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Abstract 

io. lost. of the phenomenon performed by active gala.xies are lef\' uncO\'crccl among which 

highly collimated jet-like outflows, that span hounders of Kpc to ~ Ipc via interstellar 

medium, is l.hc one. OUf current. research, which is fully analytic, is targeted on 

finding t he plausible mechanism of jets generation and colli mation in Lhcse :-' Iysteriolls 

active gala.xies. In this work, Kerr geomet.ry is preferred to describe t.he dynamics 

of electromagnetic field and plasma fluid around rotating Kerr black hole. we find 

out. that the force-free region, in the immediate neighborhood of rotating black hole, 

is the site where jets generation and launching are fabricated. Toroidal magnetic 

field and centrifugal force, on the accreting plasma fluid. are "he key elements for t.he 

generation and launching of jets. Colli mat.ion of jets is the responsibility of: magnetic 

hoop stress, radiation pressure, from t.he accretion disk, and centrifugal force. Also, 

magnetic field is found to be crucially important. in extract.ing the spin energy of 

t.he black hole. Energy and angular momentum are continuously supplied to t he jets 

through di fferential rotation. 

viii 



Notation and convent ion: 

The fundamental constams, the vacUUIIl speed of light, c, and t he gravitational con­

SLam, C , are set LO uniLy. Then, we deal with so-cal led" geometrized units. 

The signaLure of the metric is (- + + +). 

Einstein 's summat.ion convention: sum over any repeated index in t he product. 

Typica l mass scale in astrophysics is t he solar mass: 

lMO = 1.989 x 1030 I(g = 1.989 x IOJ:lg. 

The usual lum inosity scale in astrophysics is Lhe solar luminosity: 

I LO = 3.853 x IOJ:le1·gs- l . 

1 Pa rsec = 3.26151y = 3.0856 x 1013 /(111. 

The cgs unit fo r energy is: l er·g = 10-7 J . 

The 4-velocit.y of , ljl', is normal ized by the cond it ion: 

------ ------ -



Introduction 

It was the carly scientists' interest, to watch t.he fascinating objects, like galaxies. 

ill the local universe. In 1610, Calileo Calilci used a telescope to study t he bright 

band on t.he night. sky known as Lhe t..lilky Way and discovered that it is composed 

of a huge number of faint. stars. In 1755, Immanuel Kant. speculated (correctly) that 

t.he Gala.xy might be a rotating body of a huge number of stars. held tOgether by 

gravitational fo rces and then orbiting about. a common center of gravity. The first 

attempt to describe t.he shape of t.he Milky- vVay(our galaxy) and Lhe posit.ion of t he 

Sun wit.hin it. was carried out. by William Herschel in 1785 by carefully counting the 

number of stars in different regions of lhc sky. Towards t.he end of t.he 18th ccm.ury, 

Charles Messier compiled a catalog containing Lhe 109 brightest nebulae which later 

followed by a larger caLalog of 5000 nebulae assembled by "Villiam Herschel. Until the 

1920s it. remained unanswered whcLher these were gaseous nebulae within our own 

galaxy, or separate " island universes" (i.e. galaxies like our own ). F'ollowing Ihis, 

appreciation of Lhe universe beyond the i-.Iilky Way great.ly increased early in I,he 

twent.ieth century. For simple understanding, classifying of galaxies had been made 

by the early aslronomers in differenL ways based on different. criterias. However; t he 

most commonly accepted classification is based on the: sLructures (shapes), stellar 

content, dusL contenlo and gas content. of lohe galaxies. Based on these cluC5, galaxies 

have been classified into t hree main groups as: 

E ll ipt ical galax ies : These Iypes of galaxies are elliptical in shape, contain older 
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StilTS and very little gas and dust. 

Sp ira l ga lax ies : These types of galaxics(to which our Milk·way galaxy bclongs)are 

spiral in shape, tend to contain more middle-aged stars along with clouds of gas and 

dust. . They are more brighter than elliptical galaxies 

IlTcgular ga laxies: An irregular galaxies have undefined shapes and a lot. of young 

stars, dust. and gas. 

