projection effects which do or do not
support the interpretation in terms of projection effects of the relativistic jets. As far as
the radio lobes are concerned, the depolarization asymmetry, i.e. the Laing-Garrington
effect, is the strongest support of this view. The other asymmetries of the radio lobes,
the lobe length and the spectral index asymmetry, do not show any clear connection to
the projection effect of the relativistic jets. To conclude, the Laing-Garrington effect is
interpreted in terms of differential depolarizaiton. In case of such an internal differential
depolarization, the foreground medium should also have magnetic field reversals along
the line-of-sight.
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Ax) Pir)

(a) A Gaussian distribution (b) A Rayleigh distribution

Figure 2.1: Two distributions

2.2 The Ricean bias in linear polarization

In this section we discuss the Ricean bias in the polarization intensity and suggest a new
correction method. The linearly polarized intensity is obtained from Stokes parameters

U and Q according to

Ip, =+/U?+ Q2 It follows a Ricean distribution (Vinokur, 1965):

f(Ip,.;Ip,01,) = Ip,,/0},Bo(Ip,, Ip/ U?P)6_0'5(112° He ot

where Ip,_ is the observed polarized intensity, Ip is the intrinsic polarized intensity, By
is the modified Bessel function of zero order and oy, is the noise level. For Ip > oy,
and Ip ~ oy,, the Rice distribution is approximated by the well known statistical forms.
In the case of Ip > o, the Rice distribution of Ip, asymptotically approaches a Gaus-
sian distribution (see Fig. 2.1). Since the Gaussian is a symmetric distribution, the
most probable value and the peak value, df /dIp = 0 are the same. Therefore, the most
probable Ip, is the real Ip in this case(see Fig.2.1(a)).

In the other case, Ip ~ oy,, the Rice distribution of Ip ,_ is a Rayleigh distribution
(see Fig.2.1(b)). In this case, the most probable value is larger than the peak value,
df/dIp =0, Ip, = +/m/20 (= Ip). The reason is that the Rayleigh distribution is an
asymmetric distribution. This has become known as the Ricean bias in the literature,
and is caused by the positivity of the noise in Ip = \/U? + Q2. Different from the po-
larized intensity, the distribution function of the polarization angles remains symmetric,
and no Ricean bias correction is needed (Wardle & Kronberg, 1974), since there is no

positivity problem in y = tan=}(U/Q).

2.2.1 The two known solutions

In practic, two solutions of the Ricean bias correction are widely used.

The solution of Wardle & Kronberg

Wardle & Kronberg (1974) have suggested a solution based on the mode of the equation,

namely, % = 0.
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(1 - Il%obs/o-%p)BO(IPobsIP/O-%P) + IPDbsIP/O-%PII(IPDbsIP/O-%p) = 0
A good approximation of this solution is

2 2
IP ~ IPobs JIP

Conventionally, Ip ~ Il%obs — claibs with ¢; = 1.2. As seen above, Ip, = o07,\/7/2 ~
1.25071, is the Rayleigh distribution.

The solution of Killeen et al.

The other solution which is based on a more solid statistical reasoning, viz. the Maxi-
mum Likelihood method, % = 0, was suggested by Killeen et al. (1986). With increas-
ing signal-to-noise, the Maximum Likelihood estimate approaches the value of Ip more

rapidly:

IPobsIP/O-%PBO(IPobsIP/U%p) - I%’Obs/a%pjl(IPobsIP/a%p) = O

A good approximation of this solution is

IP ~ IPobs - 0.50-%P0b /IPobs7

k]

which is implemented in the AIPS task POLCO as such.

Pros and Cons of the solutions

The performance of the Maximum Likelihood (ML) estimation is better at high signal-
to-noise, Ip/oy, > 5, but does not yield any significant effect, since the difference to
the solution of Wardle & Kronberg (1974) is much less than 1% (see Fig.2.2 and 2.3).
This is because the probability distribution of Ip, becomes a (symmetric) Gaussian
at high signal-to-noise. On the contrary, the difference at low signal-to-noise, i.e. the
overestimate of the Maximum Likelihood solution, is significant. As mentioned in the
help tool to AIPS task POLCO, one should assume an underestimate of up to about
a factor of 2 of the noise level, due to the so-called ‘magic blanking’. Therefore, if one
wants to go down to a 3-07, level, the choices of the solution and of ¢; become critical.

In the Wardle & Kronberg (1974) solution, Ip ~ 1/112:,0175 — cla%PObs, ¢1 should be

carefully selected. As we are not interested in values of Ip as low as Ip, ~ o7, ¢1
should be lower than \/7/2 for a better performance in the range 3 < Ip,, /o7, < 6 ~ 10.
Above 6071,...1007,, we can expect the best performance using the ML solution. From
our experiments, we conclude that ¢; = 0.9 is a reasonable choice (Fig.2.2 and Fig.2.3).

2.3 The ‘hybrid’ solution

Our goal is to improve the performance of the Ricean correction such that m' = ITP
should be reliable down to 307, and 3o0;. In the next subsection, we will show the
importance of the areal mean m’ and the position information of DP. Our scheme is
simple. We make a hybrid solution of the two solutions explained in the former subsec-
tion. At high signal-to-noise, we will still use the scheme of Killeen et al. (1986). At low
signal-to-noise, the solution of (Wardle & Kronberg, 1974) is better, but with ¢; = 0.9.
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this work

Figure 2.2: The simulation shows the case o = oy,

are better, but the difference is less than 0.1 percent.

, an ideal case. The abscissa is
1 Pobs/O'[PDbS and the ordinate is Ip, /Ip. "WK’ denotes the solution of I p,,. following
Wardle & Kronberg (1974), '"KBE’ that of Killeen et al. (1986), and ’this work’ that of
this thesis. In practice, one should bear in mind that Ip, will NOT be the mathemat-
ical solution of the former section, but rather the distribution around this mean value.
Therefore, fluctuations of DP and FPOL if obtained from low polarized intensities are
largely purely statistical but not physically meaningful. The new solution shows an en-
hanced performance at low signal-to-noise. Between 4 < Ip/o, < 6, the old solutions
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Figure 2.3: The simulation shows the case o7, = 207, . A underestimate of o by a
factor of 2 of o7, could be possible ,due to the blanked values ((AIPS Cookbook, 1999),
see also AIPS HELP). In view of the underestimate of o7, our new solution is the best
one. The solution implemented into AIPS task POLCO Killeen et al. (1986) strongly
overestimates the polarization intensity, while the Wardle & Kronberg (1974) solution
underestimates it. The difference is much larger than that to our solution visible in
Fig.2.2.

The selection of ¢; has been done numerically, considering the fact that one should
take account of the underestimation of the noise by up to factor of 2 in the intensity
(AIPS Cookbook, 1999), due to the blanked values. Further minor estimation errors could
be caused, for example, through a wrong selection of the noise estimation area, which
could further underestimate o7,. We combine the two solutions (Wardle & Kronberg,
1974; Killeen et al., 1986). Our solution accepts the Maximum Likelihood over Ip, ~

6071,; below this, it uses Ip ~ I]%obs — cla%P with ¢; = 0.9, which is a good choice for
orp/1Ip,, between 1.5 to 6. Using this new fractional polarization, we can estimate DP
with the positional information and can study any correlation between RM and DP.

2.3.1 Integrated fractional polarization

Before working out a new method to estimate the fraction of polarization, we discuss

the integrated fractional polarization as published in the literature, motivating this new

correction method. There are two ways to estimate the fractional polarization of a region

of interest. One can first integrate the polarized and the total intensity and divide them:
m' = %.

There are pros and cons to this integrated estimate. The pro is that the Ricean bias

problems are largely removed by the integration. The obtained m’ reflects the fractional
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polarization of bright source structures, such as cores, hotspots and jets. The con is the
loss of the positional information. Conventionally, DP maps are presented after one of
the Ricean bias corrections, i.e. (Wardle & Kronberg, 1974; Killeen et al., 1986), down
to 307, of the total intensity. This will lead to significant over- and underestimates of
the low-o; p regions, such as the lobes. Therefore, in order to estimate the fractional
polarization including the positional information, an estimate m’ = E(ITP) is desirable.

In polarization studies, other important informations are the polarization angle and
the Rotation Measure. Since they are independent of the brightness, the use of DP as

obtained from m’ = % could lead to a wrong interpretation.

2.3.2 Underestimates of o, in the literature

In this subsection, we discuss the propagation of the systematic error as due to the
insufficient Ricean bias correction in published DP maps. The discussion is based on
the solution of Killeen et al. (1986). For the solution of Wardle & Kronberg (1974), this
should be interpreted in an opposite sense. In that case, the systematic error in regions
with low polarization intensity is less important, unless the signal-to-noise is too low in
the absence of any o7, cut-off.

We consider the problem of underestimating o, for two cases, namely for well
resolved and for unresolved sources. We assume a power-law distribution for I,,. When
the source and the Faraday medium are resolved, the overestimate caused by the 307,
cut is serious at the highest frequencies. In this case, the fractional polarization of regions
with low I, could be overestimated. The other case is that of low anular resolution.
Because of the Faraday Rotation in the foreground medium, depolarization will be
significant. In the most depolarized regions, a cut at 3oy, is serious at the lowest
frequencies. Then the fractional polarization of such regions is overestimated at the
lowest compared to the highest frequencies. In effect, the depolarization trend will thus
be reduced.

In depolarization studies, the integrated DP is rather independent of the polarized
and total intensity, but rather depends on [ m/(S)-S dS, where S is the projected surface.
The first case (resolved source) overestimates DP, while the second (unresolved source)
underestimates it. Let us discuss this in the light of the Laing-Garrington effect. If one
can assume that the jet side is brighter and more polarized, the two arguments will be
more important for the counterjet lobe. In the first case, the Laing-Garrington effect
will be emphasized through the overestimate of DP, whereas it will be reduced in the
second case because of the under-estimation.

One more word of caution seems to be necessary regarding DP structures. Patchy
distributions of DP in regions with low I, which are frequently seen should be interpreted
with utter care. One can mis-interprete such a patchy structure as real turbulence or
fluctuations. Unless such patchy structures are confirmed independently, e.g. also in
RM maps, they could be soley statistical.

2.3.3 The normalized DPm
We use the normalized DP defined by

/ /
DP _ M pigh—M jow
mlhigh"’_mllow ’

where m/’ high and m/1,w are the fractional polarizations at the higher and lower fre-
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quency, respectively. Between DPm and DP, we have the relation,

__ 1-DP _ 1-DPm
DPm = {7pp or DP = 555,

Then, opp is

2 _ [ _ODP \2 2 dDP \2 2
O-DP - (am/hzgh) O-m,high + (8m,low) Um/low
and
2 _ (0Ip/I\2 2 9lp/I\2 2
o = (Tg1-)707 + ( Bip )70,
In practice, these will be
2 _ (Ip\2.2 -2 2
Um/—(I_P) UI+I UIP
and
2 /2
2 m' 5 on M T 12 2 12 2
9pp = 4(mlhigh+m/low)1 (m lowam/high Tm mgham/low)'

The merit of a normalized DP shows up when one wants to compare two or more DPs
at different frequencies and/or different angular resolutions. One can easily quantify the
multi-frequency de- or repolarization. The weakness of the normalized DP is that there
is no direct connection to the Faraday depth. Since our aim in the next section will be
to compare DP maps, the normalized DP turns out to be a useful tool. If one wants to
estimate the Faraday depth, one should go back to the conventional DP. The estimated
error will be seen in the section dealing with the DP-RM connection.
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2.4 DP maps of Giant Radio Galaxies

Using our new Ricean bias correction, we have estimated the fractional polarization (m)
of five GRGs, namely NGC 315, DA 240, 3C236, 3C 326 and NGC6251. These were
observed by Mack et al. (1997b). We have made the maps of fractional polarization at
three different frequencies, namely 10.6, 4.8 and 610 MHz. As described in the previous
section, the main improvement of our new ‘hybrid’ Ricean bias correction is the higher
reliability provided by the positional information at low signal-to-noise.

We present DP maps of each GRG if necessary in up to three maps with different
angular resolution. The higher resolution maps, which have an angular resolution of
69" x69", contain the depolarization measure at 610 and 10.6 GHz, DP3%5. An exception
is 3C 326 where an angular resolution of 82" x 69” is used. In order to calculate the DP
maps, the 610 MHz maps of Mack et al. (1998) were convolved to a Gaussian beam of
69” x 69", using the AIPS task CONVL.

The DP41%6 maps have an angular resolution of 150” x 150”. For 3C 326, a beam
of 161" x 150" was used for the convolution. 3C 326 is the most distant GRG, with
z = 0.0895. For 3C 326, 82" x 69" corresponds to 131 kpc x 110 kpc, and 161”7 x 150"
to 256 kpc x 239 kpc 1. The nearest GRG is NGC 315, with z = 0.0167. For NGC 315,
69” x 69" corresponds to 22 kpc x 22 kpc, and 150” x 150” to 48 kpc x 48 kpc.

2.4.1 Integrated Properties

The integrated fractional polarizations of the five GRGs at 10.6 GHz are presented in
Tab. 2.2 at two different resolutions. Two (DA 240 and NGC 6251) out of the five GRGs
exhibit integrated fractional polarizations that appear to go into the ‘wrong’ direction.
This is due to the beam convolution. The repolarization does not happen all over the
sources, but is seen in the counter-hot spot of NGC 6251 and within the diffuse extension
of DA 240. They appear highly polarized in the higher-resolution map. The bracketed
values in Tab. 2.2 are the FPOLs and DPs of DA 240 and NGC 6251, excluding these
regions. In the higher-resolution map at 10.6 GHz, the projected area of the eastern
lobe of DA 240 and of the western jet plus lobe are representative. Therefore, we use
the values in brackets for the further estimates.

In Tab. 2.2, DPye.» denotes the beam depolarization. If the scale length of the
Faraday medium is universal and the Faraday depth is more or less uniform, then the
nearer source should be less depolarized than the farther. This simple idea fails to explain
the integrated D Ppeqm, of five GRGs, in that the two most distant sources (3C 236 and
3C 326) are the least depolarized ones. This is not the long-wavelength saturation effect
which is expected from Burn’s law. The integrated values of fractional polarization in
3C 236 and 3C 326 are in the same range as those in the other three GRGs, and they
were computed at 10.6 GHz.

We should point out once more that the fractional polarization FPOL (m), DPm and
DP as estimated here do not derive from m = (XP)/(XI), but rather from m = X(P/I).
This means that at positions where either P or I cannot be computed m is not available.
Since we are aiming at studying the properties of the Faraday media in this chapter and
not the sources’ intrinsic polarization properties, this fact is an advantage.

The beam polarization is most significant in the two nearest sources (NGC 315 and
NGC 6251). In Tab. 2.2, there is a clear correlation between the distance and the beam
depolarization. Since the two least beam depolarized sources, 3C 236 (I ~ 4.5Mpc) and

'Ho =75 km s~ Mpc™!, qo =1
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Table 2.1: Coordinates of the five GRGs

Name z RA(J2000) DEC(J2000) 1 b
NGC315 0.016485 00757489  +30°21'09”  24°56  —32°49
DA 240 0.036000 07"47m34514 +55°41'3474 162003 +29°88
3C 236 0.100500 10"06™01374 +34°54'1074 190°06 +53°98
3C 326 0.089500 15"52m0951  +20°05'24"  33°26  +48°22
NGC6251 0.024881 06732731597 +82°32/16”5 115°76 +31°19

Table 2.2: m and the beam depolarization.

Name d (Mpc)  m (%)  my . n(%) DPyeam Notes
NGC 315 66 23.9 19.3 0.81

DA 240 137 21.2 (10.7) 26.8 (17.5) 1.26 (0.89) (E lobe)

3C 236 359 19.3 17.9 0.93

3C 326 328 224 204 0.91

NGC6251 91 14.8 (13.3) 15.1 (10.5) 1.02 (0.79) (W lobe)

3C326 (I ~ 2.6Mpc), are the two largest GRGs in the sample and are the two most
distant sources at the same time, it is too early to decide whether or not this is just due
to beam depolarization. One could argue that the extremities of 3C 236 and 3C 326 are
far outside of the X-ray cluster environment and that there could be a difference between
Mpc-sized sources and those that are larger. We do not yet draw any conclusion here
as to the scale length of the Faraday medium based only on beam depolarization. For
a final discussion, the distribution of DP and RM should be also considered. These will
be the subjects of the next sections.

2.4.2 NGC315

At first glance, our two DP,, maps of NGC 315 (Fig.2.4) do not show any significant
polarization asymmetry, but a rather random fluctuation across the whole structure.
The statistical fluctuation is unavoidable at low signal-to-noise. The complex structure
in the core is largely an instrumental artefact (Mack et al., 1997b). The values of DP
and DP,, for the core are hence unreliable. The integrated depolarization measures
(DPm{%5 and DP3%%) show that the Faraday screen of the source is well resolved
by the 69” beam (Tab. 2.3). There is no A* dependence (Burn’s law) visible, in fact
mi0.6 ~ Mog. Lhe regions labelled in Tab. 2.3 refer to those given by Mack et al.
(1998). The beam depolarization between 69” and 150" is, however, clearly visible in
Tab. 2.2. The scale length of the Faraday medium seems to be between 22 kpc (69”) and
48kpc (150”) in NGC 315.

2.4.3 DA 240

DA 240 (Fig.2.5) exhibits a high fractional polarization (Tab.2.2). This could be mis-
interpreted such that DA 240 is a highly polarized source on the whole. In fact, the
‘fat double’ lobes are very weakly polarized, and we cannot estimate their fractional
polarization. The highest values of m are found along the major axis. The ‘fat double’
lobes disappear at high frequencies. In the SCP-« analysis (the second part of this
thesis), the source shows a so-called ‘JP’ spectrum, characterized by an isotropic pitch
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Table 2.3: DPm and DP of NGC 315
DPull® ADPwlly DF® ADFL

total source -0.03 0.26 0.94 0.59
core, jets 0.0 0.30 1.00 0.54
inter jet -0.10 0.19 1.22 0.68
NW hotspot -0.03 0.26 1.06 0.59
NW bow 0.07 0.23 0.87 0.63
N relic 1 -0.19 0.20 1.47 0.67
N relic 2 -0.38 0.26 2.22 0.59
SE lobe -0.04 0.20 1.08 0.67
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Figure 2.4: DP3%5 map of NGC315. The contours represent the total intensity at
326 MHz. The contour lines are 3, 10 and 50 o7y.

Table 2.4: DPm and DP of DA 240
DPull® ADPml%s DF® ADFL

total source 0.12 0.28 0.79 0.56
NE lobe 0.02 0.24 0.96 0.61
SW lobe 0.33 0.19 0.50 0.68

Core 0.55 0.12 0.29 0.79

B.G. 0.51 0.05 0.32 0.90
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Figure 2.5: DP}%® map of DA 240. The contours represent the total intensity at
326 MHz. The contour lines are 3, 10 and 50 o7.

