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Abstract

The astrophysics of Active Galactic Nuclei (AGN) is one of the long outstanding issues in

searches among the scientific communities raised with diverse perspectives like nebula, quasars, etc

some decades ago. Currently, this exotic system is at least understood as the center of an active

galaxy. Thus, the consensus of this recent theory has opened up a number of research issues for the

progress of astrophysical science including how the hosting galaxy evolves with the AGN, how mat-

ter and energy flow towards and outwards, etc. Moreover, most of the AGNs possess Supermassive

Black Holes (SMBHs) and accrete matter at a very high rate as current observations report. Con-

sequently, both observations of Electromagnetic (EM) spectrums and Gravity Waves (GWs) will be

considered to provide complementary information about the AGNs and the roles in their environ-

ments including black holes in their centers, outflow and inflow of matter-energy. Interested with

this background rationale, we study the mechanisms of AGN interaction with its environment and

flow of relativistic jets where General Relativistic (GR) Magneto-hydrodynamic (MHD) equations

and kerr metric are being considered. The solutions of the field equations are treated with a metric

that involves charged systems for the possible relativistic jets including accretions. Then, numerical

data is being generated using the latest version Mathematic software. Finally, the theoretical data

is being compared with that of observation for validation of the model. Where flat disk accretion

model is considered. Due to rotation and atmosphere of the AGN a pressure supported tori and

radiation transfer is exploited.

Key words: Accretion, AGN, GR, MHD, Metric, SMBH, EMW, GWs, matter-energy-flow,

relativistic-jets.
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Chapter 1

Introduction

1.1 Scheme of the thesis

In this introductory chapter we provide the detail background of the work including literature re-

views/issues thereof, objectives and methods. In chapter 2 the background physics, General Relativ-

ity theory (GR) is previewed. In chapter 3 overview of AGN, such as basic concept and definitions,

highlights of existing models, AGN activity and its environment. In chapter 4 we develop boundary

conditions and then derive dynamical equations that are used to describe the system. This chapter is

intended to enrich the method and model going to be implemented. In chapter 5 we provide discuss

and results of the work. In the final chapter, chapter 6 summary and conclusions be given.

1.2 Background and literature review

Active galactic nuclei (AGNs) are the luminous objects in the universe. Their source of luminosity

is central region of a galaxy, and the most probable engine of the activity is the supermassive black

hole in the center of the host galaxy. The observed AGNs can be divided into several classes:

quasars, Seyfert galaxies, radio galaxies, and BL Lacertae objects. On a more general level, AGNs

can be classified as radio-loud and radio-quiet AGNs.

Observationally, the discovery of Active Galactic Nuclei (AGN) goes back to more than a cen-

tury ago where the first spectroscopic detection of emission lines from the nuclei of NGC 1068 and
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Messier 81 was reported by Fath (1909) and the discovery of the jet in Messier 87 by Curtis (1918).

Then, a number of further spectroscopic studies were carried out by astronomers in the presence

of unusual emission lines in some galaxy nuclei with less understanding. However, the systematic

study of galaxies with nuclear emission lines began with the work of Seyfert (1943). Carl Seyfert

(1943) studied the spectra of spiral nebulae in detail and found that a fraction of them have bright

nuclei and emission lines. Based on the observed properties, Seyfert 1 and Seyfert 2 galaxies are

today used as an AGN classification due to optical spectra Carl seyfert selected group of galaxies

on basis of high central surface brightness (i.e stellar appearing cores). Seyfert obtained spectra

of these galaxies and found that the optical spectra of several of these galaxies (NGC 1068, NGC

1275, NGC 3516, NGC 4151 and NGC 7469) are dominated by high excitation nuclear emission

lines. Seyfert galaxies received no further attention until 1955, when NGC 1068 and NGC 1275

were detected as radio sources.

Some year later, radio astronomer discovered a class of extremely bright radio sources that ap-

peared to be associated with optical point sources Matthews and Sandage (1963). The development

of radio astronomy during 1950s was one of the key initiatives in understanding AGN including the

detected active elliptical radio source galaxies such as Messier 87 and Centaurus Bolton Minkowski

and Baade. Consequently, further progress in radio survey led to the discovery of new radio sources

as well as identifying the visible-light sources associated with the radio emission Zwicky (1967). In

photographic images, some of these objects were nearly point-like or quasi-stellar objects (QSOs)

in appearance, and were classified as quasi-stellar radio sources (later abbreviated as quasars,).

Also, further advances in the discovery of AGNs were stepped up in optically strong ultraviolet

continuum through and later in infrared and X-ray surveys during the 1960s Markarian (1967),

Weedman (1973). In fact this period was a breakthrough in the spectrum analysis where an accurate

position of certain quasars like 3C 273 were obtained observationally. Remarkably, during 1970s

both ground-based and sky-based observational techniques were developed to analyse wide range

of the QSOs spectral distribution that covers almost all spectrum of the electromagnetic radiation.
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Conclusions were drawn that the spectrum of QSOs is just identical to that of the nuclei of the

Seyferts. Later studies vastly have shown that both objects are recognized as the nuclei of hosting

galaxies, the AGN. Moreover, all massive galaxies are likely to have hosted AGN activity during

their lifetimes. As of the current understanding AGNs are among the most powerful energy sources

in the Universe with extreme luminosity over the whole electromagnetic spectrum.

After widespread studies of active galactic centers,researchers of the field come to a common con-

sensus that the plausible reason for the extreme luminosity in some galactic centers is the presence

of compact object (like black hole) in galactic center which accretes materials close to it. Accret-

ing materials (collection of; stars, dusts and gases), release tremendous amount of gravitational

potential energy in the form of radiation. This existing supermassive blackhole in center of AGN

is the present standard theories. The appealing AGNs with Super-Massive Black Holes at their

centers powered with accretion Caputi (2014a). However the central gravitating black hole can be

either rotating or non-rotating by itself. Accretion onto non-rotating black hole is omni-directional,

while accretion onto rotating black is confined to equatorial plane perpendicular to the black hole’s

rotation axis. however in evidences almost all black holes are rotating so that we have accreting

materials confined in equatorial plane and form disk-like structure called accretion disk. Accord-

ingly, there is a plethora of research going on modeling of these exotic systems with various ap-

proaches and perspectives. In fact, there are encouraging developments where some of the models

are successful within their limits. The present computing standard theories are appealing AGNs

with Super-Massive Black Holes at their centers powered with accretion, see Caputi (2014b) and

the references therein. However, there are unsettled debates on the mechanisms how these central

engines affect the dynamistic of systems in their environments, for example see Best and Heckman

(2012), Gaspari (2015), Nixon et al. (2012).

So motivated by this scientific rationale we are interested to study the role of AGN activity in

generation and collimation of the outflow and flow of relativistic jets.
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1.3 Statement of the problem

The astrophysics of AGN is one of the long standing issues that was in frequent searches among

the scientific communities raised with diverse perspectives like nebula, quasars , etc some decades

ago. Currently, this exotic system is at least understood as the center of an active galaxy. Since, the

consensus of this recent theory a lot of issues are currently open to research for the progress of the

astrophysical science that include how the hosting galaxy evolves with respect it, how do matter and

energy flow towards and outwards, testing the effect of gravity, etc.

Research questions

• In what way does the AGN affect systems around its environment?

• What is the geometry of interaction system of the AGN with its environment?

• In what way does the AGN intake and eject relativistic jets and radiate?

1.4 Objectives

1.4.1 General objective

To study active galactic nuclei activities and flow of relativistic jets.

1.4.2 Specific objectives

• To explain the way that AGN affects systems around its environment.

• To describe the geometry of interaction system of the AGN with its environment.

• To study the way AGN intake system from its environment and release relativistic jets and

radiation.
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1.5 Methodology

General relativistic field equation is being used to derive the relevant dynamical equations with

simplifying boundary conditions. The central engine of the AGN is considered with SMBH. It is

hoped to work for both in the presence or absence of such real object, where in the later case a

pseudo SMBH is assumed. The rational behind is that, the AGN is presumably sufficiently massive

whether it is cored with such objects or not to appeal for strong gravity around its environment.

On top of this the general consensus that the AGNs cores are being rotating is presumed, so that

the space time around the AGNs is Kerr geometry. Due to more mass inflow, a fat disk accretion

model is considered. Moreover, due to rotation and atmosphere of the AGN a pressure supported

tori and radiation transfer is exploited. The derived equations are expected to correlate the process

occurred at emission to that of observation point far away from the AGN by the general covariant

transformation.

5



Chapter 2

Introduction to General theory of
relativity and Einstein Field Equations
in Kerr spacetime

General Relativity is the geometrical theory of gravitation, work of Albert EinsteinEinstein (1915).

It unifies Special Relativity and Sir Isaac Newton’s law of universal gravitation with the insight

that gravitation is not due to a force but rather a manifestation of curved space and time, with the

curvature being produced by the mass-energy and momentum content of the space-time. General

Relativity is the most widely accepted theory of gravitation and has important astrophysical im-

plications. The fields such as detection of light rays in the gravitational field of massive stars, the

gravitational red-shift, gravitational time delay and others were most successfully explained by Gen-

eral Theory of relativityTewari (1988). Under the normal conditions the general relativistic effects

are very small and extremely difficult to detect.

The philosophy of General Relativity (GR) states, the effect of gravitation is contained in the

metric tensor fieldgµν . Thus, in Einstein’s theory of gravity, the gravitational field is promoted to

a space-time metricgµν . In 1916 Schwarzschild constructed the first exact solution of Einstein’s

gravitational field equationsSchwarzschild (1916). His solution was one of the physically inter-

pretable solutions of Einstein’s field equations. Schwarzschild metric tensor field is that due to a

static spherically symmetric body situated in empty space such as the Sun or a star. Schwarzschild
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metric has been the basis of theoretical investigations of gravitational phenomena in Einstein’s the-

ory of gravitation. This is in spite of the fact that the Sun and most planetary bodies in the Solar

System are not perfectly spherical but oblate spheroidal in shape.

2.1 Einstein Field Equation (EFE)

The Einstein field equation is;

Rµν −
1
2
gµνR + gµνλ = −kTµν (2.1.1)

whereRµν and R are Ricci-tensor and scalar curvature respectively constructed from an invariant

4-rank Riemann curvature tensor which is given as;

Rλ
µλν = Γλ

µλ, ν − Γλ
µν , λ + Γη

µλΓλ
ην − Γη

µνΓ
λ
ηλ (2.1.2)

and alsoTµν is the stress-Energy tensor,gµν is metric andλ is cosmological constant andk = 8πG
c4

.

