Communications of BAO, Vol. 66, Issue 1, 2019, pp. 8 - 19

The role of dipolar magnetic field of AGN in the
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Abstract

We discuss a model of formation of extragalactic radio sources when the parent optical galaxy
has a large-scale dipolar magnetic field. The study of dynamics of ejected from the central part of
optical galaxy clouds of relativistic particles in dipolar magnetic field gives a possibility to explain
main morphological features and physical properties of formed extragalactic radio sources. We
bring some results of statistical analyses and correlations between physical parameters for a large
sample of extragalactic radio sources.
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1. Introduction

It is well known that the magnetic field has an important role in the dynamics evolution and
radiation of extragalactic radio sources. Almost in all known theories of formation and evolution
of extragalactic radio sources as a mechanism of radiation in radio waves are suggested synchrotron
radiation of relativistic plasma in the magnetic field without of concretization of the large-scale configu-
ration of magnetic field or of the role of field configuration in the observing morphology of extragalactic
radio sources. For example in most known Blandford & Znajek (1977) mechanism is supposed the
existence of large angular momentum and strong magnetic field, parallel to the rotation axes of the
Kerr black hole. Relativistic particles are moving along the magnetic field lines and radiating in this
field. As there are no magnetic monopoles in the Universe one must consider that the parallel (in
the central part of Active Galactic Nuclei (AGN)) lines of magnetic field will be closed in any place
of galaxy. From the conclusion of symmetry this magnetic field can have a dipolar form. Another
interpretation of the morphology of extragalactic radio sources was suggested by Luhmann (1979),
what concerns the possibility that the emission arises from the belts of trapped in dipolar magnetic
field electrons, encircling the parent galaxy in the same manner as the Van Allen belts encircle the
Earth. In Andreasyan (1983)(hereafter the paper 1)) we have suggested a mechanism of the for-
mation and evolution of extragalactic radio sources in framework of the cosmological conception of
V.Ambartsumian (Ambartsumian, 1966). This mechanism was as a hybrid of (Blandford & Znajek,
1977) and (Luhmann, 1979) mechanisms. But in Andreasyan (1983)it was done a main suggestion
about the magnetic field configuration of host supergiant elliptical galaxy. We conclude that the
magnetic field of the host galaxy or AGN has a dipole configuration, with dipole axes parallel to the
rotation axes of host galaxy. Extragalactic radio sources are formed from relativistic plasma clouds,
ejected from the central part of the optical galaxy and moving in its large-scale, dipole magnetic field.
In the frame of suggested mechanism the well-known Fanaroff-Ryley Dichotomy (Fanaroff & Riley,
1974) and many other morphological fetchers finds a very simple physical explanation.
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2. The large scale magnetic field of parent galaxies

The first main suggestion for the mechanism of the formation and evolution of extragalactic radio
sources in Andreasyan (1983) is the large scale dipolar configuration of magnetic field of parent galaxy,
with dipole axes parallel to the rotation axes of host elliptical galaxy. There are many observational
evidences that large-scale galactic magnetic fields can have dipolar configuration (for example in
NGC4631 (Dumke et al., 1995), or in NGC5775 (Soida et al., 2011), and also in the halo of our Galaxy
(Andreasyan & Makarov (1989), Han et al. (1997)). The magnetic fields of dipole configuration can
be formed and evaluate, for example, in the result of Biermann battery effect ((Biermann, 1950)), in
Active Galactic Nucleus (Lesch et al. (1989), Andreasyan (1996)). Partly in (Andreasyan (1996)) for
the evolution of dipolar magnetic field we suggest a model of AGN in agreement with the cosmological
conception of V.Ambartsumian. In agreement with this model from the nucleus of Active galaxy there
is a permanent ejection of hot plasma, which expands in the fast rotating gaseous medium of the central
part of galaxy. Because of the large differences between scattering time of expanding electrons and
protons with the rotating medium, in every point of rotating medium the rotation velocity of scattered
electrons and protons will correspond to the rotation velocity of their last scattering point and will
be different. In the result of forming of circular electric currents in the central part of Active galaxies
evaluates dipolar magnetic fields. At the present time there are a lot of observational evidences of
existence of the large amount of neutral and ionized gas in the host elliptical galaxies (for example
Morganti et al. (2003), Andreasyan et al. (2008)), and also of outflows in Radio galaxies ((Oosterloo
et al., 2004)), which provides the conditions for the working of Biermann battery effect, and evolution
of dipolar magnetic fields.