Table 2.5: DPm and DP of 3C236
DPml% ADPmISS DPN® ADPL

int. source 0.24 0.30 0.61 0.54
Core 0.67 0.26 0.20 0.59

NE back lobe 0.21 0.16 0.65 0.72
NE hot spot 0.30 0.17 0.54 0.71
SW back lobe 0.03 0.22 0.94 0.64
SW hot spot 0.06 0.26 0.89 0.59

angle distribution. We conclude that the low fractional polarization in the ‘fat double’
lobes is intrinsic. The remaining high values of FPOL show a clear depolarization
asymmetry. The NE lobe is not depolarized, while the SW one is (see Tab. 2.4 and
Fig. 2.5).

24.4 3C236

3C 236 (Fig. 2.6) at a distance of ~ 4.5 Mpc, is the largest known radio galaxy, and has an
FR IT morphology, with hotspots at its extremities. The fractional polarizations indicate
that the source is highly polarized, 30% ~ 40%, also in the back lobe. Between angular
resolutions of 69” and 150", beam depolarization is not significant (see Tab. 2.2). On the
contrary, there is clear evidence for wavelength-dependent depolarization (see Tab. 2.5).
The depolarization asymmetry is obvious, too. Taken together, this indicates that the
Faraday medium is unresolved and Burn’s A* law (which requires an unresolved Faraday
foreground) and that the Laing-Garrington effect (which needs a A\* law) is working.
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Figure 2.6: DPmS3 map of 3C236. The contours represent the total intensity at
326 MHz. The contour lines are 3, 10 and 50 o7y.

Table 2.6: DPm and DP of 3C 326
DPm{%* ADPm{%® DPRJE® ADP%®

int. source 0.31 0.22 0.53 0.64
E lobe 0.25 0.23 0.60 0.63
Centre 0.42 0.15 0.41 0.74
W lobe 0.20 0.20 0.67 0.67
2.4.5 3C326

3C 326 (Fig. 2.7) has a complex structure, with several brightness peaks along the major
axis. The source is highly polarized, with values up to ~ 60% in the W lobe, and up
to ~ 30% in the E lobe. The field structure is surprisingly well ordered, which is even
evident at 4.8 GHz. At this frequency the resolution corresponds to ~ 110 kpc, yet high
fractional polarization is not lost (Mack et al., 1998). The source has a weakly polarized,
low-intensity radio lobe around the centre.

In this second largest and second farthest (next to 3C 236) radio galaxy in our sam-
ple, beam depolarization is not obvious. The wavelength dependent depolarization is
significant as well. The depolarization asymmetry is only marginal, while the centre-
to-lobe variation of the depolarization is more pronounced. Our preliminary conclusion
is that the Faraday medium is not resolved and that there is a correlation between the
Faraday depth and the distance from the centre.
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Figure 2.7: D P28 map of 3C 326. The contours represent the total intensity at 326 MHz.
The contour lines are 3, 10 and 50 o7y.

Table 2.7: DPm and DP of NGC 6251
P’ ADPwll’ DF® ADRL

int. source 0.27 0.31 0.57 0.53
Core, jets 0.25 0.37 0.60 0.46
NW hot spot 0.27 0.25 0.57 0.60
SE hot spot 0.40 0.21 0.43 0.65

24.6 NGC6251

The extended lobes are only weakly polarized over the whole frequency range considered
here. In this respect, NGC 6251 (Fig.2.8) is similar to DA 240. From the few values
of FPOL (in the jet, the hotspot and the counter-hotspot), clear evidence for beam
depolarization is found. The wavelength-dependent depolarization is significant, too.
Comparing the two hotspots, depolarization is also seen there. Since the wavelenth
dependent and the beam depolarization are working together in NGC 6251, internal
depolarization is an alternative (indeed, thermal X-ray emssion has been reported (Mack
et al., 1997a)). Otherwise, we would need a more complicated Foreground model such
as the quadratic model of Tribble (1991).
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Figure 2.8: DPm and DP of NGC 6251. The contours represent the total intensity at
326 MHz. The contour lines are 3 o7, 10 o7 and 50 o7.
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Chapter 3

Rotation Measures of Giant
Radio Galaxies

3.1 Rotation Measures of GRGs

In this section we present the rotation measure (RM) estimates for the five GRGs.
We assume that Faraday rotation occurs in the foreground as claimed in the literature
(Clarke et al., 2001; Eilek & Owen, 2002). If needed, the ‘internal’ case will be discussed.
From the RM data, we expect to obtain two pieces of information about the Faraday
medium. These are its scale length, dgy, and the product < BII - ne >, obtained from

0) B n
RM = g1.10° [ DLne@ A g / By el dm=2,
G ecm—3 k:pc uG em 3 k:pc racm

3.1.1 Error estimation

From the rms noise in the Stokes parameters U and Q, oy and og, we obtain oi and
O‘%M as follows. The position angle of each pixel is

x=0.5 tan_l(%).

Then, its error will be

- Q
ox Of 1
rou = 05mEmg
and
oxOf _ 5L —U
foQ +72 Q%
Assuming og ~ oy =~ 0y, we obtain
2
2 _ 91
o = Iz

21
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This is exactly the same result as in Wardle & Kronberg (1974) who used a statistical
analysis of Vinokur (1965). Then, ogys is

2 _ 1 2 2
URM — TWQ)Q (GXI +GX2)’ )\1 > )\2

If we go down to I, = 307, and if the noise is an ideal Gaussian distribution, the equa-
tions show that the uncertainty of the polarization angle will reach up to o, ~ 9.5°.
The uncertainty in RM depends on the observing frequencies. In case of a two-frequency
estimate between 10.6 and 4.8 GHz, RM{%5 ogy ~ 74 rad m~2. We should be careful
in interpreting pixel-scale polarization angles and RM structures. The pixel-scale vari-
ation could be purely due to the noise in the U and QQ maps. Therefore, we begin with
the histograms of the distribution in order to judge the reliability of the data sets. If
there is any substructure or grouping of polarization angles, this must be verified in the
histograms. Subsequently, if verified, the positional information will be taken from the
RM maps.

3.2 Polarization angle distribution

3.2.1 NGC315

In Fig. 3.1, we show our results in histogram form. At 10.6 GHz, the polarization angle
histogram shows several peaks. From 10.6 to 4.8 GHz, the histograms of the polarization
angles have a dominant first peak. At 10.6 GHz, the first peak is at —51° and the second
peak is at —62°. At 4.8 GHz, the first peak is at 72°. There is a well defined second
peak at —87°. At 610 MHz, the histogram does not show any significant feature. The
first peak is at —75°.

The two frequency-based RM was made using the 10.6 and the 4.8 GHz data. The
two-frequency RM based on high-frequency measurements has an ambiguity of —493 <
RM < 493 radm™2. Less ambiguity is implied for sources which reside in a cluster-
core with a cooling flow environment (Clarke et al., 2001; Eilek & Owen, 2002). The
RM histogram shows a prominent single peak at —230 rad m~2, with broad shoulders,
ARM ~ 100 rad m~2. The multiple peaks in the polarization angle histograms at 10.6
and 4.8 GHz are obviously due to the angular variation at different positions. The broad
shoulders imply that there is a multi-component Faraday screen. The zero-frequency
polarization angle distribution calculated from the RM and the 10.6 GHz data exhibits
two clear peaks at —33° and at —54°.

We have generated the distributions of the polarization angle at 610 MHz from
the RM and the zero frequency. This data is more ‘noisy’, i.e. there are no peaks, as
compared to the observed 610 MHz polarizations. The low-frequency polarization angles
resemble somewhat the source structure, which means that they are kind of ’saturated’.
The saturation can happen in the presence of an internal Faraday medium or by an
unresolved Foreground medium (Laing, 1985). But the effect is only marginal. On the
whole, the observed 610 MHz polarization angle histogram is far from a feature that
would be expected for full saturation. Internal Faraday rotation and an unresolved
Faraday screen do not appear to be major contributors to the RM.

3.2.2 DA 240

In Fig. 3.2, we show our results in histogram form. At 10.6 GHz, the polarization angle
histogram shows one clear peak at 59°. At 4.8 GHz, two peaks are seen at —2° and
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Figure 3.1: Distribution of polarization angles in NGC 315. [a] Polarization angle dis-
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tribution of the Ay angle from the RM [d]. [f] Estimated polarization angle distribution
at 610 MHz from [e] and [d].
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Figure 3.1: continued.

—84°. The histogram at 610 MHz does not contain any clear trend. The RM histogram
has two peaks at 140 radm~2 and at 220 rad m—2. Their wings are about 30 rad m—2
broad. The RM estimate of |2| radm~2 by Tsien (1982) at low frequencies appears to
be wrong. The zero-wavelength distribution of polarization angles calculated from the
RM and the 10.6 GHz data exhibits two clear peaks at 48° and at —30°.

Neither the generated 610 MHz polarization angle data nor the observed 610 MHz
polarization angle data exhibit any peaks. The lack of any trend in the observed 610 MHz
polarization angle data implies that the internal Faraday Rotation or the unresolved
foreground screen has no major impact on the RM structure of DA 240.

3.2.3 3C236

In Fig. 3.3, we show our results in histogram form. At 10.6 GHz, the polarization angle
histogram shows a strong peak at 40°, while a second peak at 8° is much weaker. The
trend seen at 4.8 GHz is the same as that at 10.6 GHz. At 4.8 GHz, a first strong peak
is seen at 10°, and a second, weak peak, at 78°. The histogram at 610 MHz shows a
'zone of avoidance’ between —20° and +20°. The RM histogram has one peak at 45
radm~2, with ARM ~ |100| rad m~2. The RM of the hotspot in the SE lobe cannot be
estimated, since the hotspot is strongly beam-depolarized at 4.8 GHz.

The zero wavelength distribution of polarization angles calculated from the RM and
the 10.6 GHz data exhibits two clear peaks at 48° and at 30°. The generated 610 MHz
polarization angle data do not show any peaks. The trend in the observed 610 MHz
polarization angle histogram could come from internal Faraday rotation or from an
unresolved foreground screen. In fact, 3C 236 is the farthest GRG in our sample. The
resolved scale length at 10.6 GHz is 261 kpc (69”). Beam depolarization will be most
significant in 3C 236 among the whole sample.
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Figure 3.2: Distribution of Polarization angles in DA 240. See Fig. 3.1.
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3.2.4 3C326

In Fig. 3.4, we show our results in histogram form. At 10.6 GHz, the polarization angle
histogram shows a strong single peak at —14°. There is a weak second peak at 6°. Two
peaks are well distinguished at 4.8 GHz, the first strong one being seen at —7°, with
a second broad component peaking at 20°. The 610 MHz histogram shows structure.
The peak at 10° is obvious, and there are also secondaries. The RM histogram has two
peaks at 120 radm~2 and at 55 rad m~2. Their shoulders are about 20 rad m~2 broad.
The RM of the hotspot in the SE lobe was not estimated, since the hotspot is strongly
beam-depolarized at 4.8 GHz.

The zero-wavelength polarization angle distribution calculated from the RM and the
10.6 GHz data exhibits two peaks at —17° and at —6°, which are better distinguished
than the peaks in the 10.6 GHz histogram. The generated 610 MHz polarization angle
data do not show any peaks. The trend in the observed 610 MHz polarization angle
histogram could come from internal Faraday rotation or from an unresolved Foreground
screen. In fact, 3C 326 is the second farthest GRG in our sample. The resolved scale
length at 10.6 GHz is 256 kpc (69”), similar to 3C 236, the beam used here is 69” x 82",
rather than 69” x 69”.

3.2.5 NGC6251

In Fig. 3.5, we show our results in histogram form. At 10.6 GHz, the polarization angle
histogram shows a peak at 11°. In contrast to the other sources in our sample, NGC 6251
has very strongly depolarized lobes and a steep spectrum. Therefore, the polarization
angle histogram shows only the jets, the hotspots and the central core. The first peak
is seen at —30° in the 4.8 GHz histogram. Two secondaries are at +52° and —56°. The
RM histogram has two peaks at —170 radm™2 and at —260 rad m~2. Their shoulders
are about 20 ---40 rad m~2 broad. No RM information of the lobes is available, due to
the above mentioned reasons.

The zero-wavelength distribution of the polarization angles calculated from the RM
and 10.6 GHz data exhibits a main peak at 24°, and secondary peaks at 2° and at +86°.
These are more pronounced than the peaks in the 10.6 GHz histogram. The generated
610 MHz polarization angle data do not show any peaks. The trend in the observed
610 MHz polarization angle histogram could come from internal Faraday rotation or
from an unresolved Foreground screen.

3.3 The properties of Faraday medium - first step

Although the histograms do not provide any positional information, there are some
general trends we can catch from the figures. The first thing is that the 4.8 GHz
histogram of each source is more or less similar to that at 10.6 GHz, but with a significant
phase difference. At high frequencies, the Faraday medium is well resolved. The second
thing we found is that the 610 MHz distribution of polarization angles is not really flat.
Considering the possible variation of parameters of the Faraday rotating medium (scale
length, field strength of cells), it is hard to believe that the 610 MHz polarization angles
were ordered in the presence of a high RM measured at high frequencies. For example,
a Faraday cell of 100 radm~2 with a moderate dispersion of 10 rad m~2 provides 7.6
7w turns of the angle and a dispersion of 140° at 610 MHz. In order to explain the
somehow ordered polarization angles at 610 MHz, we need an internal Faraday medium
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Figure 3.4: Distribution of polarization angles in 3C 326 (see Fig. 3.1).
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Figure 3.5: Distribution of polarization angles in NGC 6251 (see Fig. 3.1).
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or a multi-cell foreground.

Internal Faraday rotation can be discarded with the argument of low depolarization
at 610 MHz. If the high estimated RM were internal, the fractional polarization at
610 MHz should show significant depolarization. This is not the case for our sample.
The other possibility is a two- or more-phase foreground screen. If we introduce a weak,
small-scale multi-cell Faraday screen besides the strong, large-scale Faraday screen which
is seen at the high frequencies, it can be explained. In the next section we check this
possibility.

3.3.1 )\g map

Our RM estimate is based on two frequencies. In the previous section we have shown
that the polarization angle at 610 MHz cannot be used as a third frequency. We have
an ambiguity —490 - - - 4490 rad m~?2, which is acceptable if the sources do not reside
in a dense environment (Clarke et al., 2001; Eilek & Owen, 2002). In this subsection
we perform a further test. From the estimated RM we can get the intrinsic polarization
angle at Ag. We have created maps at A = 0 by extrapolating the polarization angles
to zero wavelength using the derived two frequency RMs. We will henceforth call them
Ao maps for brevity. If the ambiguity in our RM data is sufficiently small, then the \g
polarization angle maps will show a good correlation with the total intensity structure,
e.g. tangential, perpendicular or circumferential.

Figs. 3.6 to 3.10 show the results. The lines represent the E-field direction, their
length being proportional to their depolarization measure between 10.6 and 610 MHz,
DP(}%'6 = mo.e/mio6- A length of 5 of the line corresponds to DP = 1, i.e. no
depolarization. Every sixth to eighth pixel has been plotted. Except for 3C 326 whose
Faraday medium is probably not well-resolved, the other four have their RM peaks at
> |100] radm~2, or ARM > [100| rad m~2. This implies that the polarization angles
at 10.6 GHz will be > 5° different from the intrinsic polarization angle. In all five
sources including 3C 326, the \g angle is well correlated with the sources’ total intensity
structure.

NGC 315

The E-field is parallel to the major axis along the jets, and circumferential at both ex-
tremities (hotspots). The interesting point is that the polarization angle in the northern
relic lobe is not parallel to the major axis but to the direction of the relic extension.
This implies a secondary shock perpendicular to the extension direction, which revives
the old electrons and the field (see Fig. 3.6).

DA 240

The field configurations in the two lobes of DA 240 are completely different from each
other. The polarization angles in the NE lobe are parallel to the major axis in the
hotspot and become slightly circumferential in the outer envelope. The SW lobe is
significantly depolarized except for its extremity where the E field is perpendicular to
the major axis (see Fig. 3.7).
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3C 236

The E-fields in the two lobes are perpendicular to the major axis. At their extremities,
there are signs of field direction changes. Unfortunately, the resolution at 4.8 GHz is
not sufficient. At the extremities, linear polarization vanishes completely due to beam
depolarization at 4.8 GHz (see Fig. 3.8).

3C 326

On the whole, depolarization is significant and the A\g angle does not represent the source
structure well (in general perpendicular to the major axis). The RM values are quite low
and ARM is low, too. 3C 326 is suspected to be an ‘X-shaped’ radio galaxy (Rottmann
2000). If this is true, its field structure is accordingly complicated. Furthermore, 3C 326
is the second farthest source, d ~ 328 Mpc, while 3C 236 is slightly more distant, at
d ~ 359 Mpc (see Fig. 3.9).

NGC 6251

The field direction in the jet of this famous GRG follows the ridge of the total intensity
like a well-defined flow. This is quite different from the low-frequency estimate made by
Perley et al. (1984) (see Fig. 3.10).

General remarks

Our maps of polarization angles at A\g of the five GRGs show a good correlation with the
source structure. A high RM value (e.g. > 100 rad m~2) is usual in GRGs as in cluster
radio galaxies. As a result, the Faraday rotation around about 5 GHz - a standard radio
frequency for radio galaxies - is > 20°. We emphasize that the polarization angle at
5 GHz is NOT representing the intrinsic polarization angle, even in GRGs.

3.3.2 3 frequency fitting

We performed RM fitting test using 3 wavelengths data. In addition to the 2.8 cm and
6.3 cm polarization angle data of the previous sections, 11 cm polarization angle data
of the five GRGs are engaged. The results are shown from Fig. 3.11 to Fig. 3.15.

The fitting is processed as below. For 2.8 cm and 6.3 cm, 150" angular resolution
data are used. We used the available 260" angular resolution data at 11 cm. Pixels
are interpolated with 5” grid. After that we looked for the high polarization region of
each lobes in all five sources. In the case of NGC 315, we performed the fitting to the
jet additionally. The pixels are chosen in order that the polarization intensity at all
three frequencies are much stronger than 3o noise level. In the figures, we present three
different 3 frequency fit results and the two frequency extrapolation results together. The
three different fits are done in order to test ‘nm’ ambiguity at 11 cm and in some case
at 6.3 cm too. In all five GRGs, the two frequency extrapolation is in good agreement
with the best 3 frequency fit result.

