
_____________________________________________________________________________________________________ 
 
*Corresponding author: E-mail: ubahlevi@gmail.com, Livinusubah@gmail.com; 
 
 
 

International Astronomy and Astrophysics Research 
Journal 
 
3(3): 1-6, 2021; Article no.IAARJ.70827 
 
 

 

 

Relativistic Jet Propagation: Its Evolution and Linear 
Size Cosmic Dilation 

 
O. L. Ubah1* and J. C. Ezeugo1 

 
1Nnamdi Azikiwe University, Awka, Nigeria. 

 
Authors’ contributions 

 
This work was carried out in collaboration between both authors. Both authors read and approved the 

final manuscript. 
 

Article Information 
 

Editor(s): 
(1) Prof. Magdy Rabie Soliman Sanad, National Research Institute of Astronomy and Geophysics, Egypt. 

(2) Dr.  David Garrison, University of Houston-Clear Lake, USA. 
Reviewers: 

(1) Gustavo Alexandre Achilles Fischer, National Institute for Space Research, Brazil. 
(2) Saleem Azara Hussain, University of Al-Qadisiyah, Iraq. 

(3) Hanan Abd ali Thjeel,  Wasit University, Iraq. 
(4) Dinesh Kumar Bajaj, MIT Art, Design & Technology University, India. 

(5) Sudeshna Mukerji, Jadavpur University, India. 
Complete Peer review History: https://www.sdiarticle4.com/review-history/70827 

 
 
 
 

Received 10 May 2021  
Accepted 16 July 2021 

Published 28 July 2021 

 
 

ABSTRACT 
 
Relativistic jets are ubiquitous in astrophysical systems that contain central cores. They transport 
large amounts of energy to large distances from the source and their interaction with the ambient 
medium has a crucial effect on the evolution of the system. Furthermore, the radio luminosity 
exhibited by these jets are merely an indirect measure of the energy transported through the jets 
from the central engine which is not easily interpretable. The mechanism(s) responsible for these jet 
phenomena is still a subject of debate. In this work, we use both statistical and analytical methods to 
obtain a mathematical relation that may explain the observed physical processes in the evolution of 
astrophysical jets. We first obtain measured observable parameters characterizing these jets, and 
then carry out linear regressions of these parameters against each other to obtain a statistical 
relation. We also use analytical method to obtain a relation which in conjunction with the statistical 
relation yields a new relation that may explain how these jets interact with the ambient medium 
through which they propagate. Result shows that radio jet velocity (V�) depends on the radio source 

energy density (u) and ambient particle number density (n�) according to the relation, V�~�
U
n�� �

�
��
 

 . 
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This relation suggestively indicates that jet velocity has a direct power-law relationship with the 
source energy density and an inverse power-law relationship with the ambient particle number 
density. 

 
 
Keywords: Relativistic jets; quasars; galaxies; redshift; linear size; cosmic dilation/evolution; ambient 

density; jet velocity. 
 
1. INTRODUCTION 
 
Astrophysical jets are narrow collimated, bipolar 
outflows ejected within the vicinities of a massive 
rotating object that propagate for large distances 
compared to the size of the launching region               
[1]. These narrow radio jets are observed in a 
wide variety of extragalactic sources with active 
galactic nuclei (AGN). These sources include: 
radio galaxies, radio loud quasars, compact 
steep spectrum sources etc. These jets are very 
powerful with an initial jet radius comparable to 
the gravitational radius of a black hole which is 
about one billion initial radii [2]. The typical power 
of these jets ranges from 10

35
−10

40
W                          

with velocities close to the speed of light [1] and                  
they can be traced up to distances of hundreds 
of kiloparsecs. This remarkable apparent                
stability of cosmic jets has attracted a lot of 
attention from both theorists and                     
researchers resulting in a very long list of 
analytical, statistical and numerical                   
studies. 
 
Jets are believed to be channels along which 
energy and momentum flow out from the nucleus 
of the parent galaxy and into the surrounding 
medium [3]. Also, there is evidence that 
astrophysical jets interact with their environment 
by transferring momentum to the surrounding 
gas, and this interaction may have significant 
effects upon their evolution [4]. Consequently, 
relativistic jets transport large amounts of energy 
to large distances from the source and their 
interaction with the ambient medium has a 
crucial effect on the evolution of the system [5]. 
The propagation of the jet is characterized by the 
formation of a shocked “head” at the front of the 
jet which dissipates the jet’s energy and a 
cocoon that surrounds the jet and potentially 
collimates it. The critical parameter that 
determines the properties of the jet–cocoon 
system is the dimensionless ratio between the 
jet’s energy density and the rest-mass energy 
density of the ambient medium. This parameter, 
together with the jet’s injection angle, also 
determines whether the jet is collimated by the 
cocoon or not [5]. 