The christoffelsymbol is given as;

Γµ
λν = gρµ(gρµ,ν + gρν,µ − gµν,ρ) (2.1.3)

In our case the cosmological constant neglected. so the EFE equation rewrite as;

Rµν −
1
2
gµνR = −kTµν (2.1.4)

By contracting the indices of equation (2.1.4) we will get the following which is called curvature

scalar

Rµν −
1
2
gµνR = −kTµν (2.1.5)

R− 2R+ = −kT (2.1.6)

R = kT (2.1.7)

By substituting R in equation (2.1.4)

Rµν = −k(Tµν − 1
2gµνT ) (2.1.8)
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2.2 Spherically symmetric solutions of EFEs

Karl Schwarzschild was investigate the exact solution of Einstein’s field equations was found in

1916. This solution describes the geometry of space-time outside a spherically symmetric matter

distribution. Schwarzschild obtained the solution for static and spherically symmetric gravitational

field produced by non-rotating neutral black hole. The existence of the solution have play a great

role in astrophysical situations such as involving spherical accretion , accretion disk structure around

black hole and stars, their optical appearance etc. They have become an important part of the arsenal

of astrophysicists. The most general spherically symmetric metric is

ds2 = α(r, t)dt2 − β(r, t)dr2 − γ(r, t)dΩ2 − δ(r, t)dtdr (2.2.1)

where

dΩ2 = dθ2 + sin2 θdφ2

2.3 Kerr metric

In order for a solution to be fit for the universe it is required that it must be asymptotically flat that

is, the solution must tend to flat space metric at large distance. To describe a uniformly rotating

bounded source, two or more variables must be used, and this complicates the process of finding

an exact solution of EFE tremendously. Roy kerr discover such solution in 1963. This discovery is

arguably one of an influential discoveries in second half of the 20th century as it has so impacts on

different field of science such as physics, Astrophysics and astronomy. Roy Kerr obtained axially

symmetric, stationary, but not static gravitational field produced by rotating neutral black hole. The

Kerr metric, written in Boyer-Lindquist (BL) co-ordinates (oblate spheroidal co-ordinates), is given

by

ds2 = gttdt2 + 2gtφdtdφ + grrdr2 + gθθdθ2 + gφφd2φ (2.3.1)

where

gtt = −(1− 2mr

ρ2
)

8



gtφ = −2mar sin2 θ

ρ2

grr =
ρ2

∆

gθθ = ρ2

gφφ =
sin2 θ

ρ2
[(r2 + a2)2 −∆a2 sin2 θ]

and

ρ2 ≡ r2 + a2 cos2 θ

∆2 ≡ r2 − 2Mr + a2

9



Using equation (2.1.3), the non-zero christoffel components of kerr-metric are;

Γt
tr =

M(r2 + a2)
r2∆

Γφ
tr =

Ma2

r2∆

Γt
tθ = −2Ma2 cos θ

r3

Γφ
tθ = −2Ma2 cos θ

r3

Γt
rφ = −Ma(3r2 + a2)

r2∆

Γφ
rφ =

r(∆− a2 −ma2)
r2∆

Γφ
φθ = (1 +

2ma

r2
) cos θ

Γt
φθ =

2Ma3r sin3 θ cos θ

ρ4

Γr
tt =

∆M(2r2 − ρ2)
ρ4

Γr
tφ = −∆Ma(2r2 − ρ2) sin2 θ

ρ4

Γr
rr =

1 + ∆/ρ2)r −M

∆

Γr
rθ = Γθ

θθ = Γθ
rr
∆ = −a2 sin 2θ

2ρ2

Γr
θθ = ∆Γθ

rθ = −r∆
ρ2

Γr
φφ = −∆(rρ4 − a2M(2r2 − ρ2)) sin2 θ

ρ6

Γθ
tt = −a2Mr sin 2θ

ρ6

Γθ
tφ =

aMr sin 2θ(r2 + a2)
ρ6

Γθ
φφ = −sin 2θ[(r2 + a2)ρ4 + 2Ma2r(ρ2 + (r2 + a2)) sin2 θ]

2ρ6
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Chapter 3

Introduction to Active galactic nuclei
(AGN)

Since 1940 a newly developing science in astrophysics and still mystery is AGN and its system. An

AGN is a compact region at the center of a galaxy, characterized by exceptionally bright observed

luminosities across the entire electromagnetic spectrum far in excess of what can produced by the

host galaxy’s stars alone. Many different classes of AGN are present with having different obser-

vational properties. The demonstration of these classes are different ratios of radio, optical/UV and

X-ray flux, dissimilar amounts of variability and the presence or absence of broad and narrow emis-

sion lines in their optical spectra. The study of multi-wavelength of AGN and their corresponding

yields unification model of AGN.

3.1 Structure and unification model of AGN

Even if diverse types of AGN are observed with different properties, it is generally believed that their

fueling mechanisms are essentially similar. The current AGN model unification scheme between

this different types of AGN were developed by Antonucci (1993) and Urry and Padovani (1995).

Antonucci (1993) defined a preliminary simple model of two basic types of AGN: radio quiet and

radio loud. Seyfert galaxies and radio-quiet quasars belong to the radio-quiet group, while radio

galaxies, radio-loud quasars, and BL Lac objects make the radio-loud group. Urry and Padovani
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Figure 3.1: Beckmann and Shrader (2012);graphic by Marie-Luise Menzel

(1995) further divided the radio-loud subclass into two intrinsically different types based on their

radio luminosity: the high-luminosity sources, such as radio-loud quasars and FR II radio galaxies,

and the low-luminosity sources, such as BL Lac objects and FR I radio galaxies. With this division,

all AGNs belong in one of three physically different types. Differences between AGN in each

of these types are caused by different viewing angles from which we observe them. Depending

orientation of the dusty torus to the observers line of sight, Type 1 AGN are usually observed face-

on through a cavity in the torus and are typically bright in the X-ray, UV, and optical spectrum;

Type 2 AGN may be intrinsically less luminous or are observed at an angle through the torus, and

are thereby obscured by high column densities of dust and gas from the observers line of sight,

enough so that most or all of the X-ray emission is absorbed and undetected Aird et al. (2012),

Lanzuisi et al. (2014).
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AGN model manifest the central engine is a super-massive black hole, surrounded by an accre-

tion disk. Above the accretion disk there are broad emission line gas clouds, at a few fractions of

a parsec (pc) from the central black hole, which are heated by radiation from the disk, giving rise

to broad optical/UV emission lines. Close to the disk plane is the molecular/dust torus at around.

There are also the narrow emission line clouds. This model contains the essence of the components,

yet their linear dimension and the distance to the central black hole are approximate, depending

greatly on the AGN’s luminosity Krolik (1999). Actually the mass accretion rate determine the

strength of radiation pressure force. Hence, at very high mass accretion rates the radiation pressure

force becomes so great that the inner disk expands vertically and can no longer be treated as geo-

metrically thin. In accretion onto the black hole there are also collimated out flows in the form of a

pair of large scale relativistic jets which are directed along the spin axis of the accretion disk.

The observed widths of spectral lines in various wavebands are the estimator of the distances

to the structures of AGN. As accretion disk widen to molecular torus, the material outside the

equatorial plane cannot be in orbit as within half an orbital period it would intersect the disk. The

conjecture is that it must be within some form of outflowing wind, which has speed of order of

the escape velocity. However, even if the outflowing material is not in the form of a wind, the

difference between the escape velocity and the velocity due to Keplerian motion is logarithmically

small compared to the uncertainties for the use of the escape velocity and the ionisation parameter to

constrain the location of structure in AGN Blustin et al. (2005). These crude distance estimators are

enough to determine that the broad line region may be due to material evaporating off the accretion

disk or molecular torus, and that the narrow line region is much further out.

At inclinations further away from the jet axis, or where there is no jet from the central engine,

observers will be able to observe emission from the accretion disk. In many systems, the emission

manifests as a big blue bump in the optical/UV part of the spectrum. The emission lines from the

broad and narrow line regions are also seen in the optical spectrum. Objects with this viewing

geometry are known as Seyfert I and steep-spectrum radio quasars (SSRQs) are normally radio
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lobe-dominated radio quasars. Their lobe emission dominates their core emission, since beaming

effects are less severe as their relativistic jets are viewed at larger inclination angles.

At even higher inclinations the molecular torus blocks the line of sight to the accretion disk.

The only observable is scattered light from the central engine. The scattered light is polarised. At

these inclinations even the broad line emission region may be obscured, but the narrow emission

line region remains unobscured. If the narrow line region is visible, but the broad line region is not,

then the objects are classed as Seyfert 2s and are predominantly radio-quiet.

It is believed that atleast 10% of AGN the accelerating region produce collimated jets of material

that extend for distance of kiloparsecs. This large scale jets appear to be typically associated with

giant elliptical galaxies and denoted radio loud galaxies. Radio loud AGN are further subdivided

into quasars which has high luminosity and Blazars with BL Lac type objects are therefore classed

as Faranoff-Riley (FR-I)sources which have extended jets but a brighter central source. Quasars may

have a brighter radio lobes extend to kiloparsec. Because the lobes are brighter at radio frequency

than the central sources this objects fall into the FR-II source classification Fanaroff and Riley

(1974). FR-I radio lobes are edge-dim and centrally bright, with a relativistic jet which gradually

widens into the lobe. FR-II radio lobes are edge-bright and centrally dimmer, with a relativistic

jet which maintains its narrow cross-section until the lobe. FR-II radio jets also tend to have a hot

spot on the side furthest from the galaxy. This hot-spot is the strong shock where the relativistic jet

terminates, colliding with a wall of ambient thermal gas.

3.2 AGN activity and its environment

AGN produce an enormous amount of energy that is injected into their surrounding environment

through ionizing radiation and relativistic jets. Also the comoving density evolution of AGN is

remarkably similar to the evolution of the total star formation rate density and to the evolution of

the space density of starbursting galaxies. One of the key roles in the framework of galaxy formation

is the AGN activity.
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In essence, all nearby galaxies possess a super-massive black hole at their center, and that the

black hole mass is correlated with the bulge mass and velocity dispersion also suggest a strong link

between galaxy formation and black hole growth (ie AGN activity). This imply that the black hole

and the bulge grow together until the AGN is luminous enough so that the radiative pressure drives

winds that expel the cold gas in the intergalactic medium thereby stopping the star formation?.

This is AGN feedback, in the form of radiative pressure. This self-regulating process which links

the energy released by the AGN to the surrounding gaseous medium and in this way, impacting on

the evolution of the host galaxy.

The AGN activity (SMBH growth)and galaxy growth are co-evolutionary processes. These

processes may regulate each other over time to produce the galaxy and SMBH sizes we observe

today. It is believed that AGN activity and star formation are interconnect. Both central black hole

growth and star formation rely on the abundance of cold molecular gas, while cold dust and gas

collapse to trigger star formation, the SMBH at the galaxy core gravitationally attracts cold gas and

dust into a clumpy obscuring reservoir a few parsecs out from the SMBH, which fuels a thin, hot

SMBH accretion disk with a radius typically≤ 1 pc. Since AGN activity also produces X-rays,

the expectation is that AGN should track strong dust emission and that X-ray and infrared emission

should be correlated.

Fundamentally, the rates of star formation and BH growth in galaxies will be down to the bal-

ance between feeding (a supply of cold gas) and feedback (the prevention of the cold gas supply). A

simple explanation for the co-evolution of star formation and BH growth and the observed relation-

ships between galaxies and BHs, is that they grow from a common fuel supply. Both star formation

and AGN activity are known to be a source of energy and momentum (due to radiation pressure and

the expulsion of material through winds or jets). If these winds, jets or radiation pressure are able

of significantly suppress the supply of cold gas they will be the cause of negative feedback. If either

one of these processes injects energy or momentum into their surroundings (i.e., provides the source

of heating or outfows) future AGN activity and star formation could be enhanced or suppressed (i.e.,
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the impact). The overall results of these processes could affect the observed properties of galaxies,

BHs and the gas in the larger scale environment. The AGN activity can directly impact upon the

evolution of their host galaxies. The potential impact of AGN activity can be simply assessed by

considering the amount of energy it takes to build a massive black hole:

EBH = ηMBHc2 (3.2.1)

Whereη is the mass-to-energy efficiency conversion,MBH is mass of Black hole andC is speed of

light.

Several studies have been taken on the nearby environments of different types of AGN have

been made using the spatial galaxy-galaxy cross-correlation amplitudeBggBahcall and Spitzer Jr

(1969). Different researchers are differentiating the AGN environment using this the spatial galaxy-

galaxy cross-correlation amplitude(Bgg). For example the study result of? implies that, for Seyfert

2 galaxies are close to their control sample of nonactive galaxies, while Seyfert 1 galaxies were less

clustered. The other parameters that determine the difference in environment of seyfert 1 and 2 is

their interaction with the neighboring galaxies which could drive more molecular gas toward the

center of the galaxy, and thus increasing obscuration Dultzin-Hacyan et al. (1999).