GRGs with rather complex polarization structure such as NGC 315 and NGC 6251
show larger discrepancy between the two frequency extrapolation and the best 3 fre-
quency fit result, although the best 3 frequency fit result remains the nearest fit to the
two frequency extrapolation. We reckon that this is because of the beam smearing effect
inherent to the 11cm data. There is a measurable decrease of the fractional polarization
at 11 cm in NGC 315 and NGC 6251.
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The results of the 3-frequency fit indicate that the polarization angle at 11 cm rotated
by £(1---2) -7 turned by the Faraday rotation. One exception is 3C 326 where the best
3-frequency fit indicates no extra (i.e. nm) rotation of polarization angle at 11 cm. The
two-frequency extrapolation result is in good agreement with this fit. In all five GRGs,
it is proved that the the RM computed using two frequencies is reliable. In order to
present RM maps with higher angular resolution we will use this two-frequency RM in
this work.
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Figure 3.13: 3 frequency RM fit of 3C 236
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3.4 Rotation Measure maps of the five GRGs

A difficult part of estimating RM and other physical parameters is the extraction of the
Galactic RM. We consider two possibilities to extract the Galactic RM. The first one is
the simple subtraction of the mean RM of a source from the RM in each pixel of the
map, i.e.

RMcl - RM - RMmean'

RM,cqn is obtained using the AIPS task TVSTAT. This correction assumes that the
mean RM is the pure Galactic contribution. Since the distribution of RM in GRGs is
non-Gaussian and bimodal, the simple mean RM obtained is between the two peaks.
After the above correction, two peaks will represent opposite signs of the magnetic field
(towards and away from us). As a consequence, the RM variation in a source is trans-
lated into field reversals, i.e. alternating field directions. If we take the absolute value
of RM_.q, a large part of the RM substructures in the sources will disappear.

One cannot be sure whether RM,,.q, is genuinely the Galactic contribution. The
second method has a correction term which includes the RM of neighbouring extragalac-
tic sources. We use Simard-Normandin et al. (1981)’s catalogue in order to obtain the
mean RM of the three nearest extragalactic sources’, RM3. We then estimate

RMmean+RM.
RM,y = RM — EMncop+ RNz

If the mean RM of source, RMnean, is the pure Galactic contribution and fairly dis-
tributed, we will obtain roughly
RMyeqn ~ RMs and RM.y ~ RM,,.

If the intrinsic contribution to RM,cqr is large with respect to the Galactic one then,
in a statistical sense, M will be the better choice than the RM,,cqn for the
correction. Since RM,,cqan has ‘on’-source information of the Galactic RM, we take the
weighted mean, fMmeantfMs =Ty contrast to |RM.1|, |RM,| shows the substructures
which are seen in RM,;.

3.4.1 NGC315

A big difference between the maps of RM.; and |RM_.o| of NGC 315 (Fig. 3.16) is the
RM value near the core. The |RM,2| map exhibits a decrease, |RM| ~ 50 radm~2 from
its mean RM. ~ 90 radm~2. On the contrary, the RM.; map exhibits an increase,
|[RM| ~ 55 radm~2 from the mean of RM.; ~ 35 radm~2. We should mention that
the Galactic RMg, ~ —225 rad m~2 which is assumed for RM,; is exceptionally high
in the region of sky compared to the mean RM of three nearest sources RM3 = —53
radm~2 (Simard-Normandin et al., 1981). Therefore, the question why the mean RM,
Galactic or inter-galactic, is so high still remains to be answered.

3.4.2 DA240

Around DA 240 (Fig. 3.17), the Galactic RM seems to be very low, < 10 rad m~2. Tsien
(1982) reported a low RM < 4 radm™2, based on a low-frequency observation, except
for one source, 3C196 (I ~ 17192,b ~ +33°2) with —142 rad m~2. Including 3C 196,
our estimate of the foreground RM is RM3 = —54 radm~2 and the RM of DA 240 is
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Figure 3.16: RM maps of NGC 315, based on two frequencies (10.6 and 4.8 GHz), the
maps corrected for the Galactic foreground, RM.; and RM_.o, are shown. The contours
represent the total intensity at 610 MHz. The contour lines are 3, 10 and 50 o7.
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Table 3.1: RM of NGC 315
RM ARM |RM.| A|RM.| |RM.s| A|RMes|

int. source -225 50 35 35 90 45
core, jets -235 40 25 25 95 35
inter jet -235 25 20 15 95 25

NW hotspot -215 35 30 20 75 35
N relic -145 20 80 20 15 10
SE lobe -220 75 55 45 95 60

Table 3.2: RM of DA 240
RM ARM |RMq| A|RM.| |RMea| A|RMeo|

int. source 180 60 40 45 120 55
NE lobe 215 35 40 30 150 35
SW lobe 145 65 45 55 90 50

180 radm~2. The result of Chapt. 1 implies that there is a significant depolarization
asymmetry in DA 240. The SE lobe is more depolarized. If a significant portion of the
mean RM is near DA 240 and if this is responsible for the depolarization, then the mean
RM should be smaller and ARM should be higher than that of the NW lobe. The
A|RM| asymmetry is most prominent in RM.;. In DA 240 there is still the question
where and how the high mean RM arises.

3.4.3 3C236

There is a clear polarization asymmetry in 3C 236 (Fig. 3.18), too (Chapt. 1). The
NW lobe is more depolarized. All ARM values go the wrong direction. The SE lobe
has larger ARM values. Since RM is not measured in the SE hotspot due to the beam
depolarization at 4.8 GHz, the ARM values could be different if the SE hotspot were
included. Since the central core has a polarization artefact at 10.6 GHz, we also show
the integrated values without the core (Table3.3). The mean RM is much higher than
that of the three nearest extragalactic sources, RMs = +27 radm~2. We still need an
explanation for the large discrepancy between the RM and RMjz of 3C 236, too.

3.4.4 3C326

On the whole, 3C 326 is the most depolarized GRG in the sample. However, the depo-
larization asymmetry is not significant. The RM values in the east and west lobe are

Table 3.3: RM of 3C 236
RM ARM |RM.| A|RM.| |RMes| A|RMes|

int. source -135 155 80 150 135 115
without core -145 35 30 20 90 35
core -95 395 365 160 385 105

NE lobe -150 30 30 20 95 30

SW lobe -135 40 35 25 85 40
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Figure 3.17: RM maps of DA 240. The layout is the same as in Fig.3.16.
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Table 3.4: RM of 3C 326
RM ARM |RM.| A|RM.| |RMs| A|RMe|

total source 90 50 45 25 40 40
E lobe 145 40 80 55 35 40
W lobe 50 15 40 15 15 10

Table 3.5: RM of NGC 6251
RM ARM |RM.| A|RM,| |RM.| A[RM|

int. source  -210 40 35 20 90 40
Core, jets -220 40 40 20 100 40
NW hot spot -190 20 25 15 70 20
SE hot spot  -160 10 50 10 40 10

completely different (Tab. 3.4). In the east lobe, we can see two completely different
RM values resulting from the different methods (Fig. 3.19).

3.4.5 NGC6251

The source is undergoing strong ageing in its lobe. Hence, an estimate of the polarization
is only possible along the ridge of total intensity i.e. at the core, within the jets and
the hotspots, which show depolarization. NGC 6251 is different in this respect from
the other GRGs in the sample. The contrast between the RM. and the |RM_.| map
is interesting (Fig. 3.20). In the RM,.; map, the RM values roughly follow an inverse
r relation. In the |[RM. | map, the core has the highest RM value. The discrepancy
between RM (Table3.5) and RM3 = —26 radm~2 is huge, which is common to all of
the five GRGs.

3.4.6 Remarks

The choice of the extraction is somewhat arbitrary and no 'golden rule’ is at hand. The
RMs3 and RM of all GRGs in the sample have large discrepancies. We cannot conclude
yet whether this difference is due to the Galactic contribution or whether it is intrinsic
to the GRGs or in between. Maybe the difference is mainly due to the intrinsic field. A
connection between the DP asymmetry and ARM is not as convincing as expected.

3.5 The RM - DP diagram

How are RM and DP correlated? Burn’s law tells us that there should be a A* relation
between the fractional polarization and wavelength (A) such that

my = mg exp[—2A2)\1],

where m) is fractional polarization, and A is the standard deviation of the rotation
measure, such that

A =< n?B? >2 < Ld >'/? (Garrington & Conway, 1991).

Then, the relation between DP and ARM is
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InDP = ¢ A2,

This is only true in the case of a fully unresolved Faraday medium. The more general
form of the fractional polarization was given by Tribble (1991). The quadratic approxi-
mation of the solution is,

_ _Q_A~2)4
m3 = %‘%—H + exp[—S — 402\,

where S is a resolution parameter (S = s3/2t2), sq is the scale length of a cell and t is
the beam width (HPBW). When S = oo, the RM structure is fully resolved and there
is no depolarization. When S = 0, the RM structure is fully unresolved and Tribble’s
solution is approximated exactly by Burn’s law. Besides these two extreme cases, there
are the partially resolved cases.

We take an example and compare the result with the fully unresolved case. We use
kA = opy = 50 radm™2 from the observations. Our estimate in the former section
shows that this is common in GRGs. Then from the equations given above, we calculate
DP between 10.6 and 610 MHz. From Burn’s law, we obtain DPg—y = 0.0033. This
means that the source must be fully depolarized at 610 MHz, if its Faraday screen is
fully unresolved. This is clearly not the case (see Chapt. 1.), the depolarization does
not increase as fast as a function of A as described by Burn’s law. In Burn’s law, the
mean RM is close to 0. Then, not all of the high RMs we measure can be external.

Let us make a calculation for the case DPg—;. S = 1 means that the source is
partially resolved, which is expected both, in terms of the mean field and the depolar-
ization. There can be, especially at high frequencies, an intrinsic mean RM which has
a non-zero value. We obtain DPg_; = 0.28. The depolarization is also significant, but
it is in the range of the observational results. In any case, except for a large S, DP and
ARM are correlated. More depolarization means a large ARM if they are correlated.
If the strength of the correlation depends on S, then with increasing S the RM struc-
ture becomes more and more resolved and the DP - ARM correlation will become less
pronounced. The mean RM signature will reflect the real RM value of the foreground
medium. We shall test this idea using the RM.; - DP and RM,.s - DP diagrams.

3.5.1 RM.-DP and RM-DP

We have made RM,.; - DP and RM. - DP diagrams in order to search for any DP -
ARM correlation (Fig. 3.21 and (Fig. 3.22). ARM will be preserved in both RM,, - DP
and RM. - DP, but the mean RMs are different, so that a real DP - ARM correlation
will appear in both planes. In three GRGs, NGC 315, DA 240 and 3C 236 we cannot
find any clear trend. If we exclude the core from the diagrams, NGC 6251 shows a clear
DP - ARM correlation in both the RM,.; - DP and the RM_. - DP plane. 3C 326 shows
a weak correlation of RM., - DP. This is not seen in the RM_.s - DP plane. The trend
in RM., - DP of 3C 326 can just be an effect of the RM,; correction. Otherwise, ARM
should be preserved in RM. - DP plane, too.

3.5.2 Remarks

The underlying idea of RM, is that the mean RM is not related to GRGs. This implies
an intrinsic rotation measure RM ~ 0. Since a coherent Mpc-scale mean field is difficult
to imagine, this idea is quite reasonable. The idea of RM_ o is that the mean RM, or at
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least some portion of it, is intrinsic. There is an argument in favour of this. Burns (1998)
shows that there are X-ray clusters which are not relaxed. Even the Coma cluster which
was believed to be a prototype of relaxed clusters does have substructure. GRGs can be
‘weather stations’ of large-scale cosmic flows. This means at least that an energy supply
is possible. If this is true we can think about the possibility of an intrinsic large-scale
mean field. However, we do not yet have any clear idea of a seed field or of a large-scale
mechanism such as a dynamo.
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3.6 Discussion: a multi-component Faraday medium?

In the previous sections, we demonstrated that the RM of the GRGs is quite high, and
that depolarization exists but is very low. We did not find any clear correlation between
DP and ARM in the GRGs. In radio galaxies, we are dealing with relativistic- and non-
relativistic plasmas and their interaction. It might be no surprise that radio galaxies
manifest much more complex processes than supposed. The physical processes in the
solar atmosphere are good examples of this complexity and at the same time, this is a
source of inspiration.

If we can introduce a second Faraday medium whose characteristic scalelength is
smaller than the scale-length of high-RM structure and than the beam size, we can
explain the weak, omnipresent DP which has no correlation with the large-scale ARM.
Two cases are discussed in the subsequent subsections. The first one deals with internal
depolarization, the second one with external depolarization.

3.6.1 Can relativistic electrons depolarize GRGs?

This is a classical question which was proved not to be relevant for FR I and FR II
sources in the early days of radio galaxy research. Since GRGs are much larger systems
than FR I and FR II sources, but were smaller at some time in the past, adiabatic
expansion losses must be more important in GRGs than in other types of radio galaxies.
Adiabatic expansion produces low-vy electrons and provides kinetic energy. The second
aspect will be discussed later.

In order to shed light on the above question we begin with the basic concept of the
Faraday Rotation. The equation of motion of a relativistic electron is

ymi = —e(E+71 x B),

where v is the Lorentz factor, m the electron rest mass, E and B the electric and
magnetic field vectors, e the unit charge, and 1 and ¥ the instantaneous velocity and
acceleration, respectively, of the charged particles. Assuming € ~ 1, u ~ 1, the wave
number is

w2

Hg‘: = %[1 B w(w:ﬁwc)]

M

Considering v and a power-series expansion of w, the phase difference,

20 = (k4 — k) - L
will be

2
wpWe

c2w?

With increasing +, the difference in the wave numbers, k; — x_ decreases oc y~2. This
implies that the Faraday Rotation effect vanishes rapidly at high ~.

We now assume pressure balance between the magnetic field and the relativistic par-
ticles,, without any consideration of the source evolution.

ynemc? = B2/(87).

For a demonstrative estimate, we assume a magnetic field strength of 5 uG. If we further
assume the lower turn-off frequency of synchrotron radiation at 10 MHz, v is 1300. For
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convenience, we will use v = 1000. Particle acceleration theories predict such a high ~
cut-off, too. From the above equation, we obtain n. = 1.2 - 10~%cm™3. This is obviously
too small and even though the number density is higher, such high-v electrons with a
magnetic field are not a good rotator of the linear polarization at all as shown above.
This is why this kind of explanation is irrelevant for the depolarization in the FR-I and
-IT sources.

In GRGs, the situation may be different. As shown in Chapt. 1, GRGs are only
slightly depolarized. They are older than the FR-I and -II type sources, and we can
safely assume that GRGs undergo a severe adiabatic loss phase in their lifetime. Now,
we consider adiabatic losses in GRGs in order to get low-v electrons. It is natural to
assume that GRGs were once FR I or FR II sources, and compact sources long before. If
this is true (which must be), then we can argue that there is an adiabatic loss phase (or
more phases) during their lifetime. There are consequences of this adiabatic loss phase.
The relativistic electrons of the pre-adiabatic loss phase will lose most of their energy,
roughly at a rate Wy(ro/r), where Wy is the internal energy before the expansion, 7
and r are the radii before and the after expansion, respectively. Since they lost most
of their energy, they do not significantly contribute to the pressure balance and to the
total energy.

In a power-law distribution of relativistic electrons, i.e. N(y) = Nyy~P, where
p > 2, most of the energy is in the lowest possible v population, since the total energy is
Eiotar = [ N(7) v moc?dy. Therefore, we are interested in electrons with v = 1000 from
the pre-expansion phase. After the expansion, the relativistic electrons from the pre-
expansion phase will have converted most of their energy into the kinetic energy of the
expansion, Wy(rg/r). In this way, low-v electrons can be generated. Since they are not
in pressure balance with the high-~ electrons which are supplied continuously from the
central AGN to the lobes, they will be compressed roughly until ¥;w  ow = YhighThigh-
The total number of low-v electrons depends on the particle number in the pre-expansion
phase.

Let Yhigh/Yiow ~ 1000 and 1oy, /nhigh, = 1. If we can further assume pressure balance
in the cloud of low-y electrons after compression, the magnetic field strength will be 5uG
(if they are not in pressure balance, the magnetic energy will be released as in the solar
corona and will eventually be in pressure balance). Considering MHD instabilities, we
assume the number N_j,,q of such clouds in a GRG. From the conservation of the total
number of particles, we have Nejoua X Veioud X Miow = 1 X Npigh X Vara-

For a simple demonstration, we use Neoug = 100, n = 10 and Vgre = 1 Mpc3. Then
the scalelength of each low-v cloud will be about V;éid ~ 50 kpc. This scalelength
uncertain and possibly shorter than this, if we consider the instability quantitatively.
Fig. 3.23 shows the RM produced by such a cloud. If such clouds exist, they can
depolarize GRGs, but will not produce high RMs at all. Since they are independent of
the high-RM foreground screen, it is natural that there is no relation between ARM and

DP.

As mentioned before, adiabatic expansion transforms the internal to kinetic energy,
which can be transported into the environment. This is an interesting idea for the high-
RM environment, too. The other two major energy loss processes of radio galaxies, i.e.
synchrotron and inverse Compton losses, transform the energy to the photon energy at
radio and X-ray wavelengths. Since the Faraday medium is supposed to be optically
thin, these two loss processes do not contribute to the high RM. This will be discussed
in more detail later in this thesis.
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relativitic electron density increases through the compression. At vy, n, = ng -~y P.
Here p = 2. The line-of-sight component of the magnetic field has a strength of 5uG.
The line-of-sight length of the Faraday medium is ~ 1 kpc. The resulting Faraday
depth is a power-law distribution. There is a high-energy tail (relativistic electron
tail) contribution to the integrated Rotation Measure. A discussion of some geometric
variation are found in the text.
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3.6.2 Depolarization by a turbulent RM structure

The reason to search for an alternative origin of the depolarization is, as mentioned
before, that we can not find any significant ARM - DP correlation. The idea of a ARM
- DP correlation comes from the assumption that the Faraday foreground screen is at
least partly unresolved, and this Faraday foreground screen has just one characteristic
scalelength. This means that the RM distribution is described by some function, e.g. by
a Gaussian, a power-law, a quadratic or a delta function. If the screen is unresolved, then
Burn’s law my = mg exp —2A2\? is valid, regardless of the choice of the RM distribution
function.

The situation in GRGs casts some doubt on the validity of a single scalelength.
Another possibility is substructure in the RM, but neither with a continuous Gaussian
nor with a power-law distribution function. Actually, it sounds natural that a Faraday
medium containing a regular magnetic field with a length scale larger than 55 kpc has
substructure, e.g. through MHD waves. In order to discuss this effect in the depo-
larization observations, we have to resort to the RM equation of Tribble (1991) once
more.

Faraday dispersion function

Tribble (1991) showed that the quadratic approximation is a good asymptotic solution
for a Gaussian and a power-law distribution. We show the Tribble (1991)’s equation
again:

— _S— 244
m} = S s + exp[—S — 4 ARM?Y],

When S = 0, the RM structure is unresolved, and this equation becomes exactly Burn’s
law, my = mg exp[—2ARM?)\*]. Then the DP - ARM correlation reads

(InDP)Y/2 = —2 ARM (N / Anigh)?-

Now, let us consider the case (B1/By) = (Bpp/Bgrym) = ¢, where By is the regu-
lar field and Bj is the perturbed field resulting from a small fluid displacement. The
whole structure will be perturbed by the MHD wave on a timescale of lgps/va, where

va = \/BZ/4mpy is the Alfvén speed. For a paricle density of few 10~*em ™3 and for a
several G magnetic field, v4 of a few hundreds km/s is obtained. On a 10° yr timescale

which is much shorter than the source lifetime, the turbulence fills the large-scale RM
structure, Iz < 100kpc.