The second suggestion in Andreasyan (1983) was that the extragalactic radio sources are formed
from relativistic plasma clouds, ejected from the central part of the optical galaxy and moving in
large-scale dipolar magnetic field of parent galaxy. The behaviors of relativistic plasma cloud, ejected
in the direction of the dipole axis, depends on the ratio Q of the kinetic energy density of the plasma
to the magnetic field energy density,

(i) If the ratio Q is greater than unity (¢ > 1, the kinetic energy density of the plasma is larger than
the magnetic field energy density), the clouds of charged particles, expanding, travels large distances
from the optical galaxy, carrying with them the magnetic field lines, as it takes place in many well
known models. In this case we expect to observe the more elongated radio images (Fig. 1). The
directions of the major axes of the radio images will be close to those of rotation axes or the minor
axes of the optical galaxies. The magnetic field will be mainly parallel to the radio axes. It can be
formed also radio lobes and hot spots near their outer edges, and also well collimated magnetic canals
directed from the AGN to the lobs, which can assist for the formation of well collimated jets in case
of the secondary permanent ejection of plasma lower energy density. Similar features we observe in
extragalactic radio sources of FRII classes ((Fanaroff & Riley, 1974)).

(ii) If the ratio Q of energy densities is less than unity (@ < 1, the kinetic energy density of the
plasma is less than the magnetic field energy density), the charged particles will move along the field
lines of the dipole magnetic field of the galaxy. In the beginning of this process (in the younger radio
sources) along the dipole axes will be observed the long, jet like features with relatively large opening
angles, like to the jets classified as FRI type.

Figure 1. The ratio Q is greater than unity (@ > 1).  Figure 2. The ratio Q is less than unity (Q < 1).
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Relativistic charged particles, moving along the field lines of the dipole, after some time will be
trapped in the dipolar magnetic field. In result of this all particles finally will execute oscillations in
the direction of magnetic lines between magnetic mirrors, and drift in a plane perpendicular to the
dipole axis, as it takes place in the Van Allen belts of the Earth (Fig. 2). In this case will be formed
less elongated radio sources with the radio axes perpendicular to the dipole axes, and correlated with
optical major axes. Also we will observe mainly the edge darkened FRI type. As it was shown, in
the case of Q < 1 it can be formed two type edge darkened radio sources; the relatively older Van
Allen belts type sources, elongated perpendicular to the dipole axes, and the younger jet like radio
sources along the dipole axes. These two types of extragalactic radio sources can be classified as FRI
type, though they have different radio orientations relatively to the parent galaxies. It must be noted
that such two types of relatively older and younger radio sources with different orientations can be
observed near the same optical galaxy. Then we will observe misalignments of radio sources of different
size scale, as was found by Appl et al. (1996), or the X shape radio sources (see for example Cheung
(2007)).

It must be noted that in the literature some authors use the name “Jet” for radio sources that can
have different forms and shapes, sometimes for objects that have not any elongation. Here, following
to Bridle & Perley (1984), we will use the name “Jet” for the radio source that has the elongation
parameter K > 4, where K is the ratio of the largest dimension of radio image to the perpendicular
dimension. In Andreasyan (1983) parallel to the well known Fanaroff-Riley classification we bring also
a simple classification of extragalactic radio sources by the elongation parameter K. In the case when
the charged relativistic particles will be trapped in a dipolar magnetic field, the largest value of the
parameter K can be obtained from the equation of the line of force of the dipole field. This ratio is
near to 2.5. Thus, one can introduce a quantitative criterion for separating the extragalactic radio
sources by their elongation parameter. So, following to this classification, there are:

1) Extragalactic radio sources for which K > 2.5 in the case of Q > 1 (FRII type), and for younger
jet like radio sources of FRI type in case of Q) < 1;

2) Extragalactic radio sources for which K < 2.5 in the case of relatively older Van Allen belts
type sources (@ < 1).