As different showed usual environment for quasars is a small group of galaxies, although some

of them may also be found in richer clusters. Radio-loud quasars tend to have higher clustering in

their environment than the radio quiet quasars Ellingson et al. (1991), Fisher et al. (1996), Yee and

Green (1984). They suggest that this difference may be due to more efficient fueling for quasars

in rich environments, causing triggering of radio-loud quasars only in rich environments. Radio

galaxies are found in high-density environments. The environment of radio galaxies depend on their

radio power and redshift Hill and Lilly (1991). Some consensus imply that the redshift dependency

is stronger for FR II type galaxies than for those with FR I type morphology. At redshiftz ∼ 0,

FR I radio galaxies are found in slightly richer environments than the FR II. Because sources with

higher power can be detected from a larger distance, the differences caused by redshift cannot be
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separated from differences caused by power.

On the other hand large-scale environments of AGNs provide for a test of the unification model.

The orientation of the nucleus does not depend on the group of galaxies, or even large-scale environ-

ment in which its host galaxy resides. The environmental studies have provided evidence against

the unification model. BL Lac objects have local environments more typical to FR II type radio

galaxies and radio-loud quasars than to FR I radio galaxies. This suggests that FR I galaxies may

not be the parent population of BL Lac objects as the unified scheme predicts and also detected char-

acteristics more typical to FR II radio galaxies in the radio emission of some BL Lac objects Kharb

et al. (2010). These findings included extended luminosities and hot spots that are often found in

radio-loud quasars. Based on these findings, it is possible that BL Lac objects may not constitute a

homogeneous population that fits in the simple unified scheme. Instead, BL Lac objects may have

both, FR I and FR II galaxies as their parent population.

In general, the differences between the environments of different types of AGN are moderately

connected to the types of AGN host galaxies. The hosts of radio galaxies are red elliptical galaxies

in dense environments,and for Seyfert galaxies, are spiral galaxies in lower densities. According

to Hickox presented, radio and X-ray selected AGNs are clustered similarly to their host galaxy

populations, but infrared-selected AGNs are weakly clustered relative to a matched galaxy sample

Hickox et al. (2009). These findings suggest that different types of AGN are likely to be triggered in

different environments. Based on the luminosity-density field we found that a typical environment

for Seyfert galaxies and quasars is a void or a low-density filament. Radio galaxies are more likely

to be in superclusters. BL Lac objects are also often in high-density environments, but their fraction

in void environments is higher than that of radio galaxies.

AGN feedback is the (self-regulating) process which links the energy released by the AGN to

the surrounding gaseous medium and in this way, impacting on the evolution of the host galaxy.

The energy injected by the AGN can provide the mechanism, either by preventing the cooling of

gas or by expelling gas from the galaxy, to quench star formation (thus limiting the number of
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massive galaxies) and to limit the growth of the SMBH. Thus, it helps explaining key observations

in these areas obtained in the recent years Mizuta et al. (2004). In addition, the energy dumped in

the environment of the AGN affects the fuelling of the nuclear activity itself, thereby regulating its

duty-cycle.

There are two modes in which AGN feedback can operate and they depend mostly on the type of

nuclear activity. These are quasar mode and kinetic mode. The quasar (or radiative) mode is mostly

associated with high luminosity AGN, i.e. those emitting close to the Eddington limit, where most

of the energy is released by radiation (or a wind) from the accretion disk but where also radio jets

can play a role. The release of energy drives gas outflows expelling gas from the galaxy. The jet

(or kinetic) mode is, instead, considered to be dominant in low-power AGN where the radio plasma

provids the main source of energy, preventing the gaseous atmosphere from cooling back into the

galaxy. While in the most extreme cases high luminosity AGN and cool-core clusters the separa-

tion between the two modes can be clear-cut, in other more intermediate situations, and for the most

common types of AGN, the separation may not be always so sharp. Multi-wavelengths observa-

tions are often needed to recognize and disentangle different modes of feedback. Furthermore, the

luminosity (or radio power) of the AGN is not the only parameter defining the impact. The coupling

between the energy released and the medium is important Blandford and Payne (1982) as well as

the duty-cycle of the activity.

3.3 Rotating BH

The source of rotating black holes are thought to be the gravitational collapse of a massive rotat-

ing star or from the collapse of a collection of stars with an average non-zero angular momentum.

This only exist if the radius of the collapsing body reaches the gravitational radius. Such collapses

will be more general than a non-rotating collapse and would complete the case for all gravitational

collapses. The asymmetry inherent in the collapsing body is suggested to be radiated gravitation-

ally and the final outcome is assumed to be a stationary spherically symmetric rotating black hole.
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All the features of rotating black holes can then be described by the charge,mass and the angular

momentum of the black hole.

A complete mathematical description of space-time around a rotating black hole was provided

by Roy Kerr in 1963. The Kerr metric used to describe a rotating black hole is studied using

various coordinate systems out of which the Boyer Lindquist coordinates provide an extension to

the Schwarzschild coordinates and are the most studied and exploited for the study of rotating

space-time behavior. The angular velocity of the central black hole plays an important role in

determining not only the space-time geometry exterior to it but also the dynamics of plasma fluid

and the configuration of electromagnetic field. This motivates the theoretical astrophysicist to study

rotating black holes which is mostly belongs to the Kerr-Newman family (i,e fully determined by

mass, angular momentum and electric charge of the black hole). The source of this gravitational

field is a charged mass current. For astrophysical black holes, the electric charge is supposed to

be unimportant. The reason is that an electric charge would be compensated by electric currents

i.e. plasma flows in the environment of the black hole. Hence, astrophysicists focus on rotating

electrically neutral black holes. They are described by the Kerr solution.

The dynamics of a particle near a black hole is determined by the curvature of space- time

around the black hole. Roy Kerr obtained axially symmetric, stationary, but not static gravitational

field produced by rotating neutral black hole. Black holes’ specific angular momentum′a′ of mass

M and angular momentum J is given by;a ≡ J
M , whereG = c = 1 and

a∗ ≡
a

M
=

J

M2

wherea∗ is the dimensionless parameter which is introduced to express the magnitude of the spin.

Its’ ranges is between -1 and 1. ifa∗ = −1 (maximally counter-rotating BH), througha∗ = 0

(Schwarzschild BH), toa∗ = 1 (maximally rotating BH). In his geometry of spacetime, adopted in

Boyer-Lindquist coordinates the line element of an event has the form:

ds2 = (
4aM2

r

2

sin θ − ρ4∆Σ2ρ2)dt2 +
4Mr

ρ2a sin2 θ
dtdφ+

ρ2

∆
dr2 +ρ2dθ2 +

∑2

ρ2 sin2 θ
dφ2 (3.3.1)
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where

ρ2 ≡ r2 + a2 cos2 θ

Σ2 ≡ (r2 + a2)2 − a2∆ sin2 θ

∆2 ≡ r2 − 2Mr + a2

and′a′ is the ratio of angular momentum(J) to unit mass of black hole(M). The units used in Kerr

metric solution is geometrical units in which r, M and a have units of length. unlike schwarzschild,

the mixed metric coefficientsgtφ, gφt are non zero. Therefore, the metric is a non-diagonal metric

irrespective of the choice of the coordinate system. The non vanishing non diagonal components of

the Kerr metric introduces new concepts of space-time reversal and static limit which accounts for

intriguing new physics in such spacetimes. The metric is stationarity and symmetricity is intercon-

nect with respect to the polar axis ofθ = 0 and the equatorial planeθ = π
2 . The sign of the metric

used here is (- + + +). let note that in studying about accretion disks it is convenient to write the

Kerr metric in the approximate form valid close to the equatorial planecos2 θ << 0 and introduce

the vertical cylindrical coordinatez = r cos θ. The determinant of the Kerr metric element given in

above is;

−g = ρ4 sin2 θ (3.3.2)

⇒
√
−g = ρ2 sin θ

In a general, Kerr solution is one possible realization for an axisymmetric and stationary space-

time. Each symmetry of a spacetime is associated with a Killing field. The higher the symmetry,

the more Killing fields are available. Axisymmetry and stationarity lead to two Killing vectors:

axisymmetry requires an asymptotically space like Killing field,∂φ, and stationarity requires an

asymptotically timelike Killing field,∂t. Both Killing fields can be extracted from the Killing equa-

tion for the spacetime. The advantage of this axial symmetry and stationarity of gravitational field

of the central rotating black hole is greatly reduce the complexity of the governing equations.∂tgµν

= 0 and∂φgµν = 0 where stationarity and axial symmetricity respectively
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The kerr black hole (rotating BH) has horizons and ergosphere. Event horizon is a surface that

circumscribe the black hole, within which nothing can be seen and nothing can escape, because

the necessary escape velocity would equal the speed of light. The event horizon acts like a kind of

one-way membrane, means event horizon flags the point of no return for infalling matter, radiation

and observers. The notion of an event horizon is justified because events or in relativistic language

world points that are located beyond the horizon radius cannot be detected from outer observers.

Like every horizon the black hole event horizon separates observable from unobservable objects.

Here, we focused on the outer event horizon neglecting inner horizon. The reason why the

Cauchy horizon neglected is that it is of subordinate importance for astronomy because observa-

tional features stop naturally at the outer horizon. For vanishing spin parameter,a = 0, these two

horizons degenerate to only one horizon, the Schwarzschild radiusRs = 2M . Generically, there is

no dependence of any horizon radius on the poloidal angleθ. Hence, the horizons have in any cases

spherical symmetry.

The other region around a Kerr black hole is where spacetime itself is dragged along in the

direction of rotation at a speed greater than the local speed of light in relation to the rest of the

universe. In this region, negative energy states are possible, which means that the rotational energy

of the black hole can be tapped through various manifestations of the ”Penrose process”. Within this

region the Killing vector fieldk( ∂
∂t) becomes spacelike, which is a very different situation from the

Schwarzschild case, where this only happens inside the event horizon. Of course this means another

direction must have become timelike, and so as it turns out, inside the ergosphere any observer has

to move with a certain minimum (nonzero) coordinate angular velocity.

The important point in defining the ergosphere is the region for which the Killing vector field

k is spacelike. That is, if an observer inside the ergosphere would like to follow an orbit of k, it

would have to move faster than light; an observer inside the ergosphere cannot remain stationary,

eventhough the observer finds himself outside of the event horizon. The mathematical surface of

ergosphere is defined by the vanishing componentgtt of the metric. Hence, the ergosphere depends
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Figure 3.2: kerr black hole,2003 stuart J. Robbins

on the poloidal angle and has oblate morphology, comparable to the Earth. At the poles of the black

hole, the ergosphere touches the outer event horizon. At the equator the ergosphere has a bulge(see

figure3.2).

The key feature of the Kerr geometry is the rotation of space-time and here, the dynamics

implies that reference frames are dragged. It is not possible to sustain static observers. Hence, the

ergosphere is also called the static limit. There is no globally time-like non-rotating Killing field.

Observers are also dragged by the rotating space-time. An observer with fixed(r, θ) with respect

to the rotating frame of reference in the vicinity of the black hole will appear to be stationary in

this frame of reference of the black hole however locally stationary observer will be rotating with

respect to the asymptotic Lorentz frame.

3.4 Accretion disk

Accretion disks are the generic structures associated with compact objects powered by matter accre-

tion onto them. Accretion may exist in different astrophysical objects such as AGN, newly formed
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stars and proto-planets, binary star systems. Here, in this section we focus on the disks in AGNs.

Their formation is a consequence of the fact that the specific angular momentum of the accreting

matter at the outer boundary of the flow is larger than its Keplerian value on the accreting body

vicinity. If the accreting matter conserves angular momentum but is free to radiate energy, it will

lose energy until it is on a circular orbit of radiusRc = J2/(GM), whereJ is the specific angular

momentum of the gas, and M is the mass of the accreting compact object. The role of the accretion

disk is to rid this excess angular momentum of the disk plasma and allow it to accrete onto the grav-

itating compact object. This process is effected by viscous stresses which at the same time cause

the heating of the accreting matter and emission of radiation with rather specific spectral character-

istics. The geometry of accretion disk are; For non-rotating black hole the accretion of matters has

spherical symmetry while accretion onto rotating black hole has axial symmetry (disk like struc-

ture perpendicular to the axis of rotating black hole). The geometry is determined moreover by the

angular momentum.