3.6.3 Adiabatic Expansion - Internal driver?

The amount of this kinetic energy released will be transported to the environment.
This is different from the other two major energy loss processes in radio galaxies, viz.
synchrotron radiation and inverse Compton. This will be discussed later in chapter 5.



Chapter 4

Polarization asymmetries of B2
Galaxies

4.1 B2 radio galaxies - First Sample

This section deals with six B2 radio galaxies. Measurements at 10.6 and 4.9 GHz data
have been used. The 4.9 GHz data of Morganti et al. (1997a) had to be soothed to
the angular resolution of the 10.6 GHz data. The RM unambiguity of the six B2 radio
galaxies is therefore consistent with that of the five GRGs treated in the former chapter.
The angular resolution of 69” x 69” is now much more improved over that of the GRGs,
thanks to the high resolution at 4.9 GHz.

The study of the B2 sample in this section has two purposes, and it will be a milestone
for the coming larger sample of B2 sources. The current B2 sample has better resolution
but will be more strongly faced with RM ambiguities, since we are only dealing with two
frequencies (4.9 and 1.6 GHz) in the VLA sample. The second purpose of this study is
the comparison with the results from the five GRGs. If the bimodality (or multiplicity) in
the RM histograms and the high RM of the GRGs are due to the Galactic contribution,
we should see a similar trend in this section.

4.1.1 DPm maps
We begin with maps of

DPm _ Mhpigh —Miow
Mhigh +Miow

for six sources. DPm = —1 means full repolarization, i.e. no fractional polarization at
the higher of the two frequencies and non-zero fractional polarization at the lower one.
DPm = 1 means full depolarization. The fractional polarization was obtained using the
same ‘hybrid’ method as in the Chapt. 1. In Tab. 4.1, we summarize the integrated DP
values. There is a relation between DPm and DP,

__ 1-DP _ 1-DPm
DPm = 1555 or DP = 555,

For the sake of a clearer display, we use only DPm values between —1 and 1. In the
tables, we present the full range of DP values.
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Table 4.1: The integrated DP of six B2 radio galaxies

B2 name DP ADP jetside DP; DPF,
0828+32 >1.2 >0.8 SW 1.39 1.27

0836+29 0.8 0.5 N 0.73 1.08
1141437 1.1 0.3 NE? 1.27  1.02
1316+29 1.1 0.2 E 1.19 0.99
1422426 1.0 0.2 W 1.04 1.05

1658+30 1.3 0.4 SW 1.20 131

B2 08284-32

This radio galaxy is known as an ‘X-shaped’ source (Rottmann, 2001). Along the main
axis, from the SW to the NE, the depolarization shows a patchy structure, but no clear
asymmetry. The core-to-lobe depolarization contrast is more obvious. It is not clear
if the high repolarization in the old N lobe is real or an artifact due to missing short
spacings at 4.9 GHz (Fig. 4.1 [a]).

B2 0836429

In the central region of this object, depolarization is seen, with DP = 0.30. The N lobe
on the jet- and longer-arm side is more depolarized than the S lobe on the counterjet-
and shorter-arm side. From the morphology of this source, one can deduce that it has a
very asymmetric environment. Therefore, the physical conditions around the two lobes
are probably completely different (Fig. 4.1 [b]).

B211414-37

This FR II-type B2 radio galaxy has no jet. Since the Laing-Garrington effect is more
frequently expected in FR II-type objects, we consider the less depolarized (or more
re-polarized) NE lobe as the jet-side lobe (Fig. 4.1 [c]).

B213164-29

The S-shaped two-sided jet (with ‘fat double lobes’) is not seen at this resolution. Near
the core, the E jet is stronger, hence we accept the E lobe as associated with the jet-side
lobe. The E lobe is indeed less depolarized (Fig. 4.1 [d]).

B214224-26

The W lobe has a stronger jet. At higher resolution, the two lobes are quite identical
and symmetric w.r.t. the core.

B216584-30

This is another ‘fat double’ in the high-frequency B2 sample. The SW lobe on the jet
side is marginally more depolarized (less re-polarized).
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4.1.2 Integrated properties

At the high frequency, the depolarization is very weak in the sample, inspite of the
low angular resolution. Given this weak depolarization, it is no surprise that there is a
lack of depolarization asymmetry. Only three sources including B2 1141437 whose jet
direction is inferred from the DP asymmetry show the Laing-Garrington effect.

At the low frequency, the D P} shows that five of the six sources exhibit the Laing-
Garrington effect (Morganti et al., 1997b). Depolarization is probably a genuine low-
frequency property. As for the GRGs, DP and RM result from the different distribution
functions.

4.1.3 RM of B2 radio galaxies: RM histograms

The histograms of the six B2 radio galaxies show a single distribution and have been well
fitted by a Gaussian using AIPS task IMEAN. The peak and mean values in Tab. 4.2
show fairly good agreement. They are quite low, RM < |50| rad m~2, consistent with
the RM value at the X-ray cluster periphery (Clarke et al., 2001).

4.1.4 RM maps

Since there is no sub-structure in the RM histograms and RM is small in all six B2
radio galaxies studied in this section, we use RM,, i.e. the simple mean subtraction in
order to correct for the Galactic foreground.

4.1.5 )y maps of B2 radio galaxies

Since the |RM]| of the B2 radio galaxies is small as seen in their histograms, the Ag
polarization angle map is very similar to that at 10.6 GHz. In the following, a vector
length of 1’ represents DP = 1. A shorter length means depolarization and a longer one
means repolarization.

B2 08284-32

The magnetic field in B2 0828+32 is tangential at the lobe periphery. Around the
hotspots and the core the field direction is not straight. Since it is not random but
has a coherent and bent structure, it is suspected to reflect the complex structure of
B20828+32, i.e. its X-shaped structure (Rottmann, 2001) (see Figs. 4.5, 4.3 and 4.4)

[a]-

B2 0836429

Only the southern jet and the first knot are seen in the RM map. The magnetic field in
that region is perpendicular to the jet and does not show any bending along the total
intensity ridge. In general, the two lobes are weakly polarized. Therefore, B2 0836429
is not appropriate to trace its foreground medium (see Figs. 4.5, 4.3 and 4.4) [b].

B2 1141437

This source has a typical FR II morphology, with two advancing hotspots. Since no
jet is detected in this source, we assume the less depolarized N lobe to be on the jet
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Figure 4.2: continued.

side. Because of its FR II morphology, the indication of the Laing-Garrington effect in
B2 1141437 is more reliable than in the other B2 sources in this sample.

The two lobes have quite a different magnetic field configuration. The lobe on
the jet side (or less polarized N lobe) has a magnetic field structure that is oriented
perpendicular to the major axis. In contrast, the S lobe has a B-field structure parallel
to the major axis. The maps of RM and |RM,;| exhibit field reversals in the lobes but
no clear asymmetric trend (see Figs. 4.5, 4.3 and 4.4) [c].

B2 1316429

B21316+29 is not well resolved by the 69” beam. Its DP and RM structure clearly
show the Laing-Garrington effect. This could be due to the low resolution, since the
Laing-Garrington effect and the DR - ARM relation is most pronounced in case of an
unresolved foreground (see Figs. 4.5, 4.3 and 4.4) [d].

B2 14224-26

At high resolution, B2 1422+26 shows an S-shaped structure. Besides its highly core-
symmetric, total intensity shape, the distribution of RM and ARM are symmetric, and
so is that of DP. The magnetic field is tangential to the envelope. Along the major axis
the magnetic field is slightly oblique (see Figs. 4.5, 4.3 and 4.4) [e].

B2 16584-30

This is a symmetric ‘fat double’ with a clear jet asymmetry. The polarization trends
are not in accord with the Laing-Garrington effect. ARM is larger on the jet side.
The magnetic field is perpendicular to the major axis along the major axis. At the
lobe-extremity the field becomes tangential (see Figs. 4.5, 4.3 and 4.4)[f].
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Figure 4.3: RM maps of six B2 sources. The ambiguity of RM data is comparable to
that of the GRGs.
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Table 4.2: The integrated RM %5 of six B2 radio galaxies
B2 name RMper ARMgyqus RM ARM,; ARM; ARM,

082832 +42 10 +32 58 58 54
0836+29 -6 ) +2 2 18 -
1141+37 +20 30 -12 106 27 23
1316+29 0 8 +4 20 10 28
1422426 +5 10 +12 32 24 22
1658+30 +35 17 +34 18 20 15

Summary of the six B2 RGs

Due to the lack of any DP asymmetry at the higher frequency, a ARM asymmetry is
not expected. However, we find a reversed asymmetric trend, such that ARM on the jet
side is larger than ARM on the counterjet-side (in 4 sources). The difference between
the two lobes is marginal in these 4 sources. Since the sample has only 6 members, it is
too premature to draw any conclusions.

Only one case, B2 1316+29 shows an exemplary ‘Laing-Garrington’ effect so far. In
this source, the lobe on the jet side is less depolarized and has a smaller ARM than the
counter-jet lobe.

4.1.6 RM-DP of B2 sources

We now test a possible correlation between the rotation measure and depolarization.
If depolarization occurs in the Faraday medium that we see in the RM maps, the RM
dispersion as well as DPm (or DP) must be correlated. More strongly depolarized regions
should have a larger RM dispersion. In Fig. 4.6, we show the RM — DPm diagrams of
the six B2 radio galaxies.

We have checked the dispersion of the most strongly depolarized five points and the
most strongly polarized (or re-polarized) five points. In B20836+29 and B2 1141437,
this test is not possible, owing to the small number of points. B2 1316429 exhibits the
clearest trend of the DPm(DP) - ARM correlation (Fig. 4.6[d]). The most strongly
depolarized points have a larger RM dispersion than the most strongly polarized (or re-
polarized) five points. B2 1422426 exhibits a DPm(DP) - RM correlation (Fig. 4.6[e]).
The most strongly depolarized points have larger RM values than the most strongly po-
larized (or re-polarized) five points. This translates to the DPm(DP) - ARM correlation
if ARM is obtained from |RM,]|.

4.1.7 Summary and Discussion

Two interesting findings are reported in this section. The mean RM's of B2 sources are
very small compared to the GRG sample. From the Ay polarization angle maps and
the RM histograms, we conclude that the RM of the foreground Faraday medium is
unambiguously determined. Based on this knowledge, we will study the better resolved
VLA sample in the next section, which however bears a larger RM ambiguity. Although
the six B2 sources analyzed in this section show the Laing-Garrington effect in the
low-frequency DP, no asymmetric trend is found in DPi%'fs. Depolarization is a low-
frequency property. Since we have not found any clear RM - DP correlation except for

the case of B213164-29, we can give some constraints.
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The depolarization asymmetry at lower frequencies does not directly stem from the
RM structure shown in this section. The depolarization asymmetry may come from a
more omnipresent weak magnetic field with a shorter scalelength. This magneto-ionic
medium could have a density distribution which roughly follows a King profile (Gar-
rington & Conway, 1991). Alternatively, this Faraday medium can be sub-relativistic
as discussed in the former chapter. If present, it must fill the environment following
roughly a King’s profile in order to produce the Laing-Garrington effect.

The RM structure is strongly suspected to be produced in the vicinity of the radio
sources. Whether this is amplified through the interaction between radio galaxies and
their environment Eilek & Owen (2002) or whether this is generated by the radio galaxies
themselves (Daly & A., 1990), is an open question at this stage. In addition to the mean
difference in the RM, there is also a difference in the scalelength of B2 radio galaxies and
GRGs. The exact RM scalelength of B2 radio galaxies should be studied using better
resolved sample.
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Table 4.3: Positional information of 14 B2 radio galaxies
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B2 name z r (Mpc) RA(J2000) DEC(J2000) 1 b
0034425 0.031849 128 007370575  +25°41'56" 1182881 -37°059
0755437 0.042836 171 07"58m2871  +37°47'12" 182°676 282828
0828+32 0.052700 203 08"31m27"5  +32°19'26" 1902707 342150
0836+29 0.078900 316 08"39™15"8  +28°50/39”  195°2904  34°985
1141437  0.115000 458 11744m2772  437°08'32" 173°436  72°684
1243+26 0.087234 356 12/46m21"9  +26°27'17" 2432398 882682
1316429  0.072800 291 13719™0472  +29°38'34" 572027  83°424
1357+28  0.062700 252 14"00m00’8  +28°29'56" 422081 742787
1422426  0.036992 148 14"24™40/5  4-26°37'30" 36°891  69°232
1441+26  0.062100 248 14"44m06"3  +26°01'12" 36°867 642836
1455428  0.141100 564 14757m5378  428°3219" 432276 62°087
1528+29  0.084300 337 157301073 +29°00'30" 452519 552096
1643427 0.101070 404 16745m277"5  4+27°20/06" 47°514  38°492
1658+30 0.034424 140 17"00m45"2  +30°08'09” 512928 352899

4.2 The second sample: a high-resolution sample

Based on the knowledge from the previous section, we investigate 14 B2 radio galaxies
with better angular resolution, i.e. 15” x 15”, but with a higher RM ambiguity. The
sample includes six B2 sources from the former section, too. In Tab. 4.3, we present
their positional information. The Galactic latitudes of the sources are quite high. The
six sources that appeared in the former section have a lower Galactic latitude. Although
this does not automatically imply that the remaining 8 sources have a small Galactic
RM contribution, we nevertheless expect a small Galactic RM contribution, i.e. the
small mean RM for the remaining 8 sources.

4.2.1 Sample description

Information about the sources is summarized in Tables 4.3 and 4.4. Since the 1.6 GHz
data of Capetti et al. (1993) have a larger synthesized beam than the 5 GHz data of
Morganti et al. (1997a), the latter were convolved to the angular resolution of the 1.6 GHz
data using a Gaussian beam. The convolution was done with the task CONVL in AIPS.
Since CONVL cannot handle any ‘magic blanking values’ in the I,U,Q maps, we assigned
them a zero value (using task COMB/SUM) prior to the convolution. This replacement
of the magic blanking value introduces an underestimate of o7y ¢ in the 5 GHz data.
In constructing the polarized intensity maps, I, = \/@Q? + U2, we applied the ‘hy-
brid’ Ricean bias correction which we have introduced in Chap. 2. The two widely used
solutions, Wardle & Kronberg (1974); Killeen et al. (1986), are acceptable when the frac-
tional polarization, m, is obtained from the integrated flux densities, i.e. m = XIp/X1.
This has been done in the literature. Because of the integrations the so obtained m
is ‘structure dependent’. This means that if the sources possess dominant and bright
polarized components, the integrated m will reflect the fractional polarization of these
dominant components (e.g. hot spots, jets). This ‘structure dependence’ makes the
Ricean bias of regions with low signal-to-noise (predominantly the lobes) unsignificant.
DP maps published in the literature should therefore be interpreted with care. Of-
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Table 4.4: The convolved data of 14 B2 radio galaxies

B2 name convl. beam o7(mlJy) o7, (mJy) or(mlJy) o7 (mJy) FR type

5GHz 1.6GHz
0034+25 1676 x 1676 0.06 0.04 0.2 0.06 I
0755+37 2272 x 22/2 0.14 0.05 1.4 0.39 I
0828+32 12/5 x 1275 0.18 0.09 0.4 0.13 II
0836+29 1275 x 1275 0.06 0.04 0.4 0.21 I-11
1141437 1470 x 1470 0.10 0.05 0.5 0.07 II
1243426 13”1 x 13"1 0.05 0.03 0.3 0.06 I
1316+29 1375 x 1375 0.14 0.06 0.3 0.06 I
1357428 13”6 x 1376 0.04 0.04 0.2 0.05 I
1422426 1377 x 137 0.19 0.05 0.2 0.07 I
1441426 14”72 x 1472 0.05 0.04 0.2 0.06 I-1I
1455+28 1576 x 1576 0.19 0.05 0.4 0.06 II
1528429 1279 x 1279 0.03 0.03 0.2 0.06 I-1I
1643+27 1377 x 137 0.06 0.05 0.15 0.05 I-11
1658430 1874 x 184 0.15 0.07 0.7 0.12 I-1I

ten, they are presented down to ~ 3 o7 ops Where the polarized flux density is < 3 071, ,0bs-
In addition to these under- or overestimates of the real Ip there is also the danger of
mis-interprepation. Using the hybrid solution, the error in our estimate of the fractional
polarization will be 2% at 301,,00s- Of course, the fluctuation due to the noise is in-
evitably the same as in Wardle & Kronberg (1974) and in Killeen et al. (1986). The
values of DPm and DP in Tables 4.5 and 4.7 were computed from the areal means of
the hybrid solution, i.e. m = ¥(,/I). This was done using IDL.

Using the two-frequency data, we have estimated the RM of the sources. Since our
RM is based on two frequencies only, the ambiguity is about 100 rad m~2, which is too
large to estimate the real RM. However, our RM may already be useful to estimate the
fluctutaion in the RM structure, ARM. The DP and RM maps of the individual sources
will be shown after the integral properties.

4.2.2 Integrated properties
DP and DPm

In this section, we present the results of the depolarization of 14 B2 radio galaxies in
two ways, namely by their DP and DPm. Their definitions are

DP — Miow

Mhigh
and

_ 1-DP
DPm = 555,

where myq,, and myp;gp are the fractional polarizations at low and high frequencies, re-
spectively. DPm has its merit in terms of a better visualization, while the merit of DP
is its direct connection to the Faraday depth. In Tables 4.5 and 4.7 we show both, DP
and DPm.

The DP values in Tab.4.6 have been directly measured. In fact, the conversion values
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Table 4.5: The integrated DPm of B2 sources. B21141+37, B2 1441426 and B2 1455+28
have no jet. The jet side of Morganti et al. (1997a) is adopted.