According to cu rrent.ly recorded statist.ical data, there arc about. 1.3 x lOll visible 

galaxies in the universe out of which 12% are elliptical galax ies, 34% arc spiral galax­

ies and 54% are irregular galaxies. Remember t.hat relat.ive number of galaxies may 

change wit.h time. Except for irregu lar galaxies, elliptical and spi ral galaxies are ro­

tating galaxies each rotati ng about. its OWII center. Galaxies are not. fixed in space 

relat.ive t.o each other as well. Some galaxies are found to move towards each other 

while some others move apart. For instance. studies show that our host. Galaxy (mil k­

way galaxy) is moving towards the nearby galaxy (A ndromeda galaxy) at about. 130 

km/s, and depend ing upon the lateral movements, the two may collide in about 5-6 

billion years. T his leads to gala:des merge and form large cluster. Astronomers had 

recognized that galaxies differ in luminosit.y as well . Based on this, galax ies are classi­

fied as: c1assl up to c1assV, where c1assl galaxies are t he most. luminous and class V 

bei ng the least ill luminosity ilepcaled direct observations t.owards galadic centers 

using more advanced astronomical inslrumcnls revealed unusual phenomenon in some 

galaxies. The universe, with its endless secretes, keeps on providing assignments to 

t hose who Ilre inleresled in . The astronomers were able t.o observe surprising events 

like: ext.reme luminosity and unusual jet- like out flows from some galact.ic centers and 

t.hen init. iated to fi nd out. the !;olut. ion for t.his assign ment. T hose galaxies in which 

t.hese events observed are termed as act.ive galaxies. Ext.reme luminosity and jet-like 

outflows from some acti ve galactiC cent.ers are most.1y int.er·relat.cd. In the 19405 n.nd 
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detail as spine for the generation and then collimat ion of out flo .... 'S. There arc {hffer· 

ellt mechanisms, proposed by many related fie ld researchers , by which these jet·like 

out flows are produced and collimated from close to the center of active galaxies. 

All the mechanisms proposed so far have their own drawbacks of harmonizmg with 

the phenomenon obtained by direct obS('fvatiolll';. We, here based on analytical way, 

propose a new model which is more plaw;ible reason for not only their production 

and collimation bm also for Lhei r observed large :scale propagation strongly related 

with t he cent ral gravitating astrophysical objects. In our mcchanisms, the increment. 

of toroidal component. of magnetic field strength towards the immediate neighbor· 

hood of cemral rota ting black hole nnd the centrifugal force, on t he accreting plasma 

fluid , take central role for production of relativistic jets. Radialion pressure from the 

accretion disk recti fies the generated jets to be collimated along the rotation axis of 

rotating black hole. Collimation of relativistic jets is also supported by the magnetic 

field induced by the accelerating charged particles in the accretion disk and the ex· 

ternal gas pressure from interstellar medium. In first chapter. we review the history 

of observational discoveries of active gala.xies and their distinct features. In the next 

chapter: we discuss the effects of black holes on t he local region of spacctime, the na· 

ture of magnetic fie lds and particle dynamics around black hole. In t he third chapter, 

it is the output of accreting maLters which is discussed. The fourth chapter deals with 

the cent.ral t. heme of out' mechanisms for relativistic jets producLion and coll imation 

and finally, in the last chapter, we discllss the outputs of our research. 

• 
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Chapter 1 

Active galaxies 
/ 

The highly luminous gala.'(ies arc st rongly related La t he presence of active supcr­

massive (with mass ~ 1O~ A10) black holes in their centers . Super-massive black 

hole accretcs materials from t.he surrounding environment l..hcrehy, in-falling of these 

materials release enormous amount of gravitational binding energy in t he form of 

radiat ion. Therefore, t he oucleus of the galaxy increases in luminosity and bC(!omc 

vis ible as so-called act.ive galactic nuclei (}\C N hereafter) . AGN is best. dermed from 

t heoretical standpoint as any galact.ic nucleus t hat. harbors a massive accret.ing aclive 

black hole. 

The luminosity of ACNs range from 1042ergs - 1 to lO'l8e/"gs-1 

i\ \a ia . l-. lachado and \-Villmer ill 2002 reported t hat, about. 2.6% of the total galaxics ,in 

local universe,a re active galaxies. Active gala .. xies range from faint compact radio 

sources like t.hat in ~ 131 w recently discovered quasars like 3C273. These include: 

Seyfert. galaxies, raelio galaxies, qunsars, and B1azars. 