As it will be seen in the next paragraphs there are some correlations between FR and this classifi-
cation by the elongation parameter K. The statistical analyses of observational data were done parallel
for the FR and K classification.

3. The Fanaroff-Riley Dichotomy of extragalactic radio sources

As it was mentioned above, the Fanaroff & Riley (1974) classification of extragalactic radio sources
was done using the morphological features, the edge darkened-FRI, and edge brightened, relatively
more luminous FRII types. Probably one can wait also some other morphological and physical dif-
ferences between the different FR classes of extragalactic radio sources. The study of Fanaroff-Riley
(FR) Dichotomy of extragalactic radio sources is very important for understanding and choosing of
the mechanism of their formation and evolution. The FR Dichotomy is studying now very intensively,
and there are found many other observational differences between the physical properties of these
two morphological classes: in the total luminosity, in radio core powers, in ratio of core to lobe radio
power, in the relationships between emission-line luminosity and radio power etc. (Zirbel & Baum
(1995); Gopal-Krishna & Wiita (2000); Gendre et al. (2011), etc.). From the mechanism of formation
of extragalactic radio sources, discussed above, it is clear that there can be a lot of other differences
between different classes of extragalactic radio sources. Here we bring some other observational dif-
ferences between the different FR types as well as between the types classified by their elongation
parameter K.

4. Observational data

For this study we have used data for 267 nearby radio galaxies identified with elliptical galaxies
brighter than 18th magnitude (samplel) (Andreasyan & Sol, 1999), and 280 extragalactic radio sources
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with known position angles between the integrated intrinsic radio polarization and radio axes (sample
2) (Andreasyan et al., 2002). For nearby radio sources, we have data: on the position angles of the
optical images (oPA) of elliptical galaxies, found mainly from the Palomar maps, the position angles
of radio image (rPA), angles between optical and radio axes (dPA), and FR classes taken from the
literature. The radio galaxies were also classified as a function of their elongation parameter K using
the published radio maps. For the objects of sample 2 also are found FR classes and have been
determined elongation parameter K. In samples 1 and 2 we have 289 extragalactic radio sources with
known both, FR classification and K parameters.

For statistical analysis we use also the data from sample 3, consisting of extragalactic radio sources
from the CoNFIG (Combined NVSS-FIRST Galaxy) catalog of (Gendre et al., 2010), which includes
radio charts and other observational data for 859 extragalactic radio sources. We used these radio
charts to determine the radio elongation parameters K of the objects in sample 3 for which the FR
classes are also given. There are 373 radio objects of this kind in sample 3; of these 52 are type FRI
and 321, FRIIL. The low-frequency (178 M Hz < n < 1.4GH z) spectral indices also are given for many
of the radio sources from sample 3 (57 of type FRI and 429 of type FRII).

Here we bring some results (physical and morphological differences in different classes of extra-
galactic radio sources) obtained in our early study (Andreasyan & Sol (1999); Andreasyan & Sol
(2000); Andreasyan et al. (2002); Andreasyan et al. (2013)) as well as some new results. The samples
1 and 2 with the references can be found in Andreasyan (2012), while sample 3 is in Andreasyan et
al. (2013)

5. The correlation of radio axis with the optical axis in nearby radio
galaxies

Data from sample of 267 nearby radio galaxies were used to study the correlations of radio axes
with the optical axes of parent galaxies. Were constructed histograms separately for radio galaxies
classified by elongation (Fig. 3) and for radio galaxies with FR classes (Fig. 4). On the figures the
difference between the radio and optical position angles (dPA) is laid out along the horizontal axis and
the number of radio galaxies along the vertical axis. On the histograms we bring also the expected
distribution of dPA. The continuous lines show the best fits obtained from primary distributions of
intrinsic angles, described by a delta-function, taking into account the orientation effect. The fit of
observed histograms of these relative orientations have been done using the method developed by Appl
et al. (1996).