B2 name DPm,; ADPmyy Jet side DPm; ADPm; DPmg ADPmg;

0034425 0.11 0.28 E 0.35 0.19 -0.14 0.25
0755+37 0.11 0.26 E 0.19 0.24 0.02 0.25
0828+32 0.08 0.29 SW 0.07 0.27 0.08 0.31
0836+29 0.02 0.46 N -0.01 0.56 0.18 0.33
1141437 0.00 0.21 NE? -0.03 0.14 0.12 0.23
1243+26 0.09 0.26 N 0.01 0.19 0.22 0.27
1316+29 0.08 0.27 D) 0.10 0.26 0.08 0.21
1357+28 0.23 0.25 N 0.19 0.22 0.38 0.23
142226 0.14 0.25 W 0.08 0.19 0.24 0.26
1441+26 0.17 0.19 W? 0.11 0.21 0.18 0.18
1455+28 0.23 0.23 N? 0.21 0.22 0.26 0.24
15284-29 0.14 0.20 NE 0.15 0.19 0.14 0.20
1643+27 0.27 0.20 N 0.18 0.18 0.33 0.20
1658+30 0.18 0.20 SW 0.06 0.13 0.30 0.21

are more reliable than the direct DP measure. The reason is that depolarization has a
finite value in DP between 0 to 1, but re-polarization has infinite values, from 1 to co.
Therefore, the pixel integration of DP is not a promising practise. In 0828+32, 0836429
and 1141437, this problem is especially important. The last two columns in Table 4.8
are the numbers of field reversals in a lobe. The numbers will be very sensitive to the
angular resolution.

Our newly estimated DP (and DPm) is to mainly probe the foreground magneto-
ionic medium. Except for B2 0034425 at [0.5, 1.3], the depolarization asymmetry is in
general more pronounced in our new estimate than in Morganti et al. (1997a). Fig. 4.23
conveys how patchy the DP distributions in the lobes on the jet- and counterjet-side
lobes are. The Laing-Garrington effect exists in B2 sources at low frequencies. Our new
and statistically more reliable DP shows this effect more clearly than in the past. The
integrated results are summarized in Tab. 4.7.

In the case of B20034+25 and B20836+29, which are wide-angle-tailed (WAT)
sources, their opposite lobes reside in quite different environments, which cannot be
due to King-profile type distributions of X-ray clusters; interaction with their environ-
ment seems to be important. In general, a DP asymmetry is visible in the sample. The
distribution of AD P, which indicates the ‘patchiness’ of the DP structure, is asymmet-
ric. The DP of the lobes on the jet-side is more patchy than that on the counterjet-side.
Two sources which do not follow the general trends are WAT sources.

Rotation Measure data

In Tab. 4.8, the integrated RM properties of 14 B2 radio galaxies are summarized. The
last two columns in Table 4.8 denote the number of field reversals in a lobe. These num-
bers are very sensitive to the angluar resolution. The sample includes the six B2 radio
galaxies discussed in the previous section. In spite of the differences in the resolution
and the frequency range used, the RM values estimated here are in good agreement.
Fig. 4.7 shows that the RM of each B2 radio galaxy covers a very narrow range. Only
B2 0828432 shows signs of an ambiguity. At higher frequencies, the RM of B2 0828+-32



CHAPTER 4. POLARIZATION ASYMMETRIES OF B2 GALAXIES

Table 4.6: The integrated DP of B2 sources, measured

B2 name DP,; ADP,, DP; ADP, DP, ADP,
0034+25 0.97 075 056 036 272  0.62
0755437 092 071 078 051 110  0.86
0828+32 1.08 101 114 123 101 062
0836+29 2.07  3.05 470 445 100  0.99
1141437 110 050 111 034 110  0.58
1243426 095 055 106 049 074  0.50
1316429 098 053 100 059 097  0.39
1357428 071 040 075 041 050  0.32
1422426 0.85 049 092 043 068 041
1441426 0.76 030  0.86 032 073  0.28
1455428  0.69 035 071 034 066  0.36
1528429 0.81 035 079 036 082  0.35
1643427 062 029 075 031 054  0.26
1658430 0.75 031 090 024 059  0.30

Table 4.7: The integrated DP of B2 sources, computed from DPm

B2 name DP,; ADP,, DP; ADP, DP, ADP,
0034+25 0.80  0.56 048 068 133  0.60
0755+37 0.80  0.59 068 0.61 096  0.60
0828432 0.85 055 087 057 085  0.53
0836+29 0.96 037  1.02 028 069 050
1141437 100 0.65 106 075 079  0.63
1243426 0.83 059 098 0.68 064  0.57
1316429 0.85 057  0.82 059 085  0.65
1357428 0.63  0.60  0.68 0.64 045  0.63
1422426 0.75  0.60  0.85 0.68 061  0.59
1441426 0.71  0.68  0.80 0.65 069  0.69
1455428  0.63  0.63  0.65 064 059 0.6l
1528429  0.75  0.67  0.74 068 075  0.67
1643427 057 067  0.69 069 050  0.67
1658430 0.69  0.67 0.89 077 054  0.65




4.3. THE INDIVIDUAL SOURCES 75

Table 4.8: The integrated RM of 14 B2 radio galaxies
B2 name RM ARM RM; ARM; RM. ARM,

0034+25 -41 4 -49 1 -48 1
0755+37 +15 9 +16 10 +14 7
0828+32 438 10 +37 10 +31 25
0836+29 426 12 +30 6 +25 14
1141437  +4 6 +3 3 +5 6
1243+26 +18 10 +14 7 +22 12
1316+29 +11 6 +11 6 +11 )
1357+28 +17 18 +19 9 +1 17
1422+26  +15 12 +16 11 +13 13
1441+26 +16 4 +17 4 +15 3
1455+28  +1 12 0 11 +3 13
1528429 +11 6 +10 6 +11 5
1643+27 +34 7 +30 6 +39 )
1658430 +25 6 +22 7 +26 5

(Fig. 4.2[a]) has indeed a broader distribution than any other source in the sample.

4.3 The individual sources

B2 00344-25

B20034+25 is a wide-angle-tailed (WAT) source. The magnetic field is parallel to the
total intensity ridge (Fig. 4.8). In this source, the core-to-lobe contrast is more pro-
nounced than the lobe-to-lobe asymmetry.

B207554-37

Morganti et al. (1997a) reported that the integrated RM of B2 0755437 calculated from
three frequencies (2.7, 4.9 and 10.8 GHz) exceeds the ambiguity of our RMi§, with
RM;y,; = —70 rad m~2. The magnetic field morphology shown in Fig. 4.9[c] looks rather
messy. The DP and RM structures are patchy (Fig. 4.9[a],[b]). If ARM = 10 radm~2 in
Tab. 4.8 is real, the RM patchy structure can be real, but not as a result of a high RM.

B2 08284-32

The magnetic field direction shown in Fig. 4.10]c| is almost identical to that in Fig. 4.5.
The DP and RM structures are patchy (Fig. 4.10[a],[b]).

B2 0836429

B20836+29 is a WAT source. Similar to B2 0034+25, the fractional polarization in the
lobes is very low. The magnetic field in the southern lobe is parallel to the total intensity
ridge. The same trend is seen in Fig. 4.5.
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Figure 4.7: RM distribution of the 14 B2 sources. The histograms exhibit the RM{:{
distribution in the 14 B2 sources.

B211414-37

B21141+37 is FR II type in morphology. DP and RM structure are smoothed (Fig. 4.12[al,[b]).
The magnetic field in Fig. 4.12[c| is almost identical to the magnetic field in Fig. 4.5.

B212434-26

The spot at o = 127435278 and 6§ = 26°42'32" is known not to belong to B2 1243+26
(Morganti et al., 1997a). This core is not linearly polarized. Therefore, this radio
core was automatically excluded in the computation of the RM and DP maps (see
Fig. 4.13[a][b]). The shape of B21243+26 is complex. DP asymmetry is obvious, also
in ARM. As the result, the RM-DP diagram (Fig. 4.13[d]), shows an exemplary trend:
the 5 most strongly polarized points have a much smaller dispersion in RM than the 5
most strongly depolarized ones. Despite the low integrated RM reported by (Morganti
et al., 1997a), the magnetic field directions in Fig. 4.13[c| look rather messy.

B213164-29

B21316+29 has an S-shaped, bent two-sided jet. Fig. 4.14[a] shows the re-polarized
core. The DP and RM distributions of the two lobes are patchy. The magnetic field
structure in Fig. 4.14[c| is identical to that in Fig. 4.5. However, the RM - DP diagram
does not exhibit any clear correlation (see Fig. 4.14[d]). The scalelength of the Faraday
medium must lie between the spatial resolutions embraced by the observations at the
low and high frequencies involved here.

B213574-28

B21357+28 exhibits an exemplary Laing-Garrington effect. The maps of DP and RM
exhibit a smooth and asymmetric structure (Fig. 4.15[a] and [b)]. The magnetic field
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Figure 4.15: B21357+28. The layout is the same as in Fig. 4.8.

structure in Fig. 4.15[c| looks chaotic. The RM - DP diagram (Fig. 4.15[d]), exhibits a
rather clear ARM - DP correlation Garrington & Conway (1991). The RM scalelength
of B213574-28 is probably smaller than the resolution used here. If this is true, the RM
scalelength varies from source to source, as B2 1357+28 is at an intermediate distance.

B214224-26

Tha maps of DP and RM of B21422+26 have a patchy structure without any clear
asymmetry (Fig. 4.16]a] and [b]). The magnetic field structure in Fig. 4.16[c] is identical
to that in Fig. 4.5. The RM - DP diagram (Fig. 4.16[d]) does not show any clear trend.

B214414-26

The results of Morganti et al. (1997a) imply that their integrated RM based on three
frequencies (2.7 , 4.9 and 10.8 GHz) of B2 1441426 exceeds the ambiguity of our RM§,
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with RM;,; = +87 radm~2. The sizes of the areas of the W (jet-side) and the E lobe
are different. In the E lobe (which subtends the larger area), a patchy structure in the
DP and RM maps is obvious. This is less clear for the W lobe, but the area is smaller
than a patch ‘cell’ in the E lobe. Therefore, this is not conclusive (Fig. 4.17[a] and [b]).
The magnetic field structure of B2 1441426 looks rather messy (Fig. 4.17[c]). This is
probably due to the high RM.

B214554-28

B21141+37 has a typical FR II morphology with advancing hotspots. The maps of DP
and RM of B21455+28 have a patchy structure and are symmetric (Fig. 4.18[a] and
[b]). The magnetic field structure is core-symmetric, but not parallel or perpendicular
to the total intensity ridge (Fig.4.18|c]). In the RM - DP diagram, a correlation ARM -
DP is seen between the lowest 5 and the highest 5 DP points (Fig. 4.18[d]). The region
of high DP is well correlated with that of high |RM].

B215284-29

No lobe-to-lobe asymmetry is seen in the DP and RM maps of B21528+2 (Fig. 4.19][a]
and [b]). A patchy structure is seen in DP and RM. At the both extremities, the
magnetic field is tangential. In the SW back lobe, the magnetic field is oblique as in
B2 1455428, but not symmetric in this case (Fig. 4.19]c]). A correlation of ARM - DP
is seen in the extreme DPs (Fig. 4.19[d]).

B216434-27

The maps of DP and RM of B2 1643427 exhibit an asymmetry in Fig. 4.20[a] and [b].
ARM is symmetric (see Tab.4.8). The magnetic field is oblique at the source extremity
and perpendicular to the major axis in the inner part (Fig. 4.20[c]). The asymmetries
in DP and RM cause a linear trend in the DP - RM diagram (Fig. 4.20[d]).

B216584-30

A DP asymmetry is already seen in the DP map (Fig. 4.21[a]). The SW lobe on the jet
side is slightly depolarized and that on the counter-jet side is strongly depolarized, with
a patchy structure. In contrast to that, the maps of RM and ARM do not show any
clear asymmetry, but rather a patchy pattern (Fig. 4.21[b]; see also Tab. 4.8). Different
from the other two ‘fat doubles’ in the sample, the magnetic field well follows the source
structure, in that it is perpendicular to the major axis or the total intensity ridge in
Fig. 4.21[c]. Despite the clear DP asymmetry, the RM - DP diagram does not exhibit
any correlation, due to the lack of the ARM asymmetry.

4.3.1 DP-RM correlation?

The trends in the sources of the sample are rather varying. Even the sources which
show morphological similarities, e.g. B20755437 and B2 1658+30 or B21141+37 and
B21455+30 or B21357+28 and B2 1643427, show little resemblance in their DP and
RM maps.

However, our pixel-to-pixel estimate of the depolarization measure confirms that the
Laing-Garrington effect in the B2 sample is indeed visible (see Fig. 4.22). The solid
line in the diagram indicates DP; = DPF,;. On the whole, the new estimate indicates
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Figure 4.22: DP; - DF,; diagram of the 14 B2 sources. The two results are compared.
The solid line indicates symmetric depolarization. The filled circles were obtained from
m = X(P/I). The open circles were obtained from m = X P/X1.

rather little depolarization. This is because our estimate is a pixel-to-pixel estimate and
therefore, depolarized points are excluded this way which are included in the integrated
estimate. The WAT sources, B2 0034+25 and B2 0836429 show an ‘anomaly’ in the DP
- ADP plane.

Fig. 4.23 shows that the DP patterns of the counterjet-side are slightly smoother than
the those on the jet-side. This can be understood in the following way: the polarized
radiation from the counterjet-side of the radio galaxies travels through more magneto-
ionic cells than that of the jet-side. The distribution of the most probable DP values
of the counterjet-side is smoother. On the jet-side, with the radiation traveling through
fewer cells, the DP value more strongly depends on the property of each cell that the
radiation has to pass.

In Fig. 4.24, we check if there is any intrinsic RM asymmetry between the jet-side
and counter-jet side lobe. The dashed line is that of RM; = RM.;. The solid line is the
simple linear least-squares fit to the data. The results show that the RM-related Faraday
medium is quite symmetrically distributed in the sample sources. The RM is quite
evenly distributed in both lobes in terms of RM (Fig.4.24). The distribution of ARM
(Fig. 4.25), is more interesting than that of RM, since a In(DP) o« ARM? relation
is expected in the presence of a Laing-Garrington effect (e.g. Garrington & Conway
(1991); Johnson et al. (1995)). Fig. 4.25 shows the result. In Fig. 4.25, we further check
the ARM asymmetry which has a more important meaning than RM with respect to
the DP asymmetry ((Garrington & Conway, 1991; Johnson et al., 1995)). The dashed
line represents ARM; = ARM_,;. The solid line is the simple linear least-squares fit to
the data.

We can see different trends etween the high-ARM > 7 rad m~2and the low-ARM <
7radm™?2 sources. In the low-ARM sources, the distribution of ARM is rather sym-
metric. In the high-A RM sources, the counterjet side lobes have definitely higher ARM



4.3. THE INDIVIDUAL SOURCES 95

0.9 —
0.8 | e

0.7 4 ./{.

0.6

=
2 0836+29
[ ]
8 o5
/
0.4 1 /
/
/
0.3 + /
/
0.2 ‘ ‘ ‘ ‘ ; ;
0.2 03 0.4 05 0.6 0.7 08 09

DDP j

Figure 4.23: ADP; - ADP,; diagram of the 14 B2 sources. The dispersion in DP is
marginally larger on the jet side. The dashed line indicates ADP; = ADF,;.

values. Fig. 4.26 exhibits the DP-to-ARM ratio, the least-squares fit indicates only a
weak correlation between them.
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Figure 4.24: RM;-RM.; diagram of the 14 B2 sources. The dashed line indicates RM; =

RM.;. The solid line is the simple least-squares fit to the points.
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Figure 4.25: ARM; - ARM,; diagram. The RM dispersion is larger on the counterjet
side. The dashed line indicates ARM; = ARM,.;. The solid line is the simple least-
squares fit to the points. Although RM is quite symmetric (Fig. 4.24) ARM becomes

asymmetric. The trend becomes clear with increasing ARM.
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Chapter 5

Discovery of high rotation
measures in GRGs

5.1 Introduction

Through decades of observations of radio galaxies, it has been shown that the Faraday
rotation of their polarization angles follows well a A? relation throughout the radio
regime, i.e.

Ay oc A72,

while its fractional polarization profile does not show any significant variation in
the low-frequency regime. This indicates that the Faraday (magneto-ionic) medium
and the relativistic electrons of radio galaxies (RGs) are spatially separated. Therefore,
most of the detected Faraday rotation comes from the foreground medium. Since RGs
are linearly polarized, their Rotation Measure (RM) is a useful tool to estimate the
physical properties of their foreground medium. In order to yield a measurable RM, the
foreground medium must consist of thermal electrons and ions. Electron-positron pairs
must be ruled out, since the magnetized positrons are as effective as the electrons as a
Faraday rotator, but in an opposite direction. Therefore, any Faraday rotation would
be largely cancelled out.

Recently, carefully planned systematic studies by Clarke et al. (2001) and Eilek &
Owen (2002) showed evidence for high RMs in the cores of clusters of galaxies. These
results indicate that cooling flows in the cluster cores amplify the magnetic field strength
in the Faraday medium, although the cooling flows themselves usually disappear through
the heating by RGs. The fact that the field RGs exhibit Faraday rotation at a level of
RM ~ 15 radm~?2 only, strongly supports the amplification theory Clarke et al. (2001).
Eilek & Owen (2002) estimate that the energy contained in RGs is sufficient to explain
the total magnetic field energy of the cluster core RGs, too. This energy budget must be
the same for the field RGs. Therefore, this internal energy of RGs may not contribute
significantly to the field amplification in the RG stage.

This situation may be different in GRGs which must have been normal RGs in past.
During the expansion phase from RGs to GRGs, most of the internal energy of the
pre-expansion stage of RGs will be released in the form of kinetic energy. A further
interesting point of the expansion is the longer dissipation time through the expanded
field. The (ohmic) dissipation time is related to the scale-length of the magnetic field,
Irp and the Alfven speed of the medium, va, 74 o< [gar/va. If the internal energy of
RGs is released and transported to the environment and if 74 is long enough, then the
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Table 5.1: Mean RM and absolute mean RM of the GRGs. The values RMj3 are the
mean of the three nearest extragalactic objects found in Simard-Normandin et al. (1981).

Source res. scale (kpc) RM RMeqr RMs5

NGC 315 48 —225 —230 —53
DA 240 100 —135 +220/4140 —54
3C 236 261 +90 —160 +27
3C 326 256 —210 +55/+120  +38

NGC 6251 67 +180 —170/—-260 —29

question may arise whether field RGs could possess high RMs. The study of the RM
properties of GRGs will help to shed light on this question. We estimate the RM and
its scale-length of five GRGs in this work.

5.2 Rotation measure data

We have compiled the rotation measure (RM) data of five GRGs. We have used mea-
surements of the relevant Stokes parameters, I, Q, U at 10.6 and 4.8 GHz published
by Mack et al. (1998), who obtained them with the Effelsberg 100-m telescope. The
equation

RM = Ax/(M — A3)

indicates that the two-frequency estimate of RM has an ambiguity from —495 to +495
radm~2. Only RMs of RGs in cluster cores with strong X-ray cooling flows have higher
RM values (Clarke et al., 2001; Eilek & Owen, 2002). The data reduction was done
using the NRAO AIPS package and the IDL software. The polarization angles at each
frequency were obtained with a 30 cut in I and I, (= /U? + @?). In Tab. 5.1, we list
the integrated estimates of the five GRGs. The |RM| of the GRGs clearly exceeds the
|RMj3| the mean of the three nearest extragalactic objects. That is the mean RMs of
the GRGs exceed the ‘field” RM (see Tab. 5.1) in all five GRGs. This indicates that
the GRGs have systematically more foreground Faraday medium than the three nearest
extragalactic objects. We report the discovery of high RMs in GRGs.