Seyfert Galax ies: They are named aftcr t.he nslronomcr Carl Seyfert.. who swdied 

them extensively in t he [940s. Seyfert galaxies are the first type of active galaxies 

to be discovered. These subclasses of aclive gala.:des flrc ident.ical with normal spiral 

galaxies in shape except. containing an extremely bright nucleus, Only a few percent. 

of Seyfert. galaxies might. be elliptical ill shape. T he light. from t he nuclcus vanes in 

• . L J ~·. CI 
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less than a year. which implies that the Clllltllllg region must be less than one light 

year across. In addition, most of lhe radiations produced by a Seyfert galaxi<'S are 

in the infrared and radio part of the spectrum. The radio emission is behe\'e<1 to b(> 

synchrotron emission from the jet The infrared emission is due to radiation in other 

bands being reprocessed by dust near the nucleus. ~ Iost Seyfert galaxies are \'(:!ry 

distant; however, a few lie relatively close to t he ~ l ilky·way galaxy. Approximately 

2% of all spiral galaxies are Seyfert galaxies 

R.;'l(lio Ga laxies: They arc the largest class of active galaxies with strong radio 

emission. They arc generally associated with ell iptical galaxies. For instance. ~ 18 7 

is giant ell iptical active galaxy with strong radio source and its jet. is fired Out into 

space o\'er a length of some 5000 Iy with luminosity equal to J07soiar luminosities. 

Radio galaxies differ from Seyfert galaxies in that. they radiate most of their radiation 

in t he long wavelengt.h. radio part. of t.he spectrum. They are \'ery luminous at radio 

wavelengths (up to 1038 11' bctwC('1l lOAf fI :: and lODe fI z). The rad io emission is due 

1O the synchrot.ron process. Un like Seyfert galtLxies which produce their energy ill the 

nucleus, most radio galtL'(ies produce their energy from an extremely small area in t.he 

nucleus called t.he core. Radio galaxies can be subdi vided into compact. radio galtLxies 

and extended radio galaxies. Compact radio galaxies often display very small radio 

sources. Extended radio gala.'(ies have radio emission larger t han optical emission 

of t he gala"{ies. Cygnus A, OIlC of t he strongest radio sources in thc sky and onc of 

t he first discovered , provides Illl excellent example of thc typical double structure of 

the luminous extended radio ga laxy. Its radio output. is about JO llsolar luminosit.ies, 

comes from two giant lobes set on opposite sides of the galaxy. 
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Figure l.l: jets nourishing t.he twO lobes in Cygnus A 

These t.wo lobes each on eit.her s iclL'S of the gala.'(y are cont.inuously nourished by 

t.he radio jet.s t.hat ext.ended out from t.he nucleus of the galaxy. 

Q ua sa r s : t.he quasars were discovered ill the 19605. The name is a contraction of 

'qunsi-stars' or 'quasi-stellar radio source', which refers to the fact. t.ha t. quasars are 

generally point. sources (like stars). These radio sources correspond to point.-like ob­

jects on visible light. photographs. Currently known t.hat., j n fact. , most. quasars are 

' radio quiet. ', i.e., t.hey have very lit.tle radio wave emission. Only 10% of all quasars 

can be seen with radio telescope while ot.her can be seen in other wavelengths. QUHsars 

a re found to vary in luminosit.y in differing t.ime periods. Some vary in brightness 

every few mont.hs, weeks, days, or hOlLrs. This recent. evidence has allowed scientist.s 

to t.heorize t.hat. quasars exhibit energy ill a vcry small region. Their light. is unusua lly 

shift.ed towards redder wavelengt.hs, which indicates that they are very distant. t.he 

closest. being 240 ~ Ipc (780 million Iy) away and t.he fa rthest. being 4 epc ( 13 billion 

ly) away. t.. lost. quasars are known to lie above l.0 G pc in distance. Since light. takes 
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such a long time to cover these great {hstanccs, y,'C are seeing quasars ru; they exist~1 

long ago. The highest. redshift. currently known for a quasar is 6.4 . To be visible to us 

so far away, they must. be very luminous. li ence, quasars a re the brightest. obJecUi in 

t.he known universe. Up to t.he current, more than 60, 000 quasan> are known . It. was 

evenwally realized that quasars are active gala.'I(ies that. appear point-like becallS(' lhe 

active nucleus oll tshines all the stars in the galaxy. 

Blaza rs: blazars are believed t.o be acti ve galaxies having relat.ivist.ic jets pointed 

t.oward t.he Gart.h so that. what. we observe is primarily emission from the jet. region. 

They are t hus similar to quasars, but. are not. observed to be as luminous. The visible 

and gamma-ray emission from blazars is variable 011 t imescales from days to minutes. 

They are highly polarized and radiate cnergelica.lly across the broadband spectrum. 

rrom radio to gamma rays. 