From the figures we found, that more elongated and FRII type radio galaxies are in most cases
directed as minor axes or rotation axes of host elliptical galaxies, while the less elongated and FRI
ones are directed perpendicular to these axes. This result is in a good agreement with conclusions of
section 2. The weaker correlation for radio sources of FRI type can be explained by our mechanism.
As it was shown, if @ < 1 It can be formatted two type radio sources; the relatively older Van Allen
belts type sources (with K < 2.5), and the younger jet like radio sources along the dipole axes (with
K > 2.5). These two types of extragalactic radio sources are classified as edge darkened FRI type,
though they have different radio orientations relatively to parent galaxies

6. The ellipticity of elliptical galaxies identified with the different
types of extragalactic radio sources

In the Sample 1 we have data of the optical ellipticity (E) of 154 elliptical galaxies. For all of them
we have the elongation parameters K and for 95 - the Fanaroff-Riley classes. We use this data to
study the distribution of ellipticities of parent optical galaxies for different FR types and for different
classes of our K classification (Fig. 5).

From the Fig. 5 it is clear that the host elliptical galaxies of less elongated extragalactic radio
sources and radio sources of FRI type have less ellipticity (E ~ 1 to 2) than these of radio sources
of large elongation and radio galaxies FRII type (E ~ 3 to 4). The similar result we see for the
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Figure 3. The distribution of (dPA) for K classes.

classification by K parameter. The fact that host elliptical galaxies of FRI type radio sources have
less ellipticities can be explained in two ways: It is primordial and in some way is responsible for
the formation of FRI types, or it is from the orientation effect. In both cases, the fact of different
ellipticities of different FR types is interesting for the understanding of formation of radio sources.

7. The correlation of the radio polarization angle with the radio axes
of extragalactic radio sources

The data of 280 extragalactic radio sources of sample 2 were used for the study of distribution
of angles A(PA) between directions of integrated intrinsic radio polarization and the major axes for
different type radio sources, classified by their elongation and FR classification. The histograms of
angles between radio and polarization axes are shown in (Fig. 6) and (Fig. 7).

The fit of histograms for relative orientations also have been done using the method developed
by Appl et al. (1996), taking into consideration the projection effects. The continuous line shows
the best fits obtained from primary distributions of intrinsic angles described by a delta-function.
This method describes rather well the case of elongated and FRII sources, which suggests that their
intrinsic integrated polarization is perpendicular to their intrinsic major radio axes. Conversely the
less elongated and FRI radio sources do not show any specific intrinsic angle and cannot be fitted
by such a simple scenario. As the magnetic fields in optically thin synchrotron radio sources are
perpendicular to the polarization of electric vector, the main result of this study is that integrated
magnetic fields can be described as intrinsically aligned with major radio axes for elongated and FRII

Andreasyan 12



The role of dipolar magnetic field of AGN in the morphology and evolution of extragalactic radio sources

AF.A, for all objects with known FR classification. N = 158

T ——r————re

==
L g
4
= L | 1]
et 10 60 80
f [Degrees]
AP A for all FR | objects. N = 78 AP.A. for all FR 1l objeets. N = 83
- — C ey &0 = ; T
r 4
| |
4 k -
= 30 A“
b N E
& b | | -
I i L { \ |
I = | EJ - .'I \ _I
J'\ 1 r o s . (O
2 L A e
| !,‘ |
d L ) -
{ - 4 |
p? — - 10+ r— —_— =
ey 4 b + E ) S | -
] g E | — 4
SiES =
= T ' 0 B . ]
40 60 B0 0 20 40 &80 80
A(P A) [Degrees] A(P.A.) [Degrees]

Figure 4. The distribution of (dPA) for K classes.
radio sources, while they are not correlated with radio axes for stocky and FRI radio sources.