5.2.1 Correction for Galactic Faraday rotation

In order to correct the Galactic contribution to the RM, we have established and com-
pared two correction methods. The first one includes a ‘self controlled’ term,

RM, = RM — RM.

The second one is the classical method, namely,

RMjy = RM — BMERM:

The results are listed in Tab. 5.2. In RM;, the whole RM is considered as the Galactic
contribution. It is more natural to imagine that there is an intrinsic contribution to
RM by our Galaxy. In RMo,, this idea is taken into consideration. Since the Galactic
contribution towards the source of interest will be contained in RM of the source, rather
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Table 5.2: Compiled physical parameters of the GRGs.
Source  RM; RM; Lgy(kpe) Bj-ne (uGem™?)

NGC 315 36 91 55 2.0 -1073
DA 240 42 122 110 1.4 1073
3C 236 79 133 375 4.4 1074
3C 326 45 42 1050 4.9 .107°

NGC 6251 36 91 70 1.6 -1073

than in the neighbouring values, we used a weighted mean between RM and the mean
of three neighbouring measurements, RMs3, as the most likely value for the source.

The scale length of the RM structure in Tab. 5.2, [rys, was determined as follows.
We estimated the total length of the RM structure, dras, which we divided by the
number of field reversals, Ngras, along the major axis of GRGs. We then obtained
Irp = dra/Nry- One can easily see the linear correlation between lgpps and the
resolved length scale in Tab. 5.1.

Since the current X-ray telescopes do not yet have sufficient sensitivity to deliver the
density of thermal electrons n,. over the full extension of GRGs, e.g. NGC6251 (Mack
et al., 1997a; Kerp & K.-H., 2001), we get the product of < B_” -n > pGem™3 from

Ne —2
ez > radm™ 7.

RM =810 {ar. < 2.

5.3 Results

A frequently asked question when estimating magnetic field strengths is how many
field reversals occur along the line-of-sight. We consider two cases, a single cell and
a large number of cells. We assume that each cell is identical in size and magnetic
field strength. The only difference is the direction of the magnetic field. There are
two arguments against the case of a large number of cells. First, the increase of cells
increases the magnetic field strength of each cell, B.¢; = VN -B_”, where B_” results from
the observed RM. Using the X-ray brightness, we derive n =< 10~* em™3. Considering
this low density and the strong magnetic field for the case of a large number of cells, the
individual cells would not be pressure balanced and thus would not be stable (Eilek &
Owen, 2002). The second argument is the patchy patterns of the RM images. In case of
a large number of cells, the RM distribution will be a binomial one. The increase of the
number (NN) means that the number of degrees of freedom of the value of RM increases.
Therefore, the resulting RM image should be strongly smoothed. Our results and data
in the literature show that RM images of RGs are not in accord with this.

Because of these two arguments we favour the single-cell model for the further estima-
tion of physical parameters in this work. The single-cell model is surely over-simplified.
As shown below, the parameter obtained from this model is the ‘minimum energy con-
dition’.

5.3.1 Pressure balance estimate

In order to compile the components of the product < B_Hn >, we have made the following
considerations. Most RM values of the GRGs originate from the (~ Mpc) extended radio
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lobes. On the other hand, estimates of the density of the hot gas in GRGs represent the
density of their inner part < 100kpc, e.g. NGC 6251 by Mack et al. (1997a), NGC315 by
Worrell & Birkinshaw (2000). The extrapolation of the densities of the X-ray emitting
gas of the host galaxies and their halos yields a density of ~ 3 x 1076 em™2 at 500 kpc
in the case of NGC 315.

This low density would require an unlikely strong magnetic field for the observed <
B_H-n >. In the single-cell model, this density calls for several hundred puG. Alternatively,
if the field strength is at the uG level, then the cell must be an extended cylinder along
the line-of-sight. The length of this cylinder must be hundred times longer than its
radius. To maintain such a structure would be very hard, not to mention the increase
of X-ray brightness. Furthermore, the RM values in the GRGs do not show any clear
correlation with distance from their central cores, which is expected in the relaxed X-ray
cluster.

Because of these reasons, we do not extrapolate the central density of the hot gas
to estimate n.. We rather assume pressure balance p,,/p, = 1 for the estimate, where
pm and pg are the magnetic and the gas pressure respectively. According to Eilek &
Owen (2002), for NAT sources in the cluster centre the magnetic field strength B_H of
the single-cell model and the electron density n. derived from X-ray observations are in
good agreement, too, so that p,,/pg ~ 1.

Using the total emitted bremsstrahlung Lx = A [ ngT_O'E’ dl, we can compare the
X-ray luminosity of this 'mantle’ with that of an X-ray cluster of [ ~ 500 kpc and
of ne ~ 1073 em™3 at the same temperature. The total luminosity ratio, lgrg/la =
(100 x 50% x 10=8 kpc) /(5003 x 1076 kpe), is about 1073, The projected area ratio is
(1.5 x 10° kpc?) /(2.5 x 10° kpc?) = 0.6. Such a structure is too weak to be detected with
current X-ray instrumentations. We have looked for extended X-ray emission in the hard
band of the ROSAT All-Sky Survey *. We could not identify any significant extended X-
ray structure which could be related to the GRGs’ lobes. We should mention, however,
that the extrapolated periphery should have weak X-ray emission, too.

Let us assume a scale length of [ ~ 50kpc and a temperature of T = 108K. In
order to ‘wrap up’ a 1 Mpc GRG, we would need at least a hundred of such single cells.
From the obtained < B_H -ne > and the pressure balance assumption, B?/87 = 2nkT,
we obtain B and n.. In this equation, we have assumed equal contributions from the
electrons and ions to the thermal pressure. We estimate the total magnetic field strength
B from B = /3 - B_” The results are listed in Tab. 5.2. The results obtained for B_”
are in the same range as those for the cluster core sample (Eilek & Owen, 2002). The
values of n are as low as expected from the periphery of X-ray clusters. Since we assume
pressure balance, the magnetic field strength and the density of thermal particles are
correlated. Three well-resolved sources (NGC 315, DA 240 and NGC 6251, see Figs. 5.1,
5.2 and 5.5) exhibit a stronger magnetic field and higher density than the two sources
with the resolved scale > 250 kpc (3C 236 and 3C 326, see Figs. 5.3 and 5.4). The reason
for this difference may be the over-estimate of Igps in 3C 236 and 3C 326, due to the
low resolution. The RM structures of 3C 236 and 3C 326 are smoother than those of
the other three GRGs. Therefore, B_” and n. are likely to have been under-estimated in
3C 236 and 3C 326, due to the beam smearing effect.

"http://www.xray.mpe.mpg.de/cgi-bin /rosat /rosat-survey
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Table 5.3: Estimates of the magnetic field strength, the electron density of the foreground
medium and the dissipation time, based on the assumption of pressure balance. The
first table assumes 7' = 108 K, while the second one assumes T = 107 K.

Source B (1G) ne(em™®) 7a(Myr)
NGC 315 134 26-1071 360

DA 240 11.9 2.0-107% 730
3C 236 8.1 9.4-107° 2500
3C 326 3.9 2.2.107° 6900

NGC 6251 12.4 2.2-107% 460
Source By (uG) n(em™3) 714 (Myr)
NGC 315 6.2 5.6-10~% 1100

DA 240 5.5 4.4-1074 2300
3C 236 3.8 2.0-107% 7800
3C 326 1.8 4.7-107° 22000

NGC 6251 5.8 4.8-107* 1500

0 @ — — — @‘ -
L . i
r N
10 — @ —
o 0 |
A L i
B
5 L i
=z
= 0 O ]
O I
< | 0 {
-
I 0 i
I ’ ]
—20 L ‘@ ‘ | ‘i
10 0 —10 —20 —30
ARC MINUTES
CENTER: R.A. 00 55 44.81 DEC +30 00 2.5

Figure 5.1: RM map of NGC 315.
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5.4 Discussion

In this section, we consider the stability of the magnetic fields in GRGs. In case of
thermal energy equilibrium between electrons and protons, dissipation through recon-
nection will not occur within a source radiation lifetime. If most of the particle energy
is in electrons, the dissipation time is comparable to the radiation lifetime. In contrast
to cluster core sources (Clarke et al., 2001; Eilek & Owen, 2002), amplification mecha-
nisms related to gravitation (mergers, cooling flows) are not attractive for GRGs; such
scenarios would be in conflict with their linear sizes, their locations and their X-ray
properties.

5.4.1 The total magnetic energy

We estimate the total magnetic energy contained in the Faraday-rotating medium. We
further assume the validity of a single-cell model for the line-of-sight properties. For
the observed < B_H - M >, this is the minimum total magnetic energy for the assumed
pressure balance condition. We assume single cells with sizes of 50 kpc in NGC 315, and a
magnetic field strength of v/3-5 uG. A GRG should have ~ 100 of such cells surrounding
it. Then the total magnetic energy is Ep = 100 x (50kpc)® x ((v/3 - 5)? uG)/(87) ~
3.7 x 10°ergs.

5.4.2 What could be the ‘driver’?

We compare this result with the other energy estimates related to the GRGs.

Internal Driver The total radio luminosity of a GRG, L, = 10*? . .. 10%3 ergss~!.
With a typical lifetime of 10% yr, the radiation energy input to the surrounding
environment of a GRG could be 3 x 10°7 - - - 1058 ergs. If we assume a conversion
efficiency of 1% from the beam power of the AGN of the GRG to the luminosity of
the GRG, the total energy input (heat, pressure) from the GRG to its surrounding
environment will easily reach the order of the total energy in the RM structure
that we estimated.

But how can this energy be transported to the Faraday screen? As mentioned in
the previous chapter, adiabatic expansion can convert the internal energy of a radio
galaxy to kinetic energy. Let us consider a GRG in its pre-expansion phase, with a
volume of (100kpc)?, and a number density of relativistic electrons of 1078 em =3,
which is an order of magnitude higher than in a fully grown GRG. With a steep
power-law distribution function of the particles, N(y) = Noy~P, where p > 2 and

the v.u¢ = 1000, the total energy in the relativistic particles is

Etot:VanelX’}/XmeXCQ,
which yields 2.4 - 10°? ergs.

External Driver Large-scale flows due to shock waves, e.g. (Enfflin et al., 2001), can
produce a comparable amount of energy. If GRGs are the ‘weather stations’ of the
intra-cluster flows (Burns, 1998), the shock wave energy could be accumulated in
the surrounding medium of the GRGs. With a surface area of 150 kpcx 1.25 Mpc of
an assumed single-cell, the input power of the large-scale shock wave flow proposed
by (EnBlin et al., 1998, 2001) is 5-10%2 - .- 10*3erg s~! for a (~ 0.5 Mpc)? impact
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area. If this flow has a time scale of ~ 10® yr for the source age, the upper range
of the accumulated energy, 1.5 - 10% ergs, will reach the order of magnitude of
the energy in the RM structure. Concerning the scale length of superclusters,
~ 108 pc, this time scale is not unusual.
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5.5 Rotation Measures of GRGs and B2 sources

In Fig. 5.6, we indicate the location of 11 radio galaxies (5 GRGs and 6 B2 RGs) in
the map of collected RMs of Simard-Normandin et al. (1981). As seen in the figure, all
sources are at high Galactic latitudes. The five GRGs are NGC 315, DA 240, 3C 236,
3C 326 and NGC 6251 (Mack et al., 1998). The six B2 sources are 0828+32, 0836+-29,
1141437, 1316429, 1422+26 and 1659+30 (Mack et al., 1994; Klein et al., 1995; Mor-
ganti et al., 1997a). The angular resolutions are 150” and 69” for the GRGs and the
B2 sources, respectively.

In the RM histograms, two different properties between the RM of the GRGs and
of the B2 RGs can be noticed.

e The B2 sources have their RM peaks in the lower RM range, < 100 rad m~2,
compared to the GRGs which have their peaks at a few 100 rad m—2.

e Four of the five GRGs show multi-component distributions in the RM histograms.
Three of them (DA 240, 3C326 and NGC 6251) show bimodal distributions. The
other one, NGC 315, has a broad RM wing. Such trends are not found in the B2
sources. It is these multi-components which give rise to the large RM variation
across the GRGs, ARM > 100 rad m—2.

There is no evidence for any correlation of the observed RMs with their Galactic co-
ordinates; in particular, neighbouring sources have typically lower RMs. The high RMs
of the five GRGs rather seem to be intrinsic. Furthermore, the bimodal distributions of
the RM in the GRGs imply high variations ARM across the GRGs (see Fig. 5.7). Such
high values of RM and ARM have only been found in the vicinity of cluster cores so far
(Clarke et al., 2001; Eilek & Owen, 2002).

5.5.1 Relation between ARM and DP

The variation ARM of the B2 sources and the GRGs is shown in Fig. 5.7. The depolar-
ization DP of the B2 sources was obtained between 10.6 and 4.9 GHz (filled triangles)
and between 4.9 and 1.6 GHz (open circles). The vaue of DP of the GRGs (filled cir-
cles) was obtained between 10.6 and 0.6 GHz. The value of ARM (14 B2 sources) were
obtained between 4.9 and 1.6 GHz (open circles) and have an angular resolution of
12" .. -16". The angular resolution and the RM ambiguity of the six B2 sources (filled
triangles) and the five GRGs (filled circles) are the same as in Fig. 5.6.

5.5.2 Test of Burn’s law
With the assumption that the structure of the Faraday foreground medium is unre-
solved, we can calculate DP from ARM:

DP = exp [ARMgigh . A;*m.gh — ARMZ,, - ML),

low

where we assume that ARM};qp, ~ ARMy,. This assumption comes from the idea that
Faraday rotation remains roughly linear in the observed frequency range. We obtain
ARM =5---15 radm~2 for the B2 sources. Then for the low-frequency sample (open
circles), the range of In DP is —3-107%-.. —0.08, while for the high-frequency B2 sample
(filled triangles) it is —0.03 - - - —0.26. The observed DP of the low-frquency sample
is lower than that of the high-frequency sample. On the contrary, the observed DP is
stronger in the low-frequency sample than predicted.
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Figure 5.6: RMs of 11 radio galaxies in Galactic coordinates. The RMs of five GRGs
and of six B2 radio galaxies which were observed at 10.6 and 4.8/4.9 GHz are included

in the plot produced by Simard-Normandin et al. (1981).
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Figure 5.7: Integrated ARM - DP diagram of B2 RGs and GRGs. All radio
galaxies studied in this thesis are plotted. The ordinate is the depolarization mea-
sure, DP, plotted here logarithmically, since Burn (1966)’s law predicts DP =
exp [ARMgigh : )\%igh — ARM?,, - \.,]. The abscissa corresponds to ARM (see text
for more information.)
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In the GRG sample, the observed range of ARM is 20---40 rad m~2. Then the range
of In DP calculated from the Burn’s law is —23 - - - —9000. The frequency dependence
is obvious in DP, but not as strong as predicted by Burn’s law. The simplest answer to
this discrepancy is that the Faraday foreground towards the GRGs is at least partially
resolved. We probably need a more complicated description of the Faraday medium
as suggested by Tribble (1991). In the B2 sample, the observed trend is marginally in
agreement with Burn’s law.



112 CHAPTER 5. DISCOVERY OF HIGH ROTATION MEASURES IN GRGS



Part 11

Spectral asymmetry in radio
galaxies

113






Chapter 6

Spectral curvature in GRGs

6.1 The spectral-curvature parameter

6.1.1 Introduction

Spectra of synchrotron sources from the radio through the X-ray regime reflect the en-
ergy distribution of relativistic particles, i.e. electrons whose energy distributions obey
a power-law. In general, the synchrotron emissivity also follows a power-law (Pachol-
czyk, 1970). While the conventional spectral indices only provide the spectral slope
between the two observing frequencies, a multi-frequency data set can also disclose
spectral curvature over a larger frequency range. The significance of the shape of syn-
chrotron spectra has been underlined early on by Kardashev (1962); Pacholczyk (1970);
Pacholzcyk (1997); Jaffe & Perola (1973), who were among the first to describe and
apply synchrotron loss models to flux densities obtained at several frequencies.

It is obvious that the information on the spectral shape of a source under the effects
of ageing, adiabatic expansion etc. provides an important tool for understanding source
evolution. If the injection of relativistic particles following a power-law is restricted to
a certain region — the cores and/or hot spots of radio galaxies — and if the observation
is performed with appropriate resolution, one can detect regional variations of spectral
curvature resulting from the above-mentioned physical processes. Since synchrotron and
Inverse Compton losses are the main energy dissipation processes in radio galaxies, in
particular at high and intermediate radio frequencies (> 1 GHz), large efforts have been
made to explain the variation of spectral curvatures — often by modeling two-frequency
data — of radio galaxies with the synchrotron ageing theory (e.g. Alexander & Leahy,
1987; Alexander, 1987; Klein et al., 1995; Feretti et al., 1998; Murgia et al., 1999). A
proper determination of parameters like the injection spectral index cip;j (the spectrum of
the electron distribution immediately after acceleration, N(E) o< E7P, ainj = (p —1)/2)
or the break frequency 1y, (the frequency at which spectral steepening occurs) can be
obtained with a spectral ageing analysis (e.g. Carilli et al., 1991; Mack et al., 1998;
Murgia et al., 1999). This requires, however, the fitting of appropriate models with
several parameters, thus high-quality measurements at many fequencies with a good
signal-to-noise ratio are essential.

In order to fit synchrotron and Inverse-Compton losses, three models are widely
used: the continuous injection (CI) model (Pacholczyk, 1970) assumes a mixture of
electron populations of various synchrotron ages. In this model, permanent replenish-
ment of fresh particles is assumed so that the injection spectral index steepens to its
final value of a;y; + 0.5 beyond the break frequency. The Kardashev-Pacholczyk (KP)
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model (Kardashev, 1962; Pacholczyk, 1970) merely includes a single injection of power-
law distributed electrons. The pitch angles of the electrons are assumed to be constant
with time. The high-frequency slope in this model is %ainj + 1. The Jaffe-Perola (JP)
model (Jaffe & Perola, 1973) incorporates — similar to KP — a single injection but per-
mits permanent pitch angle isotropization. Beyond the break frequency this model leads
to an exponential steepening of the high-frequency spectrum. A sketch of the different
tracks of the various ageing models in the classical log(S) — log(v) space can be found
in the work of Carilli et al. (1991, see their Fig. 1).