To date more than 60 blazars have been detected. 

From the above stud ies we can say that active galaxies share the following common 

characteristic physical features: 

I ) High luminosiLY: active galactic nuclei arc characterized by high luminosity 

(comparable or surpassing the luminosity of their host) ranging frolll 1042crgs-1 to 

1048ergs-l. This high luminosity confirms the existence of massive black hole such 

that gravity can combat. radiation pressure which would otherwise blow the object. 

apart.. For an active nucleus with luminosit.y of IO"6ergs-l, the black hole mass esti­

mated is 108 t imes as large as Lhe solar mass. 

II ) variabili t.y: Si nce t.he lighL from normal gala.'I(ies is dominated by starlight, vari­

abilit.y does not. exist. In active galaxies, a region near the cent.er produces enormous 

amounts of emission across the ent.ire electromagnetic spectrum. Highly random mo­

tions are observed which account.s for the variabiliLY of the lu minosity from Lhis region . 

The emission is often variable on time scales of years and someLimes on Lime scales of 

days, hours, or even minutes, from which it can be deduced that the emItti ng region 
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must be vcry small. 

III ) broadband continuum spectra: ~ Iost AG ' have \'('ry bro..'\(l band spfflra rom­

pared to normal galaxies. The narrow lines afe believed to originate from til(' outer 

part of t he AG where \'elocities are lower, while the broad lines originate clvscr 

to the black hole. This is confirmed by the fact. that the narrow line:; do not V8n' 

detectably, which implies t hat the emitting region is large. contrary to the broad lines 

which can vary on relatively short ti mescalcs. Due to the random motion. particles 

speeding toward ollr line of sight will be blue-shifted while those particles spcc<hng 

away will acquire red-shifted spectrum. Hence all spectrum band is observable 

IV )polarizat.ion: Most ACN show at least SOllle level of polari7..ation at optical and ra­

dio wavelengths. St.rong polarization generally indicates non-thermal emission mech­

anism, most. likely synchrotron emission. 

V) strong emission lines: strong nebu lar emission lilies characterize t he specua of 

most AGN . These lines tend to be broader than those found in starbrust gala..xics 

VI) small angular size: ;" Iost. of thc I ll, Opt.ical , or x-ray emission is released very 

close to t he horizon of the black hole 

Despit.e their common characterstic features, ACNs differ in some respects. How­

ever; their classification is a very confusing subject . This is because of observational 

problems in relation with t.heir orientation to our line of sight. It. is not. possible to 

obtain full spect.ral coverage for all objects and so. it. is somehow easy to reconcile a 

cla:;.sification based on say, X-ray propcn icil with that. of optical emission lilies of 11 

differcnt. sample. For instance, on t.he bases of t.heir radio properties. AC Ns can be 

classified int.o twO categories as: radio-loud objects and radio-quiet objects. 

Radio-loud objects are characterized by showing: 

i) highly relativistic outflows of energetic pnrticlcs along t he pole of the rOlating black 

hole. 

ii) collimated radio emitt.ing jets that. lead to extended radio SOllrCC::l. 
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iii) strong radio emission having luminrn-lly L~lfz > 1021 1\" H Z 

Radio-quiet. objccts characterized by showing: 

i) sub-relativistic omflows of particles . 

ii) jets arc not. well collimated . 

iii ) weaker radio em ission with luminosity L6Glfz < I021 l l' fI z- lsn-1. 

On the oLher hand , some aCl iVl' rad io gnlruciCl:i. which :seem quiet. differellt. art' in­

vcs\,igated that Lhey arc similar unless thei r orientations make them so diffct'ctll. 

Wit h I,his in mind , researchers put. It unify ing model which makes all AGNs idpnlit'lli. 

According to unifying model all ACNs have cylindrical structure and t hat. various 

spectral types in t hem come from t.hc d ifference of viewing angle of this cylindrkal 

system. E,'cn t.hough origin of relativis tic jets(outflows) needed to power some AGNs 

remains a difficul t. astrophysical problem, they ha\'c been ptIL to a good usc in testing 

orientation- based unification schcmcs for radio galaxies and radio quasars in t he 3CR 

sample. If t he a.xis of radio source is observed within an angle of 45° Wilh t he lin£' of 

sight., a radio quasar is observed and . if aL a greater angle. a radio galax)' is obserwd. 