8. Distribution of the elongation parameter of the extragalactic radio
sources for the different FR classes

In this section we study the distribution of the elongations of the radio images for radio sources
in the two FR classes. Data from samples 1, 2, and 3 are used to construct the distribution functions
f (K) of the elongation parameter K which are shown in the following figures. Data from sample 1
were used to plot the distributions in Fig. 8. These figures show that the peak of the distribution of
FRII radio sources is at about K = 2.8 | while for the FRI sources the peak is at roughly K =~ 2.2 .
We believe that another important difference between the distributions of FRI and FRII extragalactic
radio sources is that the FRI distribution has two peaks. For clarity of the differences between the
FRI and FRII distributions the two distributions are plotted on a single scale in Fig. 9.

Roughly the same distribution is obtained if the data from sample 2 are used. Since, as noted
above, sample 2 contains only 14 FRI radio sources, which differ from the FRI sources from sample 1,
here we use the data from samples 1 and 2 together. The combined catalog lists 292 objects, of which
96 are FRI sources and 196 are FRII sources. Since the distributions of FRI and FRII extragalactic
radio sources from the combined catalog do not differ greatly from the distributions of the objects
in sample 1 (Fig. 1 and Fig. 2), in Fig. 10 we show just the distributions of the two types of radio
sources in a single plot. A comparison of Fig. 2 (using 161 radio sources) with Fig. 10 (292 radio
sources) shows that there are no great differences in the distributions of the elongation parameter K.

As pointed out above, the maximum of the distribution of the FRII radio sources lies at K =~ 2.8
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Figure 5. The ellipticities of optical parent galaxies for different FR types and for different classes of
K classification.

and the peak for the FRI sources is at K ~ 2.2 ; that is, the FRII radio sources are, on the average,
more elongated than the FRI sources. Figure 10 also shows that, as in Figs. 1 and 2, there are
two peaks in the distribution of the FRI extragalactic radio sources. Distributions of the elongation
parameter K for the extragalactic radio sources have also been constructed using data from sample 3.
Figure 11 shows the distributions for the FRI and FRII radio sources on a single scale.

Figure 11 shows that the distribution function for K of the FRI extragalactic radio sources from
sample 3, as well as the distributions of the objects from sample 1 of the combined catalog (the
combination of sample 1 and sample 2, Figure 10) have two peaks. The presence of two maxima in
the distribution functions for the FRI radio sources can probably be explained if we assume that the
FRI extragalactic radio sources can be divided into two subtypes that have different distributions of K
with different maxima. Adding the two distributions yields the observed distribution function for these
objects. It should be noted that we predicted the existence of two subtypes of FRI extragalactic radio
sources before (Andreasyan, 2012). As stated in the Introduction, we have proposed (Andreasyan
& Sol (1999), Andreasyan & Sol (2000); Andreasyan et al. (2002)) a mechanism for the formation
of extragalactic radio sources involving features of the dynamics of clouds of relativistic electrons
with different densities ejected from the central region of the parent galaxy in the assumed dipole
magnetic field of the galaxy. According to this mechanism, depending on the ratio Q of the density
of the kinetic energy of the relativistic electrons to the energy density of the magnetic field (Q > 1
or Q < 1), extragalactic radio sources of types FRI or FRII, respectively, can develop. However, in
the second case two subtypes of the radio sources can be formed, where the radio brightness, as in
FRI, decreases toward the edges of the radio image. These are young, streaming jet sources directed
along the axis of the magnetic dipole and older residues of these formations which, as they move along
the dipole magnetic field lines may have arbitrary orientations to the dipole axis. Here we use the
term “radio jet” after Bridle & Perley (1984). Thus, a radio jet must have an elongated shape (in
(Bridle & Perley, 1984) the elongation parameter K > 4). Older and wider formations may be much
less elongated shapes than the radio jets. These two types of radio sources will be assigned to type
FRI according to the Fanaroff-Riley classification, since the radio brightness decreases from the center
toward the edge in them. However, they will have different distributions of the elongation parameter
K and different orientations relative to the dipole axis. These are precisely the distributions of K
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Figure 6. The ellipticities of optical parent galaxies for different FR types and for different classes of
K classification.

