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ABSTRACT

Analytical methods and simple linear regression
analyses have been used in this paper to show
the possibility that jet production by magnetization
predominates over other mechanisms of jet
production in the more extended extragalactic
radio sources (EGRS) with low power output. We
estimate accretion-induced magnetic field and jet-
driving magnetic field of some more extended
EGRS in our sample. A possible implication of the
results obtained through simple linear regression
analyses of data estimated for the two
aforementioned fields, is that jet production by
magnetization predominates in the more extended
EGRSs with lower power output; while in those
sources with higher power output, the converse
may be the case. That is, other processes, such
as, hydrodynamic, thermal, and radiation
pressures may predominate over jet
magnetization. Similar results were obtained by
[10] for the compact steep spectrum sources
(CSS). This similarity between these two sources
— the more extended EGRS and CSS - simply
suggests that CSS sources are simply scaled-
down versions of the more extended EGRS.

(Keywords: jet, magnetization, radio sources, accretion,
magnetic field)

INTRODUCTION

Extragalactic radio sources (EGRS) are those
sources with a high ratio of radio to optical
emission, commonly defined by the ratio of the
two flux densities, S5 cuz/Sev105 ens = 10 [1]. They
are located beyond the confines of our galaxy —
the Milky Way. They consist of radio galaxies,
radio quasars and BL Lacertae objects [2-3].
Radio emission from these sources usually takes
the form of two opposite sided relativistic jets that
connect the base of the accretion disk to two
radio-emitting lobes that straddle the central
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component that is more or less coincident with
the nucleus of the host galaxy [2, 4-6]. In some
sources, the lobes contain hotspots believed to
be the termination points of the jets [2, 4-6]
(Figures 1 and 2).

Figure 1: Cygnus A — An EGRS.
Source: Wkipedia
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Figure 2: The Structure of a Typical EGRS.
Source: the author.

The more extended EGRS have linear sizes, D,
given by D = 20 Kpc assuming Hubble constant,
H, = 75 kms *Mpc™1. In most cases, their linear
sizes extend into intergalactic media. Their radio
luminosity is in excess of 102* W at 5GHz and
overall luminosities (P, = 1037 W) in common
with the Compact Steep Spectrum Sources
(CSS) [3, 7]
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On the other, CSS sources are full-fledged EGRS.
Their properties are as follows [7-8]: (i) they are
assumed to be normal EGRS but miniaturized —
their observed linear sizes, D < 20 kpe; (i) they
consist of both radio galaxies and radio-loud
qguasars but on sub-galactic dimensions; (iii) they
show steep spectra (a = 0.5 5,~vS) at high
frequencies (e.g. = 0.02 GHz) from the entire radio
morphological structures; (iv) they have high radio
luminosities,  Psgyy = 102'W; and  overall
luminosities, Py, = 1037 W.

Many authors have wondered on the connection
between CSS sources and the more extended
EGRS. As a result, there are models for the
evolution of CSS sources in the literature. These
include: Youth Scenario (i.e., young evolving
sources), Frustration Scenario (i.e., sources
confined by ambient dense gases), Relativistic
Beaming and Orientation Effects (i.e., the source
sizes are foreshortened by orientation and
projection effects) [7-9].

In this work, we use analytical methods to
estimate accretion-induced magnetic field and jet-
driving magnetic field of some more extended
EGRS in our sample. We use the estimates to find
if there is any relation between magnetic field
possibly responsible for jet formation and that
induced by accretion process. We compare the
results with those obtained by [10].

We have not applied full magneto-hydrodynamic
equations which may be considered appropriate in
describing the phenomena of accretion and jet
production [11-14]. However, for the purpose of
obtaining a simple relation between the two fields,
we have applied electrodynamics in our
derivations.

The radio sources used in the analyses were
obtained from [15]. They are made up of 31
EGRS (radio galaxies) with linear sizes,
D = 30kpc. These sources are those whose jets
have estimated velocities from [16].

ACCRETION-INDUCED AND JET-DRIVING
MAGNETIC FIELDS

The most accepted model in the description of
astrophysical jet formation is the magnetic acceleration
model [11-14]. This states that bipolar relativistic jets
are powered by magnetic fields tightly twisted by
differential rotation of accretion disk [11]. Moreover, it
has been pointed out that the terminal velocity of a jet
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is in consonance with the rotational velocity of the disk
at the foot of the jet [11]. This simply suggests that
relativistic jet is produced at a position very close to
the event horizon of the black hole residing at the
central core of the EGRS.