Radio-jets ejected from radio- loud act.ive galactic nuclei sometimes show apparent n'­

locit.y exceeding speed of light. The widely accepted explanat.ion for this phenomenon, 

called supcrluminal motion , is relati vist.ic jet flow along the direction of t he li ne of 

sight. of the observer. One may ask t hat for how long will active galactic center exist 

being active. It is believed that when the black hole, in active gn iactic center. has 

eaten a ll of the gas and dllst. ill iLs neighborhood t.hcn t.he active galactic Illlckus 

ceases to emit. large amollnts of radiation. This indicates that there is the end for t h£' 

lInusual activities observed in AGNs. The accreting matter onto central supC'nnus­

si\'e black hole may exhausts resulting in the declining of high luminosity. Under this 

condition supcrmassive black hole remain starved once for all. The lifetime of AC1'\s 

can t hen be estimated for gh'cn black hole mass(i\ I) and mass accretion rate(J!) as: 

L - M _ 10' rs( M )( M ) ' 
AGN ..... M ....... Y 10'MO MO ll'" I 
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Chapter 2 

B lack holes 

In stars, the inward gravitational pun is held in equilibrium by the radiation pressure 

of core reaction. If t.he star exhausts ils supply of nuclear fuel the radiation pressure 

will ult imately disappear and t he star will collapse under its own weight. The collapse 

may be sudden or grad ual, bllL in any case it. can be halted only if nn alternative mech­

anism for generating sufficient. pressure becomes available at. high density. In white 

dwarf stars and ncutron stars stich an alternat ive mechanislIl is available. These stars 

are so dense t hat. lhe quantum mechanical zcrt?point. pressure becolllcs dominate. 

The degenerate Fermi gas of electrons supplies t he equilibrium pressure in a white 

dwarf and a Fermi gas of ncuLrons supplies t he equilibrium pressure in a neutron star. 

The equation of state(pressure as a function of density)based 0 11 this model permits 

equilibrium configurat ion, provided t hat the total mass is below critical upper limit. 

If t he mass exceeds t his criticallilllit for while dwarf. then the electron pressure mn 

not support the star. A rough ra\culaLion for critical mass limit is us follows: 

A:;suming that the gas has uniform density t hroughout. t.he star, the Fermi momentum 

fo r a gru; of N elect rons in a volume V is: 
, , 

_ (3. h N)l 
PF - \f 

anel the Fermi energy e<luais, 

\2 

• .. ... 
• • 

(2.1) 
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(2.2) 

T he Newtonian gravitational binding energy is of the order of. 

(2.3) 

where, fo,'\ is mass of the star and R is it!; rad ius. For stable equilibrium to happeu , 

t he net effect of equaLions: [2.2] and [2.3] should be minimum-zero. 

This results in , 

(2 ..1 ) 

where we have ta ken, V = bjl'. 
The cri t ical mass beyond which the cc\uilibrium disappears may be estimated by 

asking when t he elect ron gas turns relativis t ic. T his happens when PF :::: mf'c 

Substituting t his into equation [2.1 \ ' we gel, 

I 
(9,"'/ 4)1 { = . 

m eC 
(2.5) 

By comparing C<luutions [2.4J alld [2.5\ and assuming that the nuclei in while dwarf 

is Helium, we have the uppe r critical m(L')S limit to be, 

fJ' he ! 
J\I(T,t = -6 [-C' ]. In". 

4 mIl 
(2.6) 

Numerically, M cr1t = 2.4 x 1033.9 :;:: IMO ' Thus, in our rough calculat ion, the 

critical mass should be in the order of one solar mass for white dwarf Slar. Simi lar 

calculaLion holds for neut. ron Sll"U" . According to Chandra.sckhar. the maxi mum lim it 

tha t neutron star can exiSL is 1.47MO. Howc, 'Cr; recent. observation d iscovered t he 

neutron star wi th mass of 2MO' For mass beyond t his critical upper lim it, t lwre is 

nothing 10 halt t.he gmviullional colla l>Se of t he star. T he collapse goes on endlesslv. 

But the endless collapsi ng is only for the distance observer. For an astronaut. who 
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rides aJong with the collap&lng mal;.';, the' ('ollaj:)I;(' takes filliu' lime to end. TIll' (·Oll.l l):>(· 

results in dimensionless smgular I>oint III spacetllne where somethmg ('lltcr('(1 rnn't 

gate out.. Thus, this region of smgulamy of spacetime IS termed as blaC'k hole. 