Jet interaction with the external medium has 
been studied extensively in many different 
scales, using analytical and numerical methods 
[5]. Initially, it was studied in the context of radio-
loud AGNs [6, 7]. They showed that the 
propagation of the jet generates a double bow-
shock structure at the head of the jet. The 
question of how a jet of material propagating 
through an ambient medium interacts with that 
medium begs the following questions. First, what 
mechanisms work to deposit energy in the 
ambient medium as the jet propagates through it 
and how does the jet maintain its coherence as it 
propagates through such remarkable distances? 
Also, one ought to ask what the jet is made of 
and whether or not there are different modes of 
interaction with the ambient medium through 
which it propagates [8]. Credible analysis based 
on hydrodynamic simulations has demonstrated 
a number of interesting effects originating from 
ram pressure and the consequent turbulent 
acceleration of the ambient medium [9, 10]. 
However, in this paper, we will use statistical 
methods to first determine the cosmic linear size 
evolution of astrophysical jet sources and then 
with the aid of the results obtained employ 
analytical methods to determine how the jet’s 
propagating velocity evolves with time as the jet 
propagates through the ambient space. 
 

2. METHODOLOGY  
 
2.1 Variation of Linear Size (D) with 

Redshift (Z) For Quasars and Radio 
Galaxies  

 
The analyses are based on combined samples of 
Radio sources from Nilsson 1998 sample [11]. It 
includes 235 quasars and 411 radio galaxies. 
 
The linear regression analysis for these 
relationships for quasars and radio galaxies 
respectively are 
  

  log�� � = 2.47− 0.09 log��(Z + )              (1a) 
 
 log�� D = 2.49 − 0.07 log��(Z + 1)     (1b) 
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Fig. 1. Scatter plot of D vs Z for Quasars 

 
Fig. 2. Scatter plot of D vs Z for Radio 

Galaxies 
 

Rearranging the above, equation 1a yields 
 

 ∴ D = K(1 + Z)��.��                                                2 
 
Also from equation 1b we obtain 
 

 ∴ D = K(1 + Z)��.��                                                3 
 
From the Kinematics of expansion [12], we have 
 

 a�� = (1 + Z)                                               4  
 
Where a is the scale factor of the universe. 
 
Hence, we can write a general equation for 
equations 2 and 3 as thus, 
 

 D =  Ka�                                                      5 
 
Thus, 
 

 D ~ a�                                                          6 
 
Where n is a variable dependent on the density 
parameter Ω� [13] 
 
Hence equation (6) shows that the linear size of 
a radio source has a power-law function with the 
scale factor of the universe. 
 
Also, from ‘Relativistic Beaming and Orientation 
Effects’ which relates observed linear size, D and 
angular size, θ [14-16] 
 
D =  D� sin θ                                       7 
 
D = observed linear size of the radio source 
D� = Intrinsic linear size 
 
Hence equating equations (6) and (7), we have  

��� = �� ��� �                                                        8 
 
This yield 
 

 D� =
���

���θ
                                                                   9 

 

2.2 Jet Interaction with Ambient 
Environment 

 
We consider an expanding volume, V of sphere 
within which the jet is propagating 
 

 V =  
�π��

�
                                                                  10 

 
Here r is the radius of the sphere at time, t. 
 
According to [12], the expansion of any small 
spherical shell with radius r(t) is given by 
 

 r(t)=  r�a(t)                                            11 
 
Here a is the scale factor of the universe 
 
Therefore, 
 

 V =  
�π����

�

�
                                                            12 

 
The rate at which this volume changes with the 
scale factor is given by 
 

 
��

��
= 4πa�r�

�                                            13 

 
But from equation (11)  

 

 r� =
�

�
                                                                     14 

 
Therefore,  
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��

��
=  

�π��

�
                                                              15 

 
Since a is a function of time, we have 
 

 
��

��
=  ȧ                                                     16 

 
The rate at which the expanding volume varies 
with time is given by 
 

 
��

��
=

��

��
.
��

��
                                                              17 

 
This yields  
 

 
��

��
=

�π��

�
.ȧ = 4πr�H                               18 

 
Here, H is the Hubble parameter 
 
From the discussions in [15, 17], the jet kinetic 
power can be expressed as  
 

 P� ≈ m �cn�ΩD�
�V�

�                                          19 

 
Here Pj = jet kinetic power, 
m � = m ass of proton,n� =
am bient num ber particle density, Ω = jet opening 
solid angle, c is speed of light and other 
parameters have their usual meanings. 
 
Therefore, 
 

 
��

��
≈ m �cn�ΩD�

�V�
�                                      20 

 
Where E is energy: We note that the jet kinetic 
power is the same as the jet energy deposition 
rate within the ambient medium (according to 
energy conservation). Thus, the interaction 
between the jet and the medium can be 
determined by the interacting source energy 
density, U within the medium. 
 