It is commonly believed that accretion disk consists of
plasma (i.e., positive ions and electrons). This implies
that the effective axial magnetic field generated may
either cancel out (assuming equal number of accreting
opposite charges) or highly reduced when
compared to the field produced if the disc were
made up of an ensemble of like charges.
However, for the purpose of finding the behavior
of jet-driving magnetic field in relation to
accretion-induced magnetic field, we assume the
disk comprises an ensemble of equal positive
and negative charges.

Here, we are interested in the resultant magnetic
field induced by the motion of plasma in the
accretion disk at the disk center (assumed here
to cover the entire diameter of the event horizon).

Therefore, approximating the ensemble of
negative charges present in the disk to a current-
carrying thick hollow circular disc as shown in
Figures 3 and 4, then by Biot-Savart law, it can
be shown that magnetic field, B,.. , produced at
the center of the disk by electrons in the
accreting plasma can be expressed as:

Rp rx
Hol
By~ f f (—) dRdx (D
ace Ra 0 2R

where, 2—‘: = magnetic field at the center of a

current-carrying narrow circular ring
R, = inner radius
R, = outer radius
I = total electric current due to the
motion of the negative charges (or
electrons) in the accreting plasma
R = radius of the disc
x = thickness of the disk

On integration, (1) yields:

olx
Baee ® OTln(Rb - Ra) (2)

Applying the general definition of electric current
and considering accretion over the source
dynamical age, T, (2) may be rewritten as:
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ugNex
Bacc ~ TIH(R.D - Ra) (3)

where, N = number of electrons in the disc
e = electronic charge.

An accretion disk has inner radius whose value
may lie between ~ 1R, and ~ 10R. depending on
the type of disk [3]. R, is Schwarzchild radius or
event horizon. The outer radius of accretion disk
may extend to 10*R; [3].

Figure 3: An Accretion Disk.
Source: Wkipedia.

Blackhole

Figure 4: Schematic Diagram of an Accretion
Disk. Source: the author.

Taking the mean, R, becomes 5R;; while R;, gives
10*R, . Putting the values in (3) yields:

N
B 11 (9,995R,) 4)

BﬂCC ~ ZT

Combining the expression relating Schwarzchild
radius to black hole mass, M,; that is [3, 17],
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_26M,
Ry =—3 (5)

c

where, G = universal gravitational constant
¢ = light speed

with (4) and (5), we obtain:

ughNex
2T

GM,
Boce ® In (19,9950[ 2 ]) (6)
For simplicity, assuming a source radiating at
Eddington limit, the power, Lg44, radiated is given

by [3]:

AnGMympye

Lgaa = T (7)

Lgaq 1S in watts, My is in kg, my (proton mass) is
in kg and oy is Thompson interaction cross-
section. Approximating Eddington luminosity to
source bolometric luminosity,P,,;, the last
equation becomes:

Ppor o7
My ~ 4tGmyc ®)
Putting it in (6), gives:
polNex ( Pporor )
Bice = In| 4,997 5[——= 9
acc n [TIHIHCS] 9

Moreover, number of electrons, N, in an
accretion disk in relation to the particle number
density, n,.. , of the accreting electrons can be
written by:

N = naccnx(Rlzr - Ré) (10)
which yields:
N ~ 10%wxRnge, (11)

Combining (5) and (11), we obtain:

2GM,
N ~ 10%mxn g, (c—z) (12)
Also, combining (8) and (12) gives:
P
N ~ (5 x 107) acc bl 7 (13)
ciMmy
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Substituting for N in (9) yields:

2
Hp€X nacchoIGT
B ~25x 10— — —
ace c3myT
P07 ])

[rrch3

In (4,997.5 (14)

This implies that magnetic field induced at the
center of an accretion disk (for negative charges
only) of an extragalactic radio source may be
estimated if the thickness (x) of the disk and
electron number density (ng..) are known.

For simplicity, we assume a thin disc with [14]:

3 _
7 =005 (15)

where R, = distance between the central core
and the thin disk (Figure 4).