In many cases the spectral ageing analysis yielded significant results. However, high-
resolution multi-frequency studies of two prototypical nearby radio galaxies — 3C 449
(FR I-type) by Katz-Stone & Rudnick (1997) and Cygnus A (FR II-type) by Carilli
et al. (1991), show trends that cannot be explained by the synchrotron ageing the-
ory alone. The first problem is that jets and lobes (3C 449), and hot-spots and lobes
(Cygnus A) have different injection spectra. The second problem to be dealt with is that
of the microscopic physical conditions. While possible physical conditions such as tur-
bulent magnetic fields and inverse-Compton scattering by cosmic microwave background
photons favour the pitch-angle isotropized (JP) model, the observational results appear
to support the constant pitch angle (KP) model. This could mean that the nature of the
spectral curvature is more complex than expected from the synchrotron ageing theory
alone.

Carilli & Barthel (1996) have pointed out the necessity of an appropriate empirical
analysis that is not tied to any theoretical model in order to find the real trends in
sources. Here we present a new method which can fulfill this requirement. It also aims
at a quick determination of the injection spectral index and the best suited model to fit
the observed spectrum. It fills the gap between the simple spectral index study and the
much more complex spectral ageing analysis. It is also suited to provide first guesses
of the parameters to be fitted in a spectral ageing analysis, therefore making the fit
procedure less susceptible to local minima in the error space.

6.2 The spectral curvature parameter-a diagram

This method is based on the so-called spectral curvature parameter (SCP). It is defined
as

SCP = Qhigh —Xlow

Qhigh +aiow

When displayed as a function of the spectral index «, with

I, xv™?,

the SCP indicates how the spectrum evolves, starting from its pure power-law. As ap;gp
is more sensitive to both spectral steepening and spectral flattening than ag,, (Pachol-
czyk, 1970; Eilek & Hughes, 1991; Carilli et al., 1991), we employ ;g as the counter
axis of SCP. Though the classical log(S,) - log(v) diagram is the best way to test ageing
models for a single-spectrum population, it is not a straight-forward tool to unveil dif-
ferent trends in an extended source. It is here where the SCP - a diagram has its power.
Each spectrum is represented by a point in the SCP - « plane, and a lot of spectra from
an extended source can be drawn in this plane.

Fig. 6.1 illustrates the schematic tracks of the power-law spectra undergoing syn-
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Figure 6.1: Schematic SCP— ay;g, diagram of power-law injection spectra, ag,; =
0.1,0.5,0.9, undergoing synchrotron losses. The numbers represent the injection spec-
tral index of each line. Along the solid curves, all models, i.e. CI, KP, and JP are
possible. At the maximum SCP values of the CI models the tracks between CI (dotted
lines) and KP/JP (dashed lines) bifurcate at the points marked 'CI’. Along the dashed
curves both, the KP and JP models are possible. At SCP,ax of the KP model (marked
'KP’) the KP (dashed straight lines) and JP models (imaginary curves approaching SCP
= 1) take separate tracks. The break frequency, v, reaches the low-frequency regime
such that 11 > v, > 19, where v, 15 are the frequencies used for the estimate of ;.
The KP spectra will fall vertically to SCP = 0, since apigh = agppr = 4/3qun; + 1.
The JP high-frequency tail falls off exponentially beyond the break frequency in the
log(Sy) - log(v) diagram. Therefore, the track will approach asymptotically SCP = 1
in the SCP-ay4, regime. Tracks of these most common synchrotron ageing models in
the log(S,) - log(v) parameter space have been sketched by Carilli et al. (1991).
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Figure 6.2: Schematic diagram of a synchrotron source with a given injection spectrum
and with various processes that affect the spectral curvature. In this sketch, the classical
pitch angle models, i.e. KP and JP are considered.

chrotron ageing. More realistic simulations of the SCP—« diagram including the Inverse
Compton equivalent field of Cosmic Microwave Background radiation, i.e. Bgoasp, are
presented in what follows. The solid curved lines represent tracks where the break fre-
quency has not yet reached the low-frequency regime (i.e. where yq, is determined).
The CI, KP and JP models produce different SCP ranges. This makes it easy to distin-
guish between the different models in the SCP-ay;4, plane. Different injection spectral
indices also follow different tracks.

Since both the CI and the KP model predict a power-law spectrum also beyond the
break frequency, namely the so-called broken power-law (Eilek & Hughes, 1991), we can
calculate the maximum SCPs in these cases. For a;,; = 0.5, these are SCPor maqs ~ 0.33
and SCPkpmazr ~ 0.54. In contrast, the high-frequency part of the JP model has a
non-power-law curvature, viz. an exponential one. Therefore, the tracks of JP spectra
asymptotically approach SCP= 1.0. In any case, aj > (%) - Qnj + 1 is predicted by the
JP model only.

6.2.1 SCP - a and colour-colour diagram

An advantage of the SCP - a diagram with respect to the colour-colour diagram (C-
C diagram), is seen when the source has multiple values of ;. As predicted by
the particle ageing (i.e. synchrotron) theory, the track of an aged «;,; does not leave
immediately the ajo, = apign line (see Fig. 6.3). Because of the overlap of the ajo, =
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Figure 6.3: Comparison between the SCP - a and colour-colour diagram with By, =
6.0 uG, Beyp = 3.2 uG and the JP model. The frequency intervals were selected
to be similar to standard observing frequencies in the classical radio regime. Open
triangles represent ay,; = 0.55. Filled stars designate a;,; = 0.75. Open squares show
ajnj = 0.95. The dotted line in the Colour-Colour diagram corrresponds to the line

Qlow = Qhigh, 1.e. a pure power-law, while in the SCP-a diagram this corresponds to
SCP = 0.
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Figure 6.4: Comparison between the SCP - a and colour-colour diagram with By, =
6.0 uG, Boyp = 3.2 uG and the KP model (see the mixing of aged points from different
values of ;). This becomes more serious with increasing Bgyp. in the KP model.
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Qpign line and the spread of points parallel to it in the C-C diagram, trends in the source
cannot be easily identified. We emphasize that there are model dependent aspects in
the spectral tomography or the classical synchrotron ageing analysis, (e.g. Alexander &
Leahy, 1987; Murgia et al., 1999).

For example, the synchrotron ageing analysis can hardly permit a pixel-to-pixel
study. The synchrotron ageing analysis is therefore done in a way with certain subdi-
vided integration areas. As a property of the integration, the obtained vy, is strongly
biased by bright structures in these areas. The spectral tomography aims at solving this
problem. This technique isolates a 'different’ component from an assumed or known ay,;
component. The value of o;,; deduced from this ’different’ component is not directly
obtained in the spectral tomography. The spectral tomography with multiple values of
Qin; could be much more complex than the classical synchrotron ageing analysis. The
tool suggested here will extract a;,; without the bias due to bright structures and with-
out complex tomographical mapping. It can serve as a ’precensor’, such as to select
the area of integration in the synchrotron ageing analysis correctly, thus providing quite
reliable physical parameters.

The two clear bifurcations between CI and KP/JP and between KP and JP provide
a further strength of the SCP - « diagram in that sense. In both cases, i.e. CI and
KP, straight vertical lines arise, while in the KP/JP and JP case the original curves are
maintained. This fact makes the selection of the proper ageing model easier than for
the C-C diagram. Of course, under the influence of the CMB, this last argument is only
true if Bgync is (much) stronger than Beoyg. The weak point of both, the C-C diagram
and the SCP - « diagram is the loss of positional information of the spectra. In order
to compensate for this weakness, we present the SCP - « diagram and the SCP map
together. In this way, the position information of spectra can be restored. Some first
results of this exercise will be shown in the next section.

6.3 Application to radio galaxies

In this section, we present SCP - o diagrams of three GRGs and of a sample of CSS
sources. The integrated spectra have been analyzed by Mack et al. (1998) for the GRGs
and by Murgia et al. (1999) for the CSS sources with synchrotron ageing models. The
error bars in the diagrams represent oy, and o,. These are estimated as follows:

2 _ 4(aiigh+al20w)( 2 2

2 2
Tsep = (QhighTaiow)?t ®high " Tanign + Yo Ualow)

Oa = 1_og(A12/A1)\/(‘7%,1/I12) + (072/15) -

Qlow and apign are the spectral indices (I, oc v~%), obtained at low (e.g. < 1 GHz) and
high (e.g. > 1 GHz) frequencies, respectively. Since two independent spectral indices are
needed for the SCP, observations over at least three different frequencies are necessary.

6.3.1 Giant Radio Galaxies

These objects are classified by their projected linear sizes. The measurements used here
have been performed by Mack et al. (1997b) at frequencies between 326 and 10.6 GHz.
We use four frequencies in our analysis, viz. 326, 610, 4.8 and 10.6 GHz. We com-

pute a%%%%ﬁ as Qw, and a}l%%%lgz as apign. All maps were convolved to a common



122 CHAPTER 6. SPECTRAL CURVATURE IN GRGS

scp
1
1.1
* .75
i 0 -ss
Fa
0BT
2 B
4 *
0.4 O
A
* 0O
*
ISR N o
A~ *x O
* ) s
1 2 k] 4 5
(o
2 Fa 55
/ + 75
1.8 / O 95
// g
1.6 /
1.4 // U
O
1.2 L B &
O
/b% U * +
1 /%j‘t *
- S
A
[ //%9& A
0.6 /ﬁ
l/ L Fnig

Figure 6.5: Comparison between SCP - o and the colour-colour diagram with By, =
3.0 uG, Beyp = 3.2 uG and KP model.
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resolution of 150" x 150", SCP - « diagrams were produced for brightness levels above
~ 30. In general, the low-frequency spectral indices in the lobes of all three sources
remain relatively constant, oy ~ unj. This means that neither ageing processes nor
synchrotron self-absorption play an important role at low frequencies in the regions of
interest. In what follows, we shall discuss the results for the three GRGs investigated
here in detail. For the best performance, if needed, the cubic convolution interpolation
method with a value of -0.5 is used when regridding (Park & Schowengerdt, 1983). The
linear convolution interpolation shows only a marginal difference.

DA 240

The radio morphology of DA 240 is symmetric at low frequencies, but becomes increas-
ingly asymmetric towards higher frequencies (Mack et al., 1997b). At 326 MHz, DA 240
is seen as a ‘fat double’. The SW fat lobe has disappeared at 10.6 GHz, forming an
elongated edge-darkened FR-I-type lobe. On the contrary, the NE lobe maintains its
‘fat round’ shape up to 10.6 GHz.

A fit to the SCP-a diagram yields steep injection spectra, ay,; ~ 0.82 (NE lobe)
and ~ 0.94 (SW lobe). These unusually steep and asymmetric injection spectra have
already been reported by Mack et al. (1998), viz. 0.76 and 0.97 for the NE and SW lobe
respectively. Those authors used the synchrotron ageing technique. The difference of the
injection spectral indices is relatively large in the NE lobe, since the region with SCP< 0
of the NE lobe (Fig. 6.6) is included in the integrated synchrotron ageing calculation.
Including this flatter-spectrum region, ap;g, = 0.5. .. 0.85 makes the synchrotron ageing
estimate uncertain. On the whole, our intuitive rapid estimate shows good agreement
with their result.

Besides this asymmetry of the injection spectral indices, the two lobes reveal quite
different trends in the diagram. Using the synchrotron ageing theory, the KP and JP
models well describe the trend in the SW lobe (Fig. 6.7). On the other hand, the
majority of the SCP values in the NE lobe are well below zero. This is a clear case of
spectral flattening. The remaining points with SCP> 0 are best fitted by the CI model.
In the NE lobe ay;g, commences with 0.5, then increases to 0.8 below SCP< 0. This
is indicative of a non-relativistic strong shock as discussed in the last section. Since
there is no indication of any bifurcation (see Fig. 6.1) in the SCP-« diagram, we can not
definitely prefer any model to the others, except for region CI mentioned in Fig. 6.7.

NGC 315

Spectral flattening is present over the whole source. The value a;y,; ~ 0.58 in the NW
lobe is consistent with the estimate of Mack et al. (1998), who obtained 0.54 ... 0.59.
On the other hand, we cannot properly estimate the injection spectral index of the SE
lobe, due to the small number of points with SC'P > 0 and the large uncertainties. The
general trend in the SE lobe implies a steep injection spectrum, a;,; ~ 1.0. The trends
in the two lobes are neither symmetric nor asymmetric, but rather symmetric w.r.t the
minor-axis (Fig. 6.9). At the southern ends of the two lobes, the spectral upturn is
striking. After that, towards the north, a gradual steepening follows.

The tracks of the NW and the SE lobe are well separated, which implies different
injection indices, although the error is quite large. The reason for the extremely flat
and even upturning curvature in the NW is unclear. Unresolved background sources
or relativistic shocks could be the explanation. Enfilin et al. (2001) suggest that the
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Figure 6.6: SCP map of DA 240. The contours show the total intensities at 326 MHz
Mack et al. (1997b). Contour levels are 3, 10 and 500;. The SCP map shows an asym-
metry. The spectral curvature of the NE lobe is nearly a power-law in the vicinity of
its bright centre [5,10]. The envelope of the NE lobe shows spectral flattening. This
implies an effective in situ acceleration, possibly through the interaction with a sur-
rounding thermal magneto-ionic medium whose existence is detected via its rotation
measure. The SCP values of the SW lobe are in a range which is expected by the par-
ticle ageing theory. The SW lobe lacks a well-defined envelope at high frequencies. Its
SW extremity shows spectral flattening with respect to its bright centre. The fact that
all of DA240’s extremities have a SCP flatter than their brightness centres implies that
the interaction (i.e. re-acceleration) with its environment is an essential mechanism for
the growth of this GRG.
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Figure 6.7: SCP-a diagram of DA 240. The error estimation is described in the text.
Two lines represent the best fit to the SW lobe and the NE lobe, respectively. For the
fitting procedure, only points with SCP> 0 of each lobe were used. In the SW lobe, two
interesting trends are visible. If we confirm the drop at the end of the CI track, with
ainj ~ 0.82, inspite of the large error of SCP and ay,;4p, this can be interpreted as the CI
bifurcation in Fig. 6.2. If this bifurcation is real, it implies that By, in the CI region
is much stronger than Beprp. The second point is the spread of data in the KP/JP
range. Again inspite of the error bar, the trend visible here resembles the evolution of
KP spectrum (see Fig. 6.20), and By may be several times stronger than Beoyp.
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Figure 6.8: C-C diagram of DA 240. The straight line corresponds to a pure power-law.
The area to its left is populated by points of spectral flattening, the area to its right
contains points which show spectral steepening.

relic NW tail of NGC 315 is re-accelerated by a cosmological shock wave. Our anal-
ysis demonstrates that the particles in both lobes have been re-accelerated. If the
re-acceleration scenario is true, the spectral flattening implies that the energy threshold
of this acceleration and/or Bgyne of this region are higher than those of the injection
spectrum. Spectral flattening plus an upturn are independent of possible problems of
missing short spacings inherent to the 610 MHz WSRT data, since it would be detectable
via the Effelsberg single dish multi-frequency observations at 2.6, 4.8 and 10.6 GHz
(Mack et al., 1998) alone. However, the prominence of the points with SCP < 0 could
be related to the angular size of the 610 MHz data. It can be speculated that this is
a viable explanation for the prominence of SCP < 0 in NGC315, which is by far the
largest source in terms of angular size, & ~ 1°. On the other hand, a value a of our
SCP-«a diagram is also obtained from single-dish 4.8 and 10.6 GHz data and shows
a < ;. The spectral flattening in NGC 315 is mainly due to a low apgn.

3C 236

This source is the largest known GRG, with d ~ 4.5 Mpc. It has a typical FR 1II
morphology. Our value of a;,; of 0.7 in the SE lobe (Fig. 6.13) is in the range of
the integrated synchrotron ageing estimate of 0.5 to 0.7 derived by Mack et al. (1998).
In the NW lobe, we obtain a steep «;,; of 1.10. The integrated spectral index from
synchrotron ageing theory for this lobe is 0.7.

The spectral flattening shown at the extremity of the SE lobe is due to a known
background source (Mack et al., 1997b). In the NW lobe, we find two different values of
Qinj, without any significant flattening. One of them is well fitted by a steep spectrum,
@inj ~ 1.10. The trend of these data clearly shows the synchrotron ageing in the lobe. In
the backflow or so-called bridge region, a;,; ~ 0.7 yields the best fit. Such an injection
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Figure 6.9: SCP map NGC315. Contours show the total intensities at 326 MHz pub-
lished by Mack et al. (1997b). Contour levels are 3, 10 and 50 o;. Although its morphol-
ogy is highly asymmetric, there is no significant spectral asymmetry along the jet major
axis. Along the minor axis, in the SW to NE direction, the spectral curvature exhibits
a gradual steepening. This is clear in the whole SEern lobe and in the bow structure of
the NWern lobe. The relic tail of this structure also has a flat spectral curvature.
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Figure 6.10: SCP-a diagram of NGC315. The SCP values are curiously flat in the
source. The main jet to the NW end has a low injection index, o;p; ~ 0.58, while oy ;
of the NWern relic tail and the SEern lobe is rather high, ~ 1. The NWern relic and
the SEern lobe possibly have the same particle re-acceleration history.
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Figure 6.11: C-C diagram of NGC 315. See Fig. 6.11.

discrepancy between hot-spots and lobes has been reported for Cygnus A (Carilli et al.,
1991). The injection spectral indices of the hot spots and lobes of Cygnus A are 0.5
and 0.75, respectively. The difference Acp; ~ 0.4 here is larger than in Cygnus A. In
Cygnus A, the hot-spots have Aa;y; ~ 0.25 flatter than their lobes, i.e. their backflows.
3C 236 has a steeper spectrum (a;y,;) in the advancing region. An explanation for this
Qi discrepancy (Carilli & Barthel, 1996) has not been found so far.

6.3.2 CSS sources

SCP - « diagrams can also be used for the analysis of samples of sources for which
only integrated flux densities are given. As an example we present the application of
our method to a sample of 47 compact steep spectrum (CSS) sources. Murgia et al.
(1999) who have analyzed the flux densities of a sample of CSS sources in a thorough
synchrotron ageing study show that these sources have moderate spectral steepening,
i.e. a difference of Aa ~ 0.5 between low- and high-frequency spectral indices, which is
predicted by the continuous injection model (CI). We have used this sample to test the
SCP behaviour, which provides an alternative method for a quick analysis of synchrotron
spectra. In essence, four frequencies 408 (327) MHz, 1.4, 4.9 (5.0) and 10.7 (10.6, 8.1)
GHz, were used. When no data were available at these frequencies, the total intensity
at the frequencies given above in brackets were taken.