Thus,  
 

 U =
��

��
=

��

��
/
��

��
                                            21 

 
The above yields  
 

 U ≈  
�����Ω��

���
�

�π���
                                              22 

 
Making V� the subject of the formula we obtain 

 

 V� ≈
�

��
�

π����

�����Ω
�

�

�
                                     23 

Substituting for D� in equation (9) we have, 
 

 V� ≈
���� θ

���
�

π����

�����Ω
�

�

�
                                         24 

 
The above equation (24) shows that the 
propagation velocity of the jet is approximately 
directly proportional to the square-root of the 
source energy density of the ambient medium 
and approximately inversely proportional to the 
square-root of the particle number density of the 
ambient medium. 
 
Assuming a constant θ, a, r and Ω; equation (24) 
can be written as  
 

 V�~�
U
n�� �

�
��
 

                                           25 

 
This relation suggestively indicates that jet 
velocity has a direct power-law relationship with 
the source energy density and an inverse power-
law relationship with the ambient density. This 
result is in consonance with results obtainable in 
the literature [18]. 
 

3. RESULTS AND DISCUSSIONS 
 
From the regression analysis of the linear size 
(D) against Redshift (Z), we can see that the two 
classes of radio objects do not differ remarkably 
in their cosmic evolution. This result is in line with 
the works of Kapahi and Kulkarni [19, 20] and 
supports the quasar / radio galaxy unification 
scheme. However, Singal in [21, 22] claimed that 
the super luminous sources like the steep 
spectrum radio loud quasars have a different 
regressional result; categorically, a reversal trend 
of what is experienced in radio galaxies. He 
claimed that in this group of quasars, the more 
luminous radio loud quasars appear to be 
smaller in size. The work of Singal [21, 22] goes 
in line with discussions [23, 24, 25] where the 
authors first pointed out that Steep spectrum 
quasars at high redshift appear to be of smaller 
physical sizes. 
 
However, it must be noted that this departure 
from cosmic size evolution was only observed for 
an aspect of quasars known as the steep 
spectrum quasars. Thus it appears 
understandable that Singal [21, 22] made this 
observation by doing his studies based on 
redshift bins. This explains why such 
observations can easily evade a researcher that 
based his research on general consideration of 
radio sources, since the number of such steep 
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spectrum sources will be very minimal compared 
to the large number of radio sources under 
consideration. Hence, we do not seek to justify 
the discussions in [19, 20] as that is in line with 
the result obtained here but to point out that the 
tendency observed in steep spectrum sources 
might be an indication of a turning point between 
the effect of cosmic force and gravitational force 
upon a radio source. Therefore, the discussions 
in [21, 22] do not necessarily negate the 
unification scheme of radio galaxies and quasars 
but might be an indication of a new trend in the 
evolutionary process. Moreover, since our 
concern is on the contribution of this cosmic 
dilation to the evolution of jet propagation, we 
have considered a wide range of redshift in order 
to obtain a general relationship for the linear size 
cosmic dilation. 
 
When we apply the result of the linear regression 
analysis of linear size (D) vs Redshift (Z) to the 
evolution of jet propagation through the 
interstellar space, it can be shown that the 
propagating velocity of the radio jet depends on 
the following according to equation 29 above:  
 
I. The source energy density of the ambient 

medium, U. 
II. The jet solid angle (i.e.Ω) 

III. The scale factor of the universe (i.e. a) 
IV. The angular size of the source, θ. 
V. The density parameter, Ω� (since it 

determines the value of the index, n). 
VI. The ambient gas particle number density, 

n�. 
 
Further analysis on equation 24 (i.e. assuming a 
constant θ, a, r and Ω ) yields the relation 

V�~�
U
n�� �

�
��
 

. This relation suggestively indicates 

that jet velocity has a direct power-law 
relationship with the source energy density and 
an inverse power-law relationship with the 
ambient density. This result is in total 
consonance with results obtainable in the 
literature [18]. 
 

4. CONCLUSION 
 
In this paper, we have been able to show that 
despite the discrepancies associated with cosmic 
linear size dilation between quasars and radio 
galaxies in the literature, the discrepancies 
evolved as a result of a particular group of radio 
loud quasars known as Steep spectrum quasars 
whose number within the observable universe is 
very few compared to the vast number of 

ordinary quasars available for analyses. We also 
pointed out that this discrepancy might be an 
indication of a turning point in the evolutionary 
process of radio quasars. Also, using analytical 
methods, we have been able to show that the 
ambient medium density through which radio jet 
propagates contributes immensely to the 
evolution of jet propagation according to the 

relation, V�~�
U
n�� �

�
��
 

.  
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