The forces that acting on the accreting materials onto compact rotating objects are inward grav-

itational force, centrifugal force and outward radiative force (radiation from the innermost accreting

matters). At certain region around gravitating object, the inward gravitational force is balanced by

the two outward forces and hence the accreting matters orbit the central gravitating objects without

falling in. This is known as stable orbit in which materials confined. However; it does not mean that

this is the last fate of the accreting materials. The accreting materials at the innermost stable orbit

have higher velocity compared to that of the outermost parts. This differential rotation leads to vis-

cosity. Due to the action of viscosity, we expect energy and angular momentum to be transformed

from the faster moving inner regions of the disk to the slower moving outer regions. As the materials

in an inner layer loses angular momentum, it spirals inward and here viscosity determines the rate of

radial inflow of matter and therefore the rate at which the gravitational potential energy is converted

into other forms, like radiation. Materials had no viscosity implies that, there would be no release

of gravitational energy after the formation of the disk. Mathematically the gravitational potential
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energy released by the accreting materials around compact object is:Eaccretion = GMm
r , where G,

M, m, r represents gravitational constant, mass of central compact object, mass of accreting matter

and radius of central compact object respectively.

3.4.1 Thin disk

There are two types of accretion of matter with high angular momentum on to a compact central

object, central object with massMBH . when the rate of matter supplied from outsideṀout is lower

than critical one then, in most case a thin, disk like structure is formed and if the rate of matter

supplied from outside is much faster than critical rate thick accretion disk is formed (accretion

torus). where

Ṁcrit = LEdd
MBH

Eff(Rin)c2
= 3× 108 MBH

M⊙ [
MBH

M⊙ ]

where Under this subsection let we introduces thin accretion disk by considering the standard model

accretion disk. The standard model of accretion disk was first formulated Shakura (1972)and then

generalized to the Kerr- metric by Novikov and Thorne (1973). The central work of theα-model was

to describe a geometrically thin non-self gravitating disk by hydrodynamical equations averaged

over the disk thickness. Geometrically thin and non-self-gravitating disk means that the scale of

height of the disk H (thickness) is much smaller than the radial distance r(H
r << 1) radial and

vertical dependencies are separable. Working in cylindrical polar coordinates, the disk structure is

most easily considered first in the z-direction. In addition, the disk is axisymmetric and stationary.

The mass of the diskMd is much smaller than the mass of the central objectMc(Md << Mc) so

the gravitational influence of the disk is negligible. In this case the angular velocity will have the

Keplerian form

Ω(R) =

√
GM

R3
(3.4.1)

whereΩ is the angular velocity of the gas at radius R.

Most parameters can then be integrated vertically yielding surface densities which depend only
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Figure 3.3: thin disk

on R and (α). For hydrostatic equilibrium in the vertical direction, the continuity equation gives

1
ρ

∂P

∂z
=

∂

∂z
[

GM√
R2 + z2

] (3.4.2)

whereρ is the density, P the pressure, and M is the mass of the central accreting object. R is the

cylindrical radius, and z is the height out of the equatorial plane. For a thin diskz << R, it follows

that
1
ρ

∂P

∂z
' ∂

∂z
[

GM

R(1 + 1
2

z2

R2 )
]

' GMz

R3

1
ρ

∂P

∂z
' P

H

where H is a pressure scale-height,z ∼ H, and

P = ρc2
s

The disk scaleheight may be expressed as

H

R
' cs

√
R

GM
(3.4.3)

In the conditionH << R,

cs '
√

R

GM
(3.4.4)
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Recalling the continuity equation the radial flow and angular momentum through the thin disk will

be

∂

∂r
(RΣνR) = 0 (3.4.5)

where
∑

=
∫

ρdz is the surface density of the disk andνR is the radial drift velocity. Note that

RΣνR is a conserved quantity in the mass conservation equation, representing the constant in flow

of mass through each fluid element in the disk. The accretion rate that obtained after integrating this

equation is

Ṁ = −2πRΣνR (3.4.6)

where - sign indicating that the total mass within the disk is decreasing. The total angular momen-

tum lost when mass moves in unit time fromR + dR to R

dL

dR
= Ṁ

d(R2Ω(R))
dR

(3.4.7)

Since L changes, accreting matter needs to lose angular momentum. which is performed by viscous

forces exerting torques. The total torque is

G(R) = 2πνΣR3 dΩ
dR

(3.4.8)

The conservation of momentum (Balancing net torque and angular momentum loss) gives

∂

∂R
(R3ΩΣνR) =

∂

∂R
(R3Σν

∂

∂R
Ω) (3.4.9)

Through integrating

ΩΣνR = Σν
∂

∂R
Ω) (3.4.10)

where this again yields a constant,C
2π which is determined by the inner boundary condition of the

disk. At some radius, sayR∗ the gas stops transporting angular momentum outwards and must
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form a boundary layer with the central object, so∂Ω
∂R = 0. The angular velocity at this radius is

approximately Keplerian, thus

ΣνR

√
GM

R3
∗

=
C

2πR3
∗

(3.4.11)

By rearranging and using value ofṀ ,then the constant C is

C = −Ṁ
√

GMR∗ (3.4.12)

After substitution

νΣ =
Ṁ

3π
(1−

√
R∗
R

) (3.4.13)

and

νR = − 3ν

2R
(1−

√
R∗
R

)−1 (3.4.14)

In the case ofR∗ << R, νR is proportional toν
R , which in the standard (α-disk)disk formulation is

νR ∼
αcsH

R
<< cs (3.4.15)

asα < 1. The radial motion in the thin accretion disk model is therefore a slow inwards drift, much

smaller than the supersonic Keplerian motion in the rotational direction. Rate of viscous dissipation

are per unit area is

3.4.2 Geometrically thick accretion disk

During the radiation pressure balances the gravitational force the accretion rate,Ṁ , becomes too

large, so solution of of thin disk solution breaks down. Hence, large mass accretion rate results in

high disk luminosity. Accretion tori rotating around black hole have super-Eddington luminosity.

LE =
4πGMmpc

σT
(3.4.16)
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This is the maximum luminosity that could be emitted by spherically accreting materials (plasma

fluid)around non-rotating black hole. Defining the accretion rate that produces this luminosity as

˙Mcrit, the equation for the disk scale height, H, becomes

˙MEdd = 4πGMmp

cησT
≈ 2.2(

0.1
η

)(
M

108M⊙ ) (3.4.17)

where′η′ is the ratio of the gravitational energy released to the rest energy. The ratio′η′ is 0.057 and

0.423 for Schwarzschild black hole and maximally rotating black holes respectively. Mass accre-

tion rate and critical rate is a determinant luminosity of disk. These super-Eddington luminosities

are observed in some active galactic centers that contains rotating black holes. Plasma fluid ac-

cretes spherically onto non-rotating black hole. The radiation released by in-falling plasma fluid is

obscured by the spherically symmetric accretion. On the other hand, plasma fluid accreting onto ro-

tating black hole is confined along the equatorial plane. That is, axial symmetry of the gravitational

field confines the plasma fluid along equatorial plane. Then the radiation produced by the inflow of

plasma fluid near the innermost stable orbit is not obscured or equatorially by the accreting plasma

fluid. Thus the luminosity of the disk may exceeds Eddington luminosity. This reason may account

for the observed super-Eddington luminosity in some active galaxies that dock rotating black holes

in their centers.

Due to their specific shape (long, narrow funnels along the rotation axis) they are accelerate jets.

So this is interesting in this thesis. Accretion tori differ from thin disks because all parameters need

to be described in terms of both R and z. Vertically-integrated quantities are no longer physically

meaningful. Furthermore, theα model of viscosity breaks down whenH ≈ R, causing the system

of equations to be unclosed. Instead of viscosity we usually parametrise the angular velocity or

angular momentum of the toroidal material. This is justified as the energy dissipated in a thick torus

can flow in any direction before it is radiated from the surface. In this disk the flux cannot be neatly

separated into radial and vertical components like in the thinα-disk model.
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3.5 Magnetohydrodynamics (MHD) equation

Many astrophysical phenomena are influenced by the presence of magnetic fields, or even explain-

able only in terms of magnetohydrodynamic processes. General relativistic MHD is concerned

with the dynamics of relativistic, electrically conducting fluids (plasma) in the presence of magnetic

fields. Hence the collective interactions between large numbers of plasma particles can isotropize

the particle velocity distributions in some local mean reference frame, thereby making it sensible to

describe the plasma macroscopically by a mean density, velocity, and pressure. Where this imply

that, mean quantities can then be shown to obey the same conservation laws of mass, momentum

and energy for fluids. The MHD equations describe conservation of energy, momentum and mass,

coupled to the evolution of the magnetic field given by the homogenous Maxwell equation. In four-

vector notation this is satisfied by the vanishing four-divergence of the energy-momentum tensor

Tµν , the mass current densityρuµ and the dual Faraday tensorF ∗µν leading to the fundamental

relations

∇ν(ρuν) = 0 (3.5.1)

∇νT
µν = 0 (3.5.2)

∂µFνλ + ∂νFµλ + ∂λFµν = 0 (3.5.3)

∇νF
µν = Jµ (3.5.4)

whereρ, Jµ, Tµν are mass density, current density and energy momentum tensor respectively. The

above equations are conservation law of particle-number, conservation law of energy-momentum

and Maxwell equations respectively.

The accreting plasma fluid around kerr black hole induces electromagnetic fields. This electro-

magnetic field has an effect to perturb the dynamics of the plasma fluid. The flow of a magnetized

plasma is most generally described by kinetic theory, general relativity, and Maxwell’s equations for

the in electromagnetic field. However, many of its features are captured by making two simplifying
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assumptions: The plasma particles act like a fluid and the conductivity is so high in the plasma that

electric fields generated by free charges are shorted out. Both of these assumptions (which describe

the astrophysical plasmas of interest) give rise to the field of study of ideal magnetohydrodynamics.

It is clear that GRMHD comes into play in the innermost region of an AGN. The accretion flow is

strongly influenced by the curved rotating space-time. In a first approximation cooling and heating

by radiation is neglected. This may be motivated by the fact that the accretion flow moves with

relativistic speeds so that radiation cannot significantly influence the flow before it is lost beyond

the horizon. Here, we concentrate on purely ideal GRMHD, neglecting the presence of viscosity

and heat conduction in the limit of infinite conductivity, i.e., the fluid is assumed to be a perfect

conductor. The electromagnetic field in curved space-time is describe by the tensorFµν as usual.