The points are found in the region where ay;g4, does not exceed ayn; + 0.5. The
obtained range of values of a;y; is rather wide. This confirms the results of Murgia
et al. (1999). The fact that a;,; shows more scatter in the SCP - a analysis than in
the synchrotron model estimate is due to synchrotron self-absorption. There is a clear
trend that the sources with stronger B., and with smaller projected sizes have flatter
@nj. These are the compact GHz-peaked spectrum (GPS) source candidates, since due
to their extreme compactness d < 1 kpc, synchrotron self-absorption is likely to be
effective. The sample does not show any correlation with redshift. This implies that
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Figure 6.12: SCP diagram of 3C 236. The contours show the total intensities at 326 MHz
Mack et al. (1997b). Contour levels are 3, 10 and 50 ;. Two lines are the best fit results
for the NW lobe and the SE lobe, respectively. The very flat SEern extremity of SCP
is due to a background source (Mack et al., 1998). The central core undergoes strong
self-absorption, SCP < 0. In general, SCP is symmetric in 3C 236.
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Figure 6.13: SCP - « diagram of 3C 236. Except for the central core and the background
source, the points are well fitted by two values of c;,;. The SE lobe has aj; ~ 0.7. In
the NW lobe, two values of a;,; are seen. The bridge has a;,; ~ 0.7 close to the core,
just like the SE lobe. The NW outer lobe has a much steeper value a,; ~ 1.1.
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Figure 6.14: C-C diagram of 3C 236 (see Fig.6.8).
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Figure 6.15: SCP - a diagram for 47 CSS sources. 40 sources have SCP values between
0 and 1. SCP > 1 clearly implies synchrotron self-absorption (see Fig. 6.2) at low
frequencies. 3 out of 47 sources have SCP > 1. Because of the apparent synchrotron
self-absorption at low frequencies, these sources were excluded from the further analysis
in this work.



6.4. DISCUSSION 131

CSS sources, Z

I X |
0.5 —
[a [~ _
g | X ]
0.0 —
i A |

—-0.5 L L L L | L L L L | L L L L | L L
0.0 0.5 1.0 1.5 2.0

alpha_high

Figure 6.16: Filled circles are CSS sources with z < 0.5. Open triangles are CSS sources
with 0.5 < z < 1.0. Crosses are CSS sources with z > 1.0. The sample does not show
any trend with redshift in the SCP-«a diagram.

the intrinsic magnetic fields proponder by far over the magnetic field equivalent to the
cosmic microwave background.

6.4 Discussion

The above analysis implies that all studied sources have a complex history. Now we dis-
cuss some possibilities. Before attempting any physical interpretation, we check again
whether SCP ~ —1 could be generated by the problem of missing short spacings at
610 MHz. If anything, the possible missing short spacings at 610 MHz will steepen our
Qow, Which is already > 0. Then,

SCP — Qhigh —Yow ~ _17

Qhigh +aiow
Qo > 0.

This is possible if g > ahign Or apigh ~ 0. Qow > Qpign is not known. The SCP < 0
trend can be emphasized when ooy, > apign and apen < 1 are working together. But
again, the measured ., alone cannot explain the flattening up to SCP ~ —1. The
trends in the sources are mainly caused by the high-frequency curvature, ay;gp.

6.4.1 Expansion losses, Energy Cut—off and Synchrotron Self-absorption

Adiabatic expansion losses may play an important role as an energy loss process of
synchrotron sources. However, as Carilli et al. (1991) already pointed out, although
adiabatic expansion will shift the spectral break to lower frequencies, the expansion
does not change the spectral curvature. Therefore, expansion losses will not affect the
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Figure 6.17: Filled circles are CSS sources with B, < 5-10%uG. Open triangles are CSS
sources with 5 - 102uG < B, < 103uG. Crosses are CSS sources with B, > 103uG.
Sources with By > 103G have a flatter spectral curvature than CSS sources with a
weaker Bey. Beg ~ 103uG is a typical value for GPS sources. GPS sources have their
turn-over (due to synchrotron self-absorption) at GHz frequencies. Their values of aj,
are flat, oo < ainj, since they are estimated around about < 1 GHz. The lines in the
diagram were drawn assuming aje, > Qunj. As a result, GPS sources tend to have a
flat a;p;, < 0.5. Some CSS sources have a flat o;,; (Murgia et al., 1999) indeed, but
these are not directly related to GPS sources, and none of them has any extremely flat
Qinj < 0.3.
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Figure 6.18: Filled circles are lobe dominated CSS sources, open triangles are core dom-
inated ones. Crosses are uncertain types of CSS sources. There is no clear trend to
distinguish the three classes in the diagram. This can be partly due to the fact that
CSS and GPS sources are not a proper definition of source morphology, but rather rep-
resent an evolutonary stage (visible in their spectrum). Relatively nearby GPS sources
can be resolved and defined as lobe dominated, while distant CSS sources can be unre-
solved and defined as core dominated. Alternatively, some ’frustration scenario’ could
be working. A definite answer would be only possible with the improvement of VLBI
imaging.
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Figure 6.19: Filled circles are d < 1kpc sources. Open triangles are 1 < d < 10 kpc
sources. Crosses are d > 10 kpc sources. Projected linear size, d, classes exhibit a clear
grouping of CSS sources as in the classification according to B.,. d < lkpc i s the
typical size of a GPS source.

tracks of SCP - a.

At low frequencies, there are also other physical processes that give rise to spectral
curvature, such as spectral turn—overs by synchrotron self-absorption in regions of high
particle densities, or by a low—energy cut—off in the particle distribution. In the SCP
- apign plane (Fig. 6.2), the low-frequency turn-over produces SCP > 1, which cannot
be produced by any ageing processes. Strong self-absorption can even produce SCP
< 0 and will be important in the central core regions, if |aoy| > |athign|. Since ayey
will eventually approach —5/2 in the Rayleigh—Jeans limit, this will be possible. The
spectra of the GRGs have SCP > 0

6.4.2 Re-acceleration

All three GRGs exhibit spectral flattening in some parts. In particular, NGC 315 even
shows signs of a spectral upturn at high frequencies, and the majority of SCP points
falls below 0. Let us consider the case where the power-law injection spectrum is already
established,

N(E) x E7P i = (p—1)/2

and where Fermi acceleration is working. By the Fermi process, the particles in each
energy bin will be re-accelerated such as to yield a power-law of the form N(E) < E79.
For the non-relativistic strong shock, ¢ = 2. The final shape of these two power laws is
described by the following integration:

N(E) o« E79 [L B PETVAE ¢ > 1,p> 1
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where Ej is low energy cut off. This can be approximated (Blandford & Eichler, 1987;
Eilek & Hughes, 1991).

(i) forg<p, N(E) x E7%, oo = (¢ —1)/2
(ii) forp<q, N(E) x EP, a = (p—1)/2

In case (i), spectral flattening and SCP < 0 is expected (Fig. 6.2). An interesting
result is that not every effective Fermi process results in a spectral flattening. In case
(ii), the source will just look younger than indicated by its kinematic age, inferred
from the shift of the break frequency towards higher frequencies (Parma et al., 1999).
There is no flattening, since the energy distribution of the re-accelerated particles follow
N(E) x E7P not E71.

Since GRGs are extraordinarily extended, they should have a weak magnetic field,
Bgyne < Bomp (Mack et al., 1998) and/or undergo re-acceleration processes during in
their lifetime.

6.4.3 (Equivalent) Magnetic fields

The magnetic field By, and the equivalent field of the cosmic microwave background,
Berp determine the curvature beyond v, In some models (e.g. Eilek & Arendt (1996))
magnetic fields produce a power-law spectrum when they are ordered in a power-law
form. However, we restrict our discussion to the curvature beyond vy,., and to a simple
homogeneous magnetic field By, plus Boyp. Many radio galaxies as well as GRGs
have weak magnetic fields (Feretti et al., 1998; Mack et al., 1998; Parma et al., 1999),
assuming that the equipartition estimation yields the strength of the magnetic field of
the radiation region, Beq = Bsync. The JP model becomes more appealing since it allows
for pitch angle isotropization on a much shorter time scale than the radiation lifetime,
Tiso K Tsync. However, KP ‘like’ spectra are observed (e.g. Carilli et al. (1991)). In
order to explain such KP spectra, variable By, fields were introduced (Tribble, 1993;
Eilek et al., 1997). In Tribble’s model, the magnetic field has a Maxwellian distribution,
while in Eilek’s model, magnetic fields are filamented, therefore have approximately two
components, Bgirong and Byeq. But again, any of these models requires that some
portion of their B fields is stronger than the equivalent Bojrp, such as to produce the
KP-like spectrum.

In any case, KP-like spectra are only possible when there is a magnetic field that
is strong compared to Boarp. Therefore, the existence of KP spectra indicates that
synchrotron radiation is the most important energy loss process in the region considered
here. Furthermore, the variation of By, if any, will cause a broadening of the spectral
turn-over at low frequencies.

6.5 Summary and conclusions

We have investigated an alternative and very efficient method for the analysis of syn-
chrotron spectra. We apply it both, to extended sources (like GRGs) and to the inte-
grated flux densities of a sample of CSS sources. For all of them a thorough synchrotron
ageing study has been performed which can be used for comparison. The information
obtained from the spectral curvatures is manifold. The hotspots and jets possess pure
power-law spectra, with particle ageing as expected. The spectral curvatures of the
lobes exhibit both, spectral steepening and flattening.
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Figure 6.20: Comparison of KP and JP spectra under Boyg = 3 puG. The ordinate
is apgn and the abscissa is SCP. The frequency intervals were selected to be similar to
the observating frequencies of the GRGs. In the simulated synchrotron losses, IC losses
and slight energy cut-off effects are considered. From top to bottom, the magnetic field
Bgyne is given as 6 uG and 15 puG. Age, power index, p = 2.1 (an; = 0.55), and
Boyp = 3.18 uG are the same in all three diagrams. The pitch angle argument which
makes the KP and the JP spectrum different is only valid when By, is significantly
stronger than Beopsp. The bifurcation predicted in Fig. 6.1 is seen in the B = 15 uG
diagram, while beyond that KP also has an asymptotic tail, since in the end the effect
of Boyp appears. This will happen at a very steep apign > 2.5.
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In DA 240, there are CI spectra at the SW extremity, while KP/JP spectra show up
around the bright core of the SW lobe. We cannot find any bifurcation in the diagram,
which serves as the definite distinction between the KP and the JP model. More sensitive
and/or higher-frequency observations are needed to reveal the bifurcation between the
KP and JP models as shown between CI and KP/JP in DA 240. If a KP bifurcation
is seen, it can be interpreted as an identification of the existence of a strong Bgyne, i.e.
Bsyne > Boymp- As seen in Fig. 6.20, KP spectra can be identified. Otherwise, they
would look like JP spectra, due to the influence of the isotropic nature of Boypg.

The high-frequency spectral indices start at values of around 0.5, which is indicative
of non-relativistic strong shock acceleration. A possible origin of the shock could be the
interaction of radio galaxies with their surrounding IGM/ICM (e.g. Enflin et al., 2001).
Adiabatic expansion, the other significant energy loss process, does not affect the SCP
- a diagram. The results demonstrate that the SCP provides crucial parameters for the
continuum spectrum of synchrotron radiation, without the more complex modeling.

Three characteristics that we have found in GRGs are not yet explained. The first
is the origin of the asymmetry of the injection spectra of the radio lobes. Second, the
physical explanation of the systematic flattening of a4, compared to a;p; is unknown.
Third, there is a critical change of the re-acceleration efficiency showing up in the low-
and high-frequency regime. We will investigate the environments of GRGs to find the
possible reason.

In conclusion, it can be stated that the SCP - « diagram proves to be an efficient
method to derive important properties of synchrotron spectra which otherwise can be
determined only with the much more complex synchrotron ageing analysis. The SCP -
a diagram and SCP map are especially useful tools to analyze a large number of sources
and a large number of locations in a source. In such cases, the complex spectral analysis
will provide better estimates. However, this alternative tool provides fast estimates
without losing any significant accuracy and provides an overview, which is important
to understand synchrotron sources. Compared to the C-C diagram, the SCP-a diagram
extracts injection spectral indices and possible synchrotron ageing models in a source
more efficiently.
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6.6 Spectral curvature and polarization

In this section we shall discuss the question whether spectral curvature and polarization
are correlated for the GRG sample. The situation for the GRG sample is as follows:
we have shown that the RM and DP in GRGs do not show any clear correlation. The
DP asymmetry is statistically certain, though this asymmetry does not show any clear
Laing-Garrington effect (e.g. the jet-side lobe is less depolarized) in the GRG sample.
Despite the low angular resolution, clear patchy structures are detected in the DP and
SCP maps. The analysis of spectral curvature shows that the spectral variation in GRGs
is not only due to particle ageing, but also to a multiple-injection spectrum, o;p;. The
DP - RM correlation has been checked in Chapt. 2. Now we check any possible DP -
SCP and |RM.2| - SCP relations.

NGC 315

A steep SCP favours depolarization, while a flat SCP favours repolarization (Fig. 6.21[al).
The RM dispersion does not show any trend that can be related to the SCP value in
Fig. 6.21[b).

DA 240

The regions with the steepest SCP are located in the SW lobe. When they are in-
cluded, the steep SCP favours depolarization, while the flat SCP favours repolarization
(Fig. 6.22[a]). There is a marginal trend of the points with the flattest SCP to have a
smaller RM dispersion (Fig. 6.22[b]).

3C 236

The flat-SCP points represent the hotspots which are less depolarized. The back lobes
have steep SCP values and are more depolarized (Fig. 6.23[a]). The RM dispersion does
not show any trend, which can be related to the SCP value (Fig. 6.23[b]).

3C 326

The connection of steep SCPs and high DPs as well as that of flat SCPs and low
DPs is seen in 3C 326 (Fig 6.24[a]), too. The RM of 3C 326 and the RM of the three
neighbouring extragalactic sources are relatively similar. Therefore, the corrected |RM]|
is concentrated towards a zero value. A marginal trend that the flattest SCP points
have a smaller RM dispersion is also seen (Fig. 6.24[b]).

NGC 6251

The SCP - DP connection is not as clear as in the other four GRGs (Fig. 6.25[a]). In the
core and the inner jet region, |RM| > 100 rad m~2, while in the hotspot and outer-jet
region, |[RM| < 100 radm~2 | i.e. they have completely different trends (Fig. 6.25[b]).

6.6.1 Summary

The GRG sample exhibits a correlation in the sense that steep SCPs appear to be
connected with high DPs, and flat SCPs with low DPs. In the case of foreground
depolarization which is dealt with and proved in this thesis, the coupling of SCP and
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DP in the GRGs indicates co-evolution of the GRGs and their environments: the well
ordered foreground magneto-ionic medium with a low DP seems to be responsible for the
flat, sometimes upturning, SCP — probably through shocks. With temporal evolution,
the interaction between the foreground medium and the GRGs becomes less important
when there is no further energy supply from the inside or from the outside. While the
spectrum ages, the SCP steepenes and the magnetic fields in the foreground medium
will be disturbed, e.g. through Alfven waves, and the DP will increase.

This scenario is well matched by the high RM of the GRGs found in the previous
chapter. The GRGs might be the result of the complex and subtle interaction between
the older RGs and their environments. This could be the reason why GRGs are so rare.



Chapter 7

Summary and outlook

In this work, we have studied the asymmetries of radio galaxies which are known to be
related to the jet-asymmetry. They are the depolarization asymmetry and the spectral
index asymmetry.

The first part of the thesis is concerned with the polarization asymmetry in GRGs
and B2 RGs. After the introductory chapter, we discuss the Ricean bias in the fractional
polarization and suggest a hybrid solution in the second chapter. The merit of this new
solution is the enhanced reliability of the pixel-to-pixel fractional polarization. Using
this hybrid solution, we present DP maps of the five GRGs at the end of the chapter.
We conclude that the five GRGs are highly depolarized at low radio frequencies, but the
depolarization is not as significant as Burn’s law predicts. NGC 315 shows an interesting
characteristic in that the source is NOT depolarized.

The subject of the third chapter is the rotation measure of the five GRGs. After
correction for the Galactic contribution to the RM, the GRGs exhibit a few hundred
radm™2 of the Faraday medium. This must be due to field reversals or to changes of
the field strength on a scale length of 50 to a few hundred kpc. This result indicates
that the Faraday media of the GRGs are well resolved, despite the relatively large beam
size used.

In the fourth chapter, we study the depolarization asymmetry of the B2 sources.
Using the hybrid solution of the second chapter, we confirm the result of Morganti et al.
(1997b) who discovered the ‘Laing-Garrington’ effect in the B2 sources. The RM of the
B2 sources is estimated using a frequency range similar to that of the GRG sample,
but with better angular resolution. The measured RM is about an order of magnitude
lower than that of the B2 sources. We test the correlation between the depolarization
asymmetry and the asymmetry of the RM dispersion, ARM. There is a trend that the
more DP—asymmetric source is the more ARM-asymmetric. Again, the trend is not as
strong as the prediction of Burn’s law.

The fifth chapter is concerned with the high RM that we found in the GRG sam-
ple. We discuss the possible processes producing the high RMs. Since the GRGs with
a symmetric morphology, e.g. 3C 236, also exhibit a high RM, we favour an ‘internal’
mechanism. Our estimate shows that expansion losses can support the amount of mag-
netic energy in the Faraday media. However, an external process such as large-scale
shock flows may also play a role as we saw in the case of NGC 315, where the RM
becomes even higher.

The sixth chapter deals with the spectral asymmetry. In FRII sources, there are
conflicting results as to this asymmetry. Liu & Pooley (1991); Garrington et al. (1991)
find a systematic asymmetry where the jet-side spectra are flatter in a sample of FR IIs.
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In contrast to these results, Dennett-Thorpe et al. (1999) do not find any systematic
asymmetry in a representative FR II sample.

Our concern was that the spectral asymmetry could occur not only through the
spectral ageing effect but also through the difference in the injection spectral index.
This idea may be more relevant for FR I sources and GRGs than for FR1I sources, since
the latter have a highly symmetric morphology, hence similar physical conditions are
expected in both double lobes. Katz-Stone & Rudnick (1997) reported that there are
possibly two injection spectra in the lobes of the FR I-type radio galaxy 3C 449, based
on an analysis of the colour-colour diagram.

We develop a new analysis, the SCP - « diagram, in order to easily distinguish
different injection spectra. We apply this technique to the GRG sample for which we
have multiple frequency data at our disposal. The results show that there exists more
than just one injection spectrum in the individual sources. Furthermore, we test this
SCP - « diagram for a sample of 47 CSS sources whose injection spectra had been
thoroughly analyzed by Murgia et al. (1999). This test proves that the SCP - « analysis
is highly reliable. In the GRG sample we find multiple injection spectra using our new
SCP - « analysis.

On the whole, the subject of this thesis is rather the study of the analysis of the
asymmetries, rather than the asymmetries themselves. The behaviour of the two known
systematic (jet-asymmetry related) asymmetries is studied. We might verify these re-
sults in another way. Recently, RGs were recognized as a promising tool for the process
of cosmic structure formation. The linear polarization property of RGs enables us to
probe the magneto-ionic intergalactic or intracluster medium. The theory of cosmic
particle acceleration is largely based on the observation of the radio spectra of RGs.
It will be interesting to investigate a larger and representative sample of RGs with the
improved analysis methods suggested in this work.
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