obtained here for the extragalactic radio sources. It should be noted that these two subtypes of radio
images with different elongations can be observed simultaneous in a single galaxy. Then different
orientations of the radio images may be observed for different scales (Appl et al., 1996) and so-called
X-shaped radio sources (currently under widespread discussion (Cheung (2007); Gopal-Krishna et al.
(2012)) may develop.

9. Distribution of the spectral indices of extragalactic radio sources
for the different FR classes

In this section we study the distribution of the spectral indices of the different FR types of extra-
galactic radio sources. Data on the spectral indices of 151 radio sources from sample 1 and 486 from
sample 3 are used. These data are used to construct plots of the distributions of the spectral indices
for the radio sources in the different FR classes. Figure 12 shows the distributions of the spectral
indices of the extragalactic radio sources of the different types separately for samples 1 and 3. Figure
13 shows the distributions for the combined samples 1 and 3.

These figures show that the distributions of the spectral indices for the different FR classes of
extragalactic radio sources are essentially the same. This can be seen for the objects from the separate
samples 1 and 3, as well as for the objects after these samples are combined.
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Figure 7. The ellipticities of optical parent galaxies for different FR types and for different classes of

K classification.
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Figure 8. Distribution functions of the elongation parameter K for FRI (left panel) and FRII (right
panel) extragalactic radio sources from sample 1.

10. Conclusions

The results, obtained above from the analyses of observational data are in good agreement with the
suggested mechanism of formation of extragalactic radio sources. Almost all main observed physical
and morphological properties of extragalactic radio sources can be qualitatively explained in terms of
mentioned scenario, varying the parameter Q as well as the environment of radio sources. It must be
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Figure 9. The distribution functions of the parameter K (using 82 FRI radio sources and 79 FRII
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Figure 11. The distribution functions for the elongation parameter K for the objects from sample 3
(52 FRI and 321 FRII radio sources were used).

noted that mentioned above correlations of FR classification with physical parameters will be better,

Andreasyan

17



The role of dipolar magnetic field of AGN in the morphology and evolution of extragalactic radio sources

110~

22] —FRI1 ] 100 | ‘— FRI
; N FR I

90

18 f\ ' 80
16 f % 70 |
14 if Y
i , 60 -
12 i ; .
= b 5 \
104 { 50 : .
5] |3 40 : )
6+ — b 30+ i 4
7 . ; .
24 e ¢ ST 1
. ‘ 10 o ~ g
od T — - ,/ B

0 - R o

T T T T T T T T T T T T 1 | BN NN B B AN N N N R BN AN NN S EE A E e B i E e e |
-4 1.3 -12 11 -1.0 09 -08 07 06 05 -04 D3 -02 01 16-15-14-1312-11-10-09-08-07-06-05-04-03-02-0100
SP-IN SP-IN

Figure 12. The distribution of the spectral indices of extragalactic radio sources from the two FR
classes for samples 1 and 3.
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Figure 13. The distribution of the spectral indices of extragalactic radio sources from the different FR
classes after samples 1 and 3 are combined.

if we divide the FRI type of extragalactic radio sources in two types:

(i) the more elongated jet like edge darkened radio sources

(ii) the less elongated (K < 2.5, Van Allen belts type sources) and probably more older edge
darkened radio sources.
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