Since the electromagnetic field (EMF) may or may not conform to the same symmetries as

the gravitational field naturally, the problem is greatly simplified by assuming axial symmetry and

stationarity for both fields. In the fluid rest frame, the electric field is assumed to vanish completely:

Fµνu
ν = 0

By recalling the relation

Fµν = ∂νAµ − ∂µAν

The relation gives us
At, θ

Aφ, θ
=

At, r

Aφ, r
= −ω(r, θ)

whereω(r, θ) interpreted as the rotation frequency of electromagnetic field which is vary from

flow-line to flow line. This relation imply that,

ω,r

ω,θ
=

Aφ,r

Aφ,θ

. The flow stream-lines and the magnetic field-lines lie in the level surfacesAφ i.e−→a whereB =

(∗F ).~u and the arrow denotes two-component space-like vectors defined in the(r, θ)-plane. to find
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the possible geometry of flow lines, one can introduce the stream functionk(r, θ) satisfying;

ur

Aφ, θ
= − uθ

Aφ, r
≡ k(rθ)

4π
√
−gρ

(3.5.5)

apparently, the functional dependence is constrained tok(r, θ) ≡ k(Aφ). Therefore magnetic field

component are given as;

Frφ = k
√
−gρou

θ (3.5.6)

Fφθ = k
√
−gρou

r (3.5.7)

Frθ = k
√
−gρo(ωut − uφ) (3.5.8)

3.6 Perfect fluid approximation

Tµν = ρhuµuν + pgµν (3.6.1)

h ≡ 1 + ε +
p

ρ
(3.6.2)

whereε is the specific internal energy density andTµν boosted from the fluid frame to the eutherian

frame (observer). For thermal equilibrium

P = p(ρ, ε) (3.6.3)

For magnetized fluid

Fµν = nµEν − Eνnµ + nµελµσBσ (3.6.4)

n ≡ observer velocity (Eulerian)

Eµnµ = Bµnµ = 0 (3.6.5)

Assuming the ideal

Tµν
EM = FµλΓµ

λ −
1
4
gµνFαβFαβ (3.6.6)
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b2uµuν +
b2

2
gµν − bµbν = Tµν

EM (3.6.7)

whereb2 = BµBµ

Conservation equation

(ρuµ);µ = 1√
g

∂
∂xµ (

√
gρuµ) = 0 (3.6.8)

Tµν ; ν = 1√
g

∂
∂xµ (

√
gTµν) = 0 (3.6.9)

Tµν = (ρh + b2)uµuν + (p +
b

2
)gµν −BµBν (3.6.10)
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Chapter 4

Active galactic nuclei interaction on its
environment and the resulting dynamics

4.1 Relativistic jets

Astrophysical jets are highly collimated streams of magnetized plasma produced by compact ac-

creting objects. It can be observed in a variety of astronomical sources; among them young stellar

objects(YSO), micro-quasars, or active galactic nuclei (AGN). However we focused relativistic jets

in AGN. In AGN, relativistic plasma jets are thought to be formed as the result of accretion onto

super-massive black-holes (SMBH) in the presence of rotating accretion disks and co-rotating mag-

netic fields. Relativistic jets transport tremendous amounts of power away from the central region,

necessitating them to be coupled with processes involving a SMBH. Therefore potential energy and

rotation of the central SMBH are the main power sources for these jets.

Curtis (1918) observe an elliptical galaxy M87 having an odd feature that drawn-out some out-

flow apparently connected with the nucleus. This outflow was named ”jets” by Minkowski and

Baade. The commonly accepted model of jets consists of two oppositely directed jets, although in

many cases only one side is easily detected. Radio depolarisation measurements are used to deter-

mine which jet is pointing towards Earth, with the side with the stronger jet closer to Earth showing

less depolarisation since it is viewed through a smaller amount of material along the line-of-sight.

AGN in spiral galaxies are unknown as weak radio sources, so it may lead to uncollimated core
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Figure 4.1: Relativistic jets in AGN (Credit: Painting by Adolf Schaller for NASA/Goddard Space
Flight Center)

sources. Only about 10 percent of radio galaxies (about 0.1 percent of all AGN) are able to launch

relativistic jets Begelman and Rees (1984). These jets exhibit structural dimensions far greater than

their host galaxies. Jets can be divided in two classes depending on the size of the system: micro

jets form in stellar systems whereas macro jets are generated in galactic cores.

The relativistic nature of the most powerful astrophysical objects discovered in active galactic

nuclei (relativistic jet) causes them to emit abundant and extremely time variable radiation in all

spectral ranges from radio wavelengths to gamma-rays, whereas bulk relativistic motion leads to

strong Doppler boosting effects, making them detectable at extreme cosmological distances.

The jet, which originates near an accretion disk that surrounds an AGN, can propagate over a

long distance up to a few Mpc while remaining well collimated. There are two shocks at the end of

the jet. One is a bow shock (or a forward shock) which accelerates the ambient gas. The other is

a terminal Mach shock (or a reverse shock) at which the beam ends. At the terminal Mach shock,
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non-thermal particles are accelerated and emit photons due to synchrotron radiation and inverse

Compton scattering. The gas which crosses the terminal Mach shock into a hot spot is hottest

and pressurized and then expands laterally and envelops the beam with the shocked ambient gas,

creating a so-called cocoon structure. At the contact discontinuity between the ambient gas and the

jet in the cocoon Kelvin-Helmholtz instabilities develop.

Knots and secondary hot spots are also other active regions in jets. Knots those with nonthermal

emission can be seen sporadically along the straight beam flow. The emissivity between the knots

varies even if they belong to the same jet. Recent high resolution observations of AGN jets show

fine structure of knots in the beam flow for up to several tens of kilo parsecs in M87, 3C273, the

jet in Centaurus A and others occurs. Knots on kiloparsec is still not well understood but at parsec

or subparsec thought as due to intermittent flows from the central source and in ’blazars’ are due to

exceptionally strong shocks which are caused by the collisions of internal shocks. The high energy

particles that are accelerated on parsec scales may retain their energy for a long time. In some

jets, one observes secondary hot spots adjacent to the primary hot spot at the head of jets. The

emissivity of secondary hot spot can be as high as that of primary hot spot. It is thought that the gas

in the secondary hot spot is separating from the primary hot spot. For example, at both eastern and

western side of Cygnus A jet, a bright secondary hot spot is observed. The reason for these multiple

hot spots is not well understood.

To comprehend the morphology and the dynamics of the jet,different analytical studies and nu-

merical simulations have been implemented. Most of these relativistic jets (outflows) are morpho-

logically very similar suggesting common physical origin. Their common physical origin are; they

differ in size, velocity and amount of energy transport. For instance, in one extreme, AGN jets have

typical size greater than106Pc, nuclear velocity of the order of light velocity and parent sources (

which are massive black holes)with mass106−9M⊙ and luminosity of about1043−48ergs−1 while

in other extreme , in young stellar objects, jets have typical size less than1pc, nuclear velocity less

103c, and emerge from low mass proto-stars with mass 1MJ and luminosity,(0.1− 2104)Lsun.
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All jets shared the such common properties, they are:

• Usually collimated to small opening angle and in most cases two-sided

• Originated from the vicinity of compact objects.

• Often terminate in emission lobes (with line emission in the case of young stellar)

• Associated with magnetic fields (the currently most accepted mechanism for jet production).

• Showing evidence of accretion matter onto the central source via an accretion disk.

4.1.1 Relativistic jets formation, acceleration and collimation

The processes by which the jets are accelerated and collimated are still not clearly understood, but

it is believed that several of the concepts proposed for extragalactic. However the jet is probably

launched by the combined effect of thermal pressure, centrifugal forces, and the Blandford-Znajek

process. The major process observed at the center of an AGN is the accretion of disk matter onto

the BH. The disk matter is heated and the excessive radiation energy is emitted, due to the viscosity

of the accretion disk. Close to the BH, the accretion disk can convert the rest mass-energy of the

in-falling matter onto the BH into output energy of either radiation or jets. As a general consensus

AGN jets are powered by the accretion disk, the BH rotation, or both of them.

Magnetic fields are a promising agent for jet production because they are abundant in astrophys-

ical plasmas and because the properties of magnetically-powered jets scale trivially with BH mass.

However; the generation of this magnetic field around the central black hole by itself is a current

strong area of debate by the related field researchers. The mostly consensus is the motion of plasma

which rotates onto central compact object. The in-falling plasma fluid has only two velocity com-

ponents which is used to produce different magnetic field components. These velocity components

are radial and azimuthal. The radial motion of charged particles generate toroidal component of the

magnetic field while the azimuthal motion generates the poloidal components of the magnetic field.

However; as approach to the rotating central black hole, the plasma fluid dominantly acquires the
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poloidal magnetic field components due to centrifugal force. The launching mechanism of this rela-

tivistic jet is by the collaboration of different ingredients such as; central compact object, accretion

disk and magnetic field. The twisted magnetic field lines (due to frame dragging effect of rotating

black hole), radiation pressure released by the accreting plasma fluid and the centrifugal force on

the accreting plasma fluid are the corner stones of our mechanisms of relativistic jets generation and

collimation.

According to the Blandford and Payne (1982) process the angular momentum of a magnetized

accretion disk around the collapsed object is the responsible for the acceleration of the plasma. As

the poloidal magnetic field is dominant up to the Alfven radius, the field is taken to be frozen into

the disk and it enforces an approximate plasma co-rotation similarly to a ’bead on a rotating wire.

If the field line forms an angle with the plane of the disk smaller than60o, the displacements of

the plasma from its equilibrium position become unstable. This happens because along these field

lines the component of the centrifugal force will be larger than the component of the gravitational

force and the plasma will be accelerated outwards. The centrifugal force does not alone accelerate

the flow but the opposite and it is its combination with a strong poloidalB field that allows for

the acceleration. Eventually the acceleration comes from the conversion of Poynting energy flux to

kinetic energy flux. The gain in kinetic energy is proportional to the energy that brings the magnetic

field lines into rotation. Such a magnetocentrifugal driving mechanism seems to be efficient in disk

winds wherein a hot corona is not an absolute requirement. Then, in its origin, the outflow motion

has an important equatorial component, while on larger scales the jets are observed to have a motion

that is dominantly poloidal.

Penrose process is a principle energy can be extraction from infalling matter of a kerr black

hole. Within the ergo-region of a rotating black hole there is negative (redshifted) energy orbits

and positive energy, if a particle enters (or exits) the ergosphere. Particles with negative energy

orbits must have interacted with other particles prior to this state. When two particles of positive

energy interact within the ergo-region, one is propelled into a negative energy orbit, and the other

37



into a positive energy orbit (through conservation of energy-momentum). If the succeeding positive

energy particle exits the ergo-region and escapes the black hole itself, it has extracted energy from

the black hole.

The other is BZ mechanism Blandford and Znajek (1999) put forward the possibility of extract-

ing energy and angular momentum from a rotating black hole, to produce electric and magnetic

fields and possibly fast outflowing jets. The magnetic field essentially extracts angular momentum

from the black hole, reducing its spin. It is plausible that the launching site of jets is in this magne-

tospheric region around the black hole, powered by the BZ mechanism. First, the rotational energy

of the accreting black hole is extracted by a large scale magnetic field accreted onto the black hole,

then converted to Poynting flux and finally to relativistic electron/ positron pairs. The main dispute

is that the extraction of energy from the black hole through this process is at most as efficient as the

extraction of energy from the disk. This only means that the two mechanisms are likely to operate

simultaneously. Again this could very well be in favour of a leptonic jet or beam extracted from the

back hole embedded in a hadronic heavy wind/jet coming from the disk. Moreover this does not

apply necessarily to the gamma ray emission which may still get its energy from the black hole.

The other mechanism of relativistic jet production is which has been applied model to kerr black

hole (BZ-mechanism) and to magnetized accretion disk (BP process). This mechanism is known

as magnetohydrodynamic (MHD). This mechanism has now been simulated Gammie et al. (2003),

? and is sometimes called the ”sweeping pinch” mechanism. The most important ingredient in

the MHD mechanism is a magnetic field that is anchored in a rotating object and extends to large

distances where the rotational speed of the field is considerably slower. Plasma confined in the

magnetic field lines is subject to the Lorentz force, which, under conditions of high conductivity,

splits into two vector components: a magnetic pressure gradient and a magnetic tension. Differential

rotation between the inner and outer regions winds up the field, creating a strong toroidal component

( Bφ in cylindrical [R,Z, φ] coordinates). The magnetic pressure gradient up the rotation axis
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Figure 4.2: Blandford-znajek process

accelerates plasma up and out of the system while the magnetic tension or ”hoop” stress(B2φ/R)

pinches and collimates the outflow into a jet along the rotation axis.