Combining the last equation (having assumed for
simplicity thatR, ~ R;) with (5) and (8), =x
becomes:

Pyoio
X~ 0.05( 2ol ";) (16)
mmyc
Substituting for x in (14), we obtain:
3 3
Ho€dT naccPDoI
- 4
B ~ 6.25 x 10 POmT
Pyoio
In (4.997.5 2ol Tg]) (17)
mmygc

Moreover, jet-driving magnetic field, B, , can be
expressed as [18]:

myen QV;T
(1.6 X 107°)7n;,.eD?

Bjet A~

(18)
where, n, = source ambient density
Q. = jet opening solid angle
V; = jet velocity
n.: = jet internal density
D = source observed linear size

Assuming jet density approximate to ambient
medium density, (18) becomes:

mycQV;T

Bigt ~
Jet ™ (1.6 X 1073)meD?

(19)
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ANALYSES AND RESULTS

In this section, we want to estimate the two
quantities, B,..and B in (17) and (19)
respectively; after which we find if there is any
relationship between them using a simple
regression analyses. Taking typical values of the
following quantities:

my = 1.67 X 107%7kg

e =1.602x 1071°C
c=3x10%m/s

0 =3.6x10"°sr

V; ~ 0.3c [23]

m, = 9.109 x 10~31kg

Mo = 47 X 107"Hm™?

or = 2.5 x107%°m?

Naee ~ 101812 particles/cm? [19].

we obtain the following equations:

P3
Baee & (6.925 X 10—8?.88)%
In(8.82 X 107%°Pyq ) (20)
and
8 T
Bjer ~ (2.0158 X 10 )F @1

Using the values of source observed linear size
(D), bolometric luminosity (P, [= Pv, where P
and v are respectively observed source
luminosities and observing frequency]), source
ages (T) estimated by simply getting the
quotients of the observed source linear sizes and
their corresponding jet velocities obtained from
[16], we estimate the two quantities, B,.. and
Bjet-

We show B, — B;e; plot in Figure 5. The result of
the linear regression gives:

LogB;.; = 22.25 — 0.07LogB;e (23)

with correlation coefficient, r ~ 0.44 which is
marginal. Also, we carried out a simple linear
regression analysis of P — B;,¢ plot as shown in
Figure 6. Result gives:

LogPy,; = 67.07 — 0.71LogB,; (24)

with r =~ 0.41which is also marginal. The results
are discussed in the next section.
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Figure 5: The Scatter Plot of Jet-Driving Magnetic
Field against Accretion-Induced Magnetic Field.
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Figure 6: The Scatter Plot of Source Bolometric
Luminosity against Jet-Driving Magnetic Field.

DISCUSSION AND CONCLUSION

We have estimated accretion-induced and jet-
driving magnetic fields in the previous section. We
use the estimates to find through linear regression
analyses of B,.. — B;.; data (Figure 5), a relation
given by B;.:~Ba.."%’, with correlation coefficient,
r ~ 0.44. If we assume this marginal correlation is
enough for observed sources, then we may state
that the relation suggestively implies that jet
production is predominated by magnetization in
the sources with lower power output. Moreover,
we find through similar regression analyses of
Py, — B;er data (Figure 6), a relation of the form,
Pyor~Bie: "'** (with r ~ 0.41) between the source
observed bolometric luminosities and their
corresponding estimated jet-driving magnetic
fields.

A possible implication of these results is that jet
production by magnetization predominates in the
more extended EGRS with lower power output;
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while in those sources with higher power output,
the converse may be the case - some
processes, such as; hydrodynamics, thermal, and
radiation pressures may predominate over
magnetization.

Moreover, Figure 7 is the plot of B,.. and Bj.;
against observed bolometric luminosities of the
radio sources on the same axes. It compares
Buec and B;.; as Py, increases. It shows that as
luminosity grows, accretion-induced magnetic
field at the center of accretion disk increases too,
while jet-driving magnetic field decreases.
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Figure 7: Scatter Plot of Accretion-Induced
Magnetic Field (open circles) against Jet-Driving
Magnetic Field (filled circles).

The results obtained are comparable with those
obtained by [10] for the CSS sources. This
similarity between these two sources — the large
EGRS and CSS - simply suggests that CSS
sources are simply miniaturized versions of the
more extended EGRS.
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