Plasma can be extracted from the disk and transported away along the field lines. Then, the

outflow originates directly from the accretion flow and is purely centrifugally driven. The outflow

speed is comparable to the rotation velocity. Hence, the relativistic outflows can only originate from

the innermost part of the accretion disk. The model for the production of jets from accretion disks is

relatively well established. It was demonstrated that these are open lines of a poloidal magnetic field,

which extend to large distances above the disk surface into the low-density but highly magnetized

disk coronae, that can extract the energy and angular momentum of the accreting matter in a form

of jets. Such open lines of the magnetic field supported by the infalling gas are anchored within

the relatively heavy disk, and so are co-rotating with the accreting matter. A plasma outflow can

thus be centrifugally driven from the disk surface into the disk magnetosphere, along the rotating

magnetic field lines, with fluid elements moving along the lines like beads on a rotating wire. At

some point, the inertia of the outflowing matter starts to play a role, winding up the magnetic field
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lines and forming in this way a spiral magnetic structure. The tension and pressure gradient of thus

modified magnetic field assures a gradual collimation and bulk acceleration of the fluid elements in

the direction perpendicular to the disk surface. As a result, a pair of bipolar jets flowing in opposite

directions along the disk normal is formed, converting slowly the initially dominant magnetic flux

to the bulk kinetic flux of the carried particles.

Due to frame dragging effect of this rotating black hole twists the poloidal field lines and align

them along the azimuthal component. Near by the central gravitating Kerr black hole, plasma fluid

keeps on following circular orbit. The twisted poloidal components frozen into this plasma fluid

and then in the vicinity of Kerr black hole, the azimuthal (toroidal) magnetic field component is

enhanced. This toroidal magnetic field component significantly perturb the dynamics of the plasma

fluid.

Once the outflows are accelerated, they will propagate in the form of either collimated beams or

uncollimated winds. However, apart for the case of the solar wind, uncollimated flows are hardly

observable, while jets are observed in several astrophysical environments, from star formation re-

gions to distant AGN. This is mainly due to the much higher density inside jets as opposed to that

in loosely collimated winds. Furthermore, in radio-loud AGN where beams move at relativistic

speeds, the emission may be largely amplified by Doppler boosting if the jet is pointed towards the

observer, which is probably not the case is radio-quiet sources. Again the two basic mechanisms

responsible for collimation may be of thermal or magnetic origin.

If the surrounding medium has a higher pressure than the flow, then an outflow is thermally

confined. This implies that there is a pressure gradient forcing the outflow to collimate along its

ejection axis. Implication of the above sentences is in general only outflows under-pressured with

respect to their surrounding environment may be thermally confined. In fact, such a situation seems

to occur in many extragalactic jets, as deduced from X-ray data implying a hot plasma surrounding

early-type galaxies and clusters of galaxies.

In general if gravitational field is relatively weak to bound the charges that drifted off from
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equatorial plane, the centrifugal force dominates. Therefore the drifted charges excite by the disk

surface due to differential rotation, centrifugal force, magnetic hoop stress and radiation force from

the accretion disk.

The role of differential rotation is to transport energy and momentum from region of fast rotation

to region of slow rotation. Infact accretion disk creates radial and vertical differential rotation. In the

case of horizontal differential rotation, the energy and angular momentum transfer outward along

the equatorial plane. This arises a sort of radially outward force on the exterior accreting matters.

However; the gravitational collapse can balance this effect so that matters keep on accreting. In the

case of vertical differential rotation, energy and angular momentum are transported vertical upward

above the upper surface of the accretion disk and downward below the lower surface of the accretion

disk. Close to Kerr black hole, the effect of differential rotation is pronounced (specially just out

side of the ergo-surface). The supply of energy and angular momentum from the plasma fluids in

ergosphere is via the outer boundary of the ergosurface. This kicks the particles or the equatorial

plane. Supply of energy and angular momentum is sustainable as long as the particles are drifted

vertically. The centrifugal force pushes the particles radially out and the magnetic hoop stress does

the opposite. Meanwhile, radiation pressure forces the particles along the rotation axis.

4.1.2 Relativistic jet’s interaction with the environment

The interest in AGN jet is also relevant due to their role in shaping their host galaxy. During a

compact source injects collimated relativistic jets into its cold environment, it is expected that some

fraction of the injected power will be dissipated by shocks in the circumstellar gas and dust. AGN

jets heat their galactic surroundings, efficiently in the case of FR-I sources and rather inefficiently in

the case of the more powerful FR-II sources, which, instead, produce hot cocoons that help protect

jets from destructive instabilityFab. After the jet switches off or declines in power, these cocoons

may separate to form giant bubbles that rise buoyantly away from the galaxy. They are ultimately

assimilated by the circumgalactic medium, which they heat. This is most important when the host
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galaxies reside in a rich galaxy cluster.

The parameter that carried out by jets are angular momentum, matter and kinetic and thermal

energy. The energy present in the jet, and the presence of both shocks and magnetic field, make

them to be a strong candidate for acceleration of particles to the peta-electronvolt (PeV). This could

be the source of the far right part of the cosmic ray power spectrum observed on earth. Jets can have

a more immediate effect by stimulating star formation as is sometimes seen in some galaxies and,

more impressively, by triggering the formation of new galaxies as the jets can propagate several Mpc

away from their hosts. Jets also accelerate high energy cosmic rays and quite plausibly may account

for a large fraction of the universal spectrum above the knee in the spectrum. They may also be

responsible for most of the intergalactic magnetic field. So, AGN play a major role in the evolution

of the universe, arguably comparable to that played by stars, and the jets can mediate this interaction

directly. Quantitative measures of this role are still quite uncertain and must be compared with the

influence of the radiation and outflowing winds that are associated with the accretion disks. All

of this must be considered in the young universe when most nuclear activity occurred and massive

black holes grew, and even earlier when the intergalactic medium was reionized and the first stars

and galaxies were formed.

The other most dynamic fields of the study on relativistic jets, is their role in cosmological

models. Since a long time, there exists a inconsistency between observed temperatures of galaxy

clusters and the ones predicted from models. The first are higher than the latter. Cosmology needs to

feedback energy accreted in objects like galaxies. It is shown that AGN jets have powerful enough

luminosity to reheat the cosmological models to the observed temperaturesSilk and Rees (1998).

This feedback is now part of most of cosmological models. However the way relativistic jets share

their energy with their surroundings is not yet completely understood. However the consensus of

diverse mechanisms are thought to be responsible for the energy transfer between the jet and its

surroundings. Direct energy conversion takes place at the end of the jet beam, immediately beyond

the Mach disk surface of the jet, where kinetic energy becomes thermal energy through efficient
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relativistic shocks. Hydrodynamic instabilities taking place at the interface between the shocked jet

and shocked ISM matter mix the two fluids, allowing for energy transfer from the now hot outer

part of the beam to the surroundings of the jet. In addition a bow shock forms around the entire jet

cocoon, propagating in all directions and transferring energy to further regions of space.

4.2 Particle motion equation and radiative transfer

4.2.1 Particle motion

By using line element

ds =
√
−gµνdxµdxν (4.2.1)

and the variational principle is

δ

∫
ds = 0 (4.2.2)

0 = δ

∫ √
−gµν

dxµ

dτ

dxν

dτ
dτ (4.2.3)

0 = −1
2

∫
(−gµν

dxµ

dτ

dxν

dτ
)−1/2δ(gµν

dxµ

dτ

dxν

dτ
)dτ (4.2.4)

0 = −1
2

∫
(−gµν

dxµ

dτ

dxν

dτ
)−1/2δ(gµν

dxµ

dτ

dxν

dτ
)dτ (4.2.5)

Multiplying to the right by the factor(−gµν
dxµ

dτ
dxν

dτ )1/2

0 = −1
2

∫
((−gµν

dxµ

dτ

dxν

dτ
)1/2)(−gµν

dxµ

dτ

dxν

dτ
)−1/2

δ(gµν
dxµ

dτ

dxν

dτ
)dτ (4.2.6)

It gives

0 =
1
2

∫
δ(gµν

dxµ

dτ

dxν

dτ
)dτ (4.2.7)
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using least action principle

s =
∫

L(λ, x, ẋ)dλ (4.2.8)

using (4.2.8)and (??)

δ

∫
Ldτ =

1
2
δ

∫
(gµν

dxµ

dτ

dxν

dτ
)dτ (4.2.9)

This yields

L =
1
2
(gttṫ

2 + 2gtφṫφ̇ + grrṙ
2 + gφφφ̇2) (4.2.10)

The implication is just as in classical mechanics, we can alternatively take the Lagrangian approach

to the equations of motion.

Using Lagrangian the constant of the motion are

L =
1
2
(gµνp

µpν) (4.2.11)

For the static and axisyymetry metricgµν is indepedent of the t andφ coordinate. This implies that

∂L

∂xµ
= 0 (4.2.12)

for t andφ

∂L

∂t
= 0 (4.2.13)

and

∂L

∂φ
= 0 (4.2.14)

Then by euler-lagrangian equation

d

dλ
(

∂L

∂ẋµ
)− ∂L

∂xµ
= 0 (4.2.15)

d

dλ
(
∂L

∂ṫ
)− ∂L

∂t
= 0 (4.2.16)
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it gives

d

dλ
(
∂L

∂ṫ
) = 0 (4.2.17)

By integrating ∫
d

dλ
(
∂L

∂ṫ
)dλ = constant (4.2.18)

∂L

∂ṫ
= −E (4.2.19)

(4.2.20)

Along φ

d

dλ
(
∂L

∂φ̇
)− ∂L

∂φ
= 0 (4.2.21)

d

dλ
(
∂L

∂φ̇
) = 0 (4.2.22)

Now by integrating ∫
d

dλ
(
∂L

∂φ̇
)dλ = constant (4.2.23)

∂L

∂φ̇
= Jz (4.2.24)

where E andJz are the total energy of the particle and the projection of its angular momentum along

the black hole spin axis respectively.

The 4-component energy momentum vectorpµ is

Pµ = (P t, P r, P θ, P φ)

= −pt, pr, pθ, pφ

−E, pr, pθ, Jz
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pr = grrp
r =

ρ2

∆
ṙ (4.2.25)

pθ = gθθp
θ = ρ2θ̇ (4.2.26)

Along ṫ

∂(gttṫ
2 + 2gtφṫφ̇ + grrṙ

2 + gφφφ̇2)
2∂ṫ

= E (4.2.27)

This gives

E = gttṫ + gtφφ̇ (4.2.28)

Along φ̇

∂(gttṫ
2 + 2gtφṫφ̇ + grrṙ

2 + gφφφ̇2)
2∂φ̇

= Jz (4.2.29)

Jz = −gtφṫ + gφφφ̇ (4.2.30)

Now, multiplying the equation(4.2.28) by− 1
gtφ

and the (4.2.30)1
gφφ

then, add together.

gφφE − gtφJz = (gφφgtt + g2
tφ)ṫ (4.2.31)

Finally

ṫ = E +
2Mr

ρ2∆
[(r2 + a2)E − aJz] (4.2.32)

To determineφ̇

1
gtt

E =
1
gtt

(gttṫ + gtφφ̇) (4.2.33)

1
gtφ

Jz =
1

gtφ
(−gtφṫ + gφφφ̇) (4.2.34)

φ̇ =
2MarE(Σ− 2Mr)Lz csc2 θ

Σ∆
(4.2.35)
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Let us now derive the equation for the radial component of the four-velocity.

L =
1
2
µ (4.2.36)

whereµ, is the rest mass of the particle (equal to 0 for massless particles and−1 for particles with

non-zero mass).

1
2
µ =

1
2
(gttṫ

2 + gtφṫφ̇ + gtφṫφ̇ + gφφφ̇2 + grrṙ
2 + gθθθ̇2) (4.2.37)

so we can rewrite it as

µ = (gttṫ + gtφφ̇)ṫ + (gtφṫ + gφφφ̇)φ̇ + grrṙ
2 + gθθθ̇2 (4.2.38)

µ = (gttṫ + gtφφ̇)ṫ + (gtφṫ + gφφφ̇)φ̇ +
ρ2

∆
ṙ2 + gθθθ̇2 (4.2.39)

substituting equation (4.2.28) and(4.2.30) in (4.2.39)

ṙ2 =
∆
ρ2

[µ + Eṫ− Jzφ̇− ρ2θ̇2] (4.2.40)

θ̇2 =
1
ρ4

[Q + (E2 + µ)a2 cos2 θ − J2
z cot2 θ] (4.2.41)

(4.2.42)

where Q is a fourth constant of motion called the Carter constant. We gotṙ, θ̇ in square form, po-

tentially making the determination of the signs ofṙ,andθ̇ particularly at turning points, numerically

challenging.Particle motion in the presence of external forces

Emission from the accreting material around a Kerr black hole is concern therefore, particle

motion in the accretion flow must be considered. So the the external force applicable to accretion

flows around black holes is considered. Let we apply the condition ofθ̇ << ṙ << φ̇ < ṫ, thus

allowing ṙ and θ̇ given their negligibility compared to other quantities, to be neglected as a first

approximation. The equation of motion of particles under the influence of an external force is

ẍµ + Γµ
ρσ = aµ (4.2.43)

47



whereaµ is the 4-acceleration per unit mass due to an external force.

conditions

• In supposing that accretion onto rotating black holes (axisymmetry)∂φ = 0.

• In stationarity caseaφ = 0 and also a given the 4-velocity is everywhere orthogonal to the

4-acceleration, so(aνUν = 0).

• We have takeṅr, θ̇ = 0,i.e. particles remain in circular orbits, then it follows thatat = 0.

• To avoid difficulties let setar = 0, which pointed toward a rotationally-supported flow. where

uµuν =-1 aθ can be determined self-consistently, under the assumption ofθ̇ = 0. This solu-

tion corresponds to a flow rotationally supported in ther̂ direction and pressure supported in

the θ̂ direction.

By plugging the affine connection coefficients into equation of motion, then the the non-trivial

momentum equation in the radial direction:

0 = −(
ρ2 − 2r2

ρ4
)ṫ2 + 2(

ρ2 − 2r2

ρ4
)a sin2 θṫφ̇

−[r + a2 sin2 θ(
ρ2 − 2r2

ρ4
)] sin2 θφ̇2 (4.2.44)

0 = A[−ṫ2 + 2a sin2 θṫφ̇ + (rA−1 sin2 θ + a2 sin4 θ)φ̇2] (4.2.45)

whereA = ρ2−2r2

ρ4

Finally it gives us

ṫ = a sin2 θ +
√

rρ2 sin θ√
2r2 − ρ2

(4.2.46)
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which is exactly related to prograde rotation. This solution allows the flow to match the rotation of

a prograde accretion disk. From the metric

1 = −(
ρ2 − 2r2

ρ4
)ṫ2 + 2(

ρ2 − 2r2

ρ4
)a sin2 θṫφ̇

−[r + a2 sin2 θ(
ρ2 − 2r2

ρ4
)] sin2 θφ̇2 (4.2.47)

By plugging the value oḟt, then

1 = ρ2 sin2 θ(
r(ρ2 − 2r)
2r2 − ρ2

+
2
√

ra sin θ√
2r2 − ρ2

)φ̇2 (4.2.48)

Finally after algebraic simplification, the four velocity are;

ṫ =
1
ζ
(ρ2√r + a sin θ

√
2r2 − ρ2) (4.2.49)

ṙ = 0 (4.2.50)

θ̇ = 0 (4.2.51)

φ̇ =

√
2M(2r2 − ρ2)

ζ sin θ
(4.2.52)

where

ζ =
√

ρ2(ρ2(r + 1)− 4r2 + 2a sin θ
√

r(2r2 − ρ2))

Now equating equation (4.2.39) and (4.2.50) to get energy and equation(4.2.35) and (4.2.52) gives

z-component of the angular momentum of the particle as

1
ζ
(ρ2√r + a sin θ

√
2r2 − ρ2) = E +

2Mr

ρ2∆
[(r2 + a2)E − aJz] (4.2.53)

(4.2.54)

Then, energy is equal to

E =
1
ζ
[(ρ2 − 2Mr)

√
r + a sin θ

√
2r2 − ρ2] (4.2.55)

and z-component of the angular momentum of the particle is

Jz =
sin θ

ζ
[(r2 + a2)

√
2r2 − ρ2 − 2aMr3/2 sin θ] (4.2.56)
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The marginally stable orbit, or innermost stable circular orbit (ISCO), for material particles is de-

termined by the surface where∂E
∂r = 0,

∂E

∂r
= 0 = ∆ρ4 − 4r(

√
2r2 − ρ2 − a sin θ

√
r)2 (4.2.57)

In a casea = 0,limited to the inner boundary of an accretion disk (which considered as Schwarzschild

black hole).

The velocity component oḟφ is exist only for regions sufficiently far from the black-hole event

horizon. The approximation adopted here breaks down when the square root in the denominator(ζ)

approaches zero. This occurs at the light circularisation radiusrcirc, which is given byζ = 0, or

equivalently

ρ2(r + 1)− 4r2 + 2a sin θ
√

r(2r2 − ρ2)|r=rcirc = 0 (4.2.58)

The assumption thatθ = 0 is invalid for radii smaller than the radius of the marginally stable orbit,

where the flow is neither pressure nor rotationally supported and it follows a geodesic into the event

horizon.
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4.2.2 Radiative transfer equation

The emission, absorption and transport process in a medium is classically given as

dIv

ds
= −ανIν + jν (4.2.59)

whereIν(s) is the specific intensity of the ray at a frequencyν as function of geodesic element,αν

andjν are, the absorption and emission coefficients of the plasma at a frequencyν respectively and

ds is the differential path length. The optical depth of the medium is

τν(s) =
∫ s

so

ds
′
αν(s′) (4.2.60)

So by equation (4.2.59) and (4.2.60)

dIν

dτν
= −Iν + sν (4.2.61)

where we have defined the sourcesv as

sv =
jν

αν
(4.2.62)

Integrating (4.2.62) we obtain

Iν = Iν(o)e−τν +
∫ τν

0
dτ ′νSν(τ ′ν)e

−(τν−τ ′
ν) (4.2.63)

where the constantIν(0) is the initial value of the specific intensity. The classical radiative transfer

we have developed so far is in general not covariant. The general covariant radiative transfer equa-

tion can be derived from the basic principles based on the conservation of particles in phase space.

Accordingly, the particle number density in the phase volume element

f(x, p) =
dN

dV
(4.2.64)

is an invariant quantity along the affine parameterλ.
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On the other hand, by Liouville’s theorem the phase space volume is invariant alongλ, so that

dV
dλ

= 0 (4.2.65)

where the six dimensional phase-space volume elementdV is given as

dV = d3xd3p (4.2.66)

Now using equations 4.2.64 & 4.2.66, we obtain

f(x, p) =
dN

p2dpdΩvdAdt
(4.2.67)

WhereΩ is the spherical solid angle andv is the velocity of the particle flow. For the relativistic

particles, obviouslyp = E, the particle energy andv = c = 1. Then, 4.2.66 is recast as

f(x, p) =
dN

E2dEdΩdAdt
(4.2.68)

equation 4.2.68 can be given in terms of the relative radiative transfer with respect to that of

photons as

f(x, p) =
dN

p2dpdΩvdAdt
(4.2.69)

4.3 General relativistic radiative transfer

f =
dN

E2dEdAdtdΩ
(4.3.1)

f =
dN

P 2dpdΩvdAdtdΩ
(4.3.2)

This equation can be transferred to an invariant quantityI given as

I =
f

Iνphoton
(4.3.3)
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whereIνphoton ≡ the specific intensity of the photons given by Rybick and Lightman (1979).

Iνph =
EdN

dAdtdEdΩ
(4.3.4)

using equation (4.3.2)-(4.3.4) we obtain

I = Iνph

E3 =
Iν

ν3
(4.3.5)

Equation (4.3.5) is used to develop general radiative transfer. The transformation of the absorption

coefficient from steariming particles with~v frame say k to a stationary source say in frame k’ is

obtained. From the optical depth in response to specific frequencyν, τν = lαν(αν = l
Iν

)

τν =
l

ν
ανν

=
l

k⊥
ανν (4.3.6)

where c=1. The quantities l andk⊥ are invariant in both frames, since they are perpendicular to the

streaming

ανν =
τν

l/k⊥

is a lorentz invariant absorption coefficient.

χ = ανν (4.3.7)

On the other hand from the source by equationSν
ν3 is a lorentz invariant. so that the emission

coefficient is just

η = Sν
ν3 ν =

jν

ν3
(4.3.8)

Now the coefficientχ andη both by local rest frame and the frame at far point are invariant and thus

χ = χo ⇒ ανν = νoαoν (4.3.9)

η = ηo ⇒
joν

ν3
o

=
jν

ν3
(4.3.10)
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αν = (
ν

ν
)αoν (4.3.11)

jν = (
ν

ν
)joν (4.3.12)

Then the relative energy shift in a moving medium with respect to an observer at infinity for photons

Eo

E
= νo

ν =
kαuα |λ
kβuβ |∞

(4.3.13)

whereuα is defined as 4-velocity of the photon propagation in the fluid.kα is the 4-momentum of

the photon.

Note: The transverse component is the photon 4-velocity, orthogonal touα in the co-moving

fluid is obtained by projection tensor.

pαβ = gαβ + uαuβ (4.3.14)

uα = pαβkβ = kα + (kβuβ)uα (4.3.15)

So that the variational of the trajectory with respect to the affine parameterλ is

dI

dλ
= ‖ uα ‖ |λobs

=
√

gαβuαuβ |λobs (4.3.16)

using (4.3.15) and (4.3.16)

dI

dλ
= kβuβ |λobs (4.3.17)

For stationary observer located at infinity

kαuα = Eobs (4.3.18)

Therefore by equation(4.3.13), (4.3.17) and(4.3.18) the relative energy shift of the photon between

the observers and comoving frame is

νo

ν
= kβuβ |λ

Eobs
=

kβuβ |λ
kαuα|obs

(4.3.19)
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Now the radiative transfer equation in the comoving frame derived along the world line of the

particle. so

dI

dλ
=

∂I

∂xα

dxα

dλ
+

∂I

∂kα

dkα

dλ

= kα ∂I

∂xα
+

∂I

∂kα

dkα

dλ
(4.3.20)

For photon the geodesic equation with respect to the affine parameterλ is

dkα

dλ
+ Γα

σεk
σkε = 0 (4.3.21)

Then using equation (4.3.20) in (4.3.21) implies

dI

dλ
= kα ∂I

∂xα
− Γα

σεk
σkε ∂I

∂kα
(4.3.22)

Now using the derived set of equation and noting that

dI

dλ
= (

dI

ds
)(

ds

dλ
) (4.3.23)

The radiative transfer along the world-line of the particles i.e in the local rest frame of the fluid is

dI

dλ
= −kαkα |λ (−αoνI +

joν

ν3
o

) (4.3.24)

where bothαoν andjoν defined in the fluid rest frame i,e

αoν = (xβ , ν)

joν = (xβ, ν) (4.3.25)

Finally,(4.3.24) is used to numerically integrate the relativistic radiative transfer where the optical

depth is used along, the geodesy of the particle (for photon rays). In the case of massive particles

pαpα = −m2 (4.3.26)

So that the geodesic equation timelike, then

ds

dλ
=

√
gαβ [pα + (pβuβ)uα][pβ + (pαuα)uβ] (4.3.27)
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whereuβ = pαβuα instead of (4.3.15) equation (4.3.27) is simplified to yield

ds

dλ
=

√
(pαuα)2 −m2 |λobs (4.3.28)

In similar approach as that of photon, the final radiative transfer equation of massive particles along

the world-line of the particle is

ds

dλ
=

√
1− (

m

pmuβ |λobs
)2pαuα |λ (−αoνI +

joν

ν3
) (4.3.29)

where the energy observed by an observer at infinity is

pβuβ = E

, So that the radiative transfer in the case of massive particles differ by an abberation factor
√

1− (m
E )2.

Hence the intensity gradient along the geodesy is reduced.

4.3.1 Tori supported accretion disk and radiative transfer

Macc = αdM
dt = αṀacc (4.3.30)

The accretion rateṀacc is controlled by the outward momentum transfer from the radiation to the

accretion material through scattering and absorption. The limiting case to stop further accreting is

determined by the maximum power available from the accreted mass M.

Lplank = Emax
tmin

=
Mc3

rg
(4.3.31)

Lplank =
c5

G
≈ 1059ergs−1 (4.3.32)

Then the luminosity limit of the radiative power of an object of mass M at equilibrium between

radiation and gravity is

LEdd = Lplank
Σgrav

Σrad
(4.3.33)
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whereΣgrav is the object’s total effective gravitational cross-section andΣrad the total radiative

cross-section. For standard Eddington limit the the accreting material is mainly assumed to be

fully ionized hydrogen, so that the radiation force is exerted mainly on the free electrons through

Thomson scattering cross-section as derived by Eddington 1926 given as

˙MEdd =
4πGMmp

cησT
(4.3.34)

wheremp is proton mass,η is accretion efficient

(η =
Lobs

Lacc
=

Lobs

Ṁaccc2
)

andσT is the Thomson cross-section (σT = 6.7× 10−29m)

LEdd = Lplank
Σgrav

Σrad
= 1.4× 1038(

M

M⊙ ) (4.3.35)

Beyond the Eddington limit, the radiation pressure becomes so large that the thin disk solution no

longer holds and the accretion disk puffs up into a torus.
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Chapter 5

Result and Discussion

By now the materials and tools developed earlier are being used to address important issues related

to AGN effects on its environment.

5.1 The effect of AGN on geometry and dynamics of surrounding sys-
tems

5.1.1 Geometrical effect: Kerr geometry and horizon solutions

Recall that

ds2 = gµνdxµdxν (5.1.1)

This is the invariant line element where the particles basically follow. This metric provides informa-

tion on the geometry of spacetime around the AGN where all kinematical and dynamical equations

are being derived from.

Boundaries, horizons and singularities

These special boundaries are determined by their peculiar characteristics in the metric where they

fall under true singularities or coordinate dependent pseudo singularities (horizons) from the form

of the metric.
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a) The ring singularity:

ρ2 = 0

It is obtained at(r, θ) = (0, π
2 ). Its physical meaning is yet unknown. In the limita = 0 this

singularity degenerate to schwarzschild peacetime.

b) Coordinate dependent singularities: Event horizons

∆(r) = 0 (5.1.2)

whose horizon solutions are

r± = M ±
√

M2 − a2 (5.1.3)

where,

r+ represents the black hole event horizon, whiler− represents the Cauchy event horizon.

whena = 0, r+ readily reduced to the Schwarzschild radius,r+ = rSch = 2Gm
c2

, while the

r− is degenerated to the zero true singularity of Schwarzschild black hole.

Matters or events that happen in the cauchy horizon will not affect physics outside of it, i.e

in the rest of the Universe. Since, particles in the regionr < r− may never enter the region

r > r+.

c) The static limit of Kerr geometry

Also another important Kerr geometry is the boundary regions whereds2 changes sign. It is

located atgtt = 0 whose horizons solutions are given as

rSL± = M ±
√

M2 − a2 cos2 θ (5.1.4)

The solutions of the Kerr geometry are displayed as in the figures below, where we have

displayed with different orientations and cross-section cuts for better views.
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Figure 5.1: The horizon solutions of the Kerr geometry displayed with different orientations and
cross-section cuts for better views.

Whenθ = 0 (at the pole) orθ = π, rSL+ = r+. In the inner static limit(rSL−) the observer

is time like geodesic withkµ = (1, 0, 0, 0). The observer must move with the rotation of the Kerr

black hole in order to remain timelike in this inner static limit. This region of course defines the

inner edge of the ergosphere that lies within the event horizon and is cauchy disconnected from the

outside universe.

For a various values ofa the horizons displayed as in the figure
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Figure 5.2: Horizon for different value ofa

5.2 The effect of kerr geometry on geodesy

From the lagrangian we derived the equations of motion particles, of that free and in presence of

external force in the Kerr space-time. Also the constant of motion (i,e energy(E), and angular mo-

mentum (Jz)) were derived. All equations derived above are the most important in the observation

case. An observer with a fixed spatial coordinate has world line orthogonal to the surface of constant

line (the observer zero angular momentum)

(uµ)ZAMO = (ut, 0, 0, 0) (5.2.1)

in schwarzschild

uφ = 0

in the case of kerr of in BL coordinates forLz = uφ

uφ = gφαuα

= gφtut + gφφuφ (5.2.2)
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Then,the geodesy of ZAMO has non zero angular velocity

Ω = dφ
dt =

dφ

dτ
/

dt

dτ

=
uφ

ut
(5.2.3)

Ω =
( gtφ

∆ sin2 θ
)ut

gttut
(5.2.4)

where

ut = gtαuα = gttut + gtφuφ (5.2.5)

Therefore

Ω = [
gtφ

∆ sin2 θ
][
∆ sin2 θ

gφφ
] (5.2.6)

Ω = − gtφ

gφφ
= −

2aMr sin2 θ
ρ2

sin2 θ
ρ2 (r2 + a2 −∆a2)

(5.2.7)

Ω =
2Mar

(r2 + a2)−∆a2 sin2 θ
(5.2.8)

Recall that direction of the rotation of the BH is along J, this impliesΩ andJ have the same sign.

The ZAMo of observer (initial observer) coordinate with the BH. The inertial frame being dragged.

Kerr geometry result in the frame dragging

Then

(uµ)ZAMO = (ut, 0, 0, uφ)

ut = gtαuα = gttu
t + gtφuφ (5.2.9)

using (5.2.7) and(5.2.9)

ut = (gtt −
(gtφ)2

gtt
)ut (5.2.10)
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Using normalization condition

uαuα = −1 (5.2.11)

utut + urur + uθuθ + uφuφ = −1 (5.2.12)

utut = −1 = ut(gtt −
(gtφ)2

gtt
)ut (5.2.13)

(ut)2 = −(gtt −
(gtφ)2

gtt
) (5.2.14)

ut = (−
gφφ

gtt
− g2

tφ)1/2 (5.2.15)

ut =
gφφ

∆ sin2 θ
(5.2.16)

In general

(uµ)ZAMO =
gφφ

∆ sin2 θ
(1, 0, 0, 0) (5.2.17)

5.3 Correlation between accretion and source of energy release from
Astrophysical object

One of the important powerful technique in the observation is the extracting of the data in the form

of energy spectra in the form of EM. Thanks to the dedicated scientific communities today also

we have possible extraction of gravity energy in the form of Gravitational wave (GW) to mainly

the energy released from exotic astrophysical system like accreting compact objects (neutron stars,

white dwarf, Black hole) and AGN are in significantly in EM form. The source of energy release

case 1stellar evolution:Significantly dominated by nuclear reaction

case 2Exotic objects like Black hole,White dwarf,Neutron star, and AGN - Both nuclear energy

and gravitational energy are due to accretion.
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i) Contribution from nuclear reaction

If any of these system accretes saydM then, the amount of energy converted to nuclear energy

is by mass-energy conversion is given by:

dEn = αdMaccc
2 (5.3.1)

whereα ≡ conversion factor. In fact the predominant conversion comes from hydrogen. So if we

suppose

α = αH + αHe + αc... (5.3.2)

α ≈ αH ≈ 0.007 (5.3.3)

Then using equation (5.3.1),(5.3.2) and (5.3.3) we obtain

dEn = 0.007dMaccc
2 (5.3.4)

ii) Contribution from gravity It is in the form gravitational potential energy. So if we assume cen-

tering accreting system is mass M, then

dEg =
GMdMacc

R
(5.3.5)

The energy radiated per unit area per unit time is

dEtot

Adt
=

1
A

(
dEn

dt
+

dEg

dt
)

=
1
A

(
GM

r

dM

dt
+ 0.007

dMaccc
2

dt
)

=
1
A

(
GM

R
+ 0.007c2)Ṁacc (5.3.6)

In general for the gravitating system the source of the energy released from their surface is domi-

nated by gravity due to acceleration and nuclear reaction. For dimensionless parameters let

m =
M

M⊙
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Figure 5.3: total luminosity of central gravitating system

the relative mass of the central accreting system to solar

rc =
R

R⊙
the relative radius of the central accreting system with respect to the solar schwarzschild radius.

The figure shown (5.3) the LogLogPlot of the total luminosity released from the central gravitating

system relative to the accretion luminosity vs the relative ratio of the central mass system with

respect solar mass to its radius with respect solar Schwarzschild radius.
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5.4 Radiative transfer in pressure supported torus

In order to calculate accretion from accretion torus the boundary surface and its physical conditions

is reasoning. In the case of our system the AGN core are rotating, so that it imposes the condition

that a 4-acceleration fluid being support by total ressure is required. However this rotation support

model is not sufficient to incorporate the sourrounding atmosphere with optical depth gradient. Thus

preferable the pressure supported torus system that includes both the gas pressure and radiation

pressure is considered. moreover internal density and temperature effects are considered. Thus the

perfect fluid stress-energy-momentum tensorTαβ of the fluid is

Tαβ = (p + ε + ρ)uαuβ + pgαβ (5.4.1)

wherep, ρ, ε, are pressure,the fluid internal energy, the density respectively. Applying conservative

of Tαβ and then projecting the resulting equation onto the 3-surface orthogonal to the fluid velocity

uα with the projection tensor

pαβ = gαβ + uαuβ

yields the momentum equation

(p + ε + ρ)uα
;βuβ + p;βgαβ = 0 (5.4.2)

Now applying the axisymmetry conditions we have the quantities

Ω =
uφ

ut
(5.4.3)

l = −
uφ

ut
(5.4.4)

Then the gradient of l is

∂αl =
uφ

u2
t

∂αut −
1
ut

∂αuφ (5.4.5)

uφut = Ω(utut) =
Ω

1− lΩ
(5.4.6)
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Now using equation (5.4.4),(5.4.4),(5.4.5) and (5.4.6) in equation (5.4.1) we obtain the fundamental

equation

∂αp

p + ρ + ε
= ∂α ln(ut)−

Ω∂αl

1− lΩ
(5.4.7)

which can be numerically integrated based on boundary conditions.
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Chapter 6

conclusion

AGNs produce an enormous amount of energy that is injected into their surrounding environment

through ionizing radiation and relativistic jets. One of the key roles in the framework of galaxy

formation is the AGN activity.

AGN are important astrophysical systems, where their feedbacks in the form of radiative pres-

sure produce self-regulating process which links the energy released from them to the surrounding

gaseous medium, impacting on the evolution of the host galaxy. In general the AGNs are amongst

the most important astrophysical systems being used in astrophysical studies that require diverse

areas of physics.

Successfully developed techniques enables us to understand about effect of AGN on their environ-

ment in the framework of General Relativity and General Relativistic Magnetohydrodynamics in a

geometry of oblate spheroidal. This takes place in the presence of kerr-metric. These methods are

generally incorporate with radiative transfer which is applicable to studies of radiation transport.

The equations of motion for particles in the given metric were derived. The flat disk These are

used to determine the kinematic properties of the accretion. The derived equations are expected to

correlate the process occurred at emission to that of observation point far away from the AGN by

the general covariant transformation.
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