Efrect of grav itat. io lw l fOl'cc : 

The escape velocit.y for a particle fired away frolll a massive body of mnss,td . Ilnd 

radius r is 

(27) 

where, G, is universal grav itational constant. A particle with velocit.y less than this, 

will return while ot.herwise escape. The dimensionless quantit.y. ~,obtaincd from 
" 

eq: 12.7] is may be regarded as a measure of the strength of the gravitational field. 

Where, C is speed of light. Since e<r [2.7J is independent of the mass of the particle. 

we may hope that. it also applies to t he case of light. If the dimensionless quantity 

given above approaches unit.y. it is so hard for a part icle with non-zero rest mflS.'; to 

escape t he gravitating body. Abo, light happens to bend around gravitat mg 1)()(lv 

under t his condition Th!"' pfff'('l$ hN'ome spectacular when the dimensionless quan­

t. ity equals unity. For example, when the radius r = ~, the grav itational field of 

t.he body is so st.rong that. nothing can escape from its brri p. This result was obtained 

by rvlichell in 1784 and by LaplNlc in 1795, who speculated that. a sufllcicntly ma.%ive 

and compact star might. appear dark and black. A star appears black if it. grips light . 

And due to its enormous gravitational forcc. it gulps in all the materials fl.round . 

Since, we don't. havc information about t he I!L'it. fate of the materials. we designate 

t.he region by a hole. The terlll "black hole" was then coined by Wheeler in 1968. 

and has since made a lasting impression. Black hole is "cry compact celestia l obJ('("t 

with its fascinat.ing com plex mcchanisms. It is formcd when a very massive star runs 

out. of fuel. Withollt the I>ower to support. its moss, the slar implodes and the core 

collapses t.o a point. of infinite density. According to current theory, black hole can 
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be formed in three different ways. 

The first: when slar of mass 109 Alo exhausl. all ILS nuclear fueling. It will graVita­

tionally collapse t.o black hole. 

The second: when tWO neutron stars merge together, lhey will collapse to black hole. 

The third: this is proposed by quantum cosmologist Stephen Hawking. lie lheom.(..'(\ 

t.bat. t. rillions of black holes where produced ill the Big Bang wilh some existing loday. 

This t.heory is not as widely o.cccpted US the other two above. 

Two types of black holes are found in the Universe: stellar-mass black holes and 

super-massive black holes. These arc characterized by different masses and formation 

mechanisms. 

A stellar-mass black hole forms when a heavy star collapses under ilS own weight in a 

supernova explosion. Th is happens after the nuclear fuel , wh ich makes the star shine 

for millions of years, is exhausted . The resulting black hole is a li ~lIe heavier than 

our Sun and has a n e,'ent horizon a few miles across. The existence of such black 

holes has been inferred in cases where the black hole pulls gas of a companion star 

thai orbits around it. The gas heats up as it falls towards the black hole and then 

produces X-rays I.hat can be observed with Earth-orbiting salelli~es . 

Super-massive black holes are found in the centers of galaxies Lha~ contain billions of 

stars . They are millions or billions t imes as heavy as our Sun, as determined from 

the motions of stars and gas surrollnding them. Spectacular activity can occur when 

gas falls onto the black hole. Some of accre~ i ng materials onto black hole will fi nally 

be swallowed by the black hole. Hence, black hole is believed to be an astrophysical 

object consuming the energy budgc~ of ~he univcrse behind the closed door. Thanks 

to the distance limited effcc~ of the black hole, the distant uni,,-erse's products are 

saved from being swallowed all in all . Hesearchers of the field are knocking this door 

to shed light on I.he mysteries behind il. t hrough different techniques. 

Following the prediction of general relativity, t heoretical physicists were exploring 
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about the properties of black holes. From mathematical pomt of view, block holes 

are solutions of Einstein's field equation. Karl Schwarzschild was t he fin;t !K'ientl3t 

to find out. the solut ion for Einstein's field equation in 1916. hwan.schlld oln811loo 

the solut.ion for static and spherically symmetric gravitational field prod uced by non­

rotating neutral block hole. He characterized a black hole by it.s mass( M) alone, 

According 1.0 Schwar/,schild geometry of spacetime, t he metric expression of world­

line (line element,) of an evellt ill lhis gnw itationnl field takes the form: 

The surface of radius r, = ~ (Schwarzschild radius) is a surface of infilllte-rcdshift. 

That is, a clock placed at. rest, near this rad ius shows a proper time, dr = )1 - Z;~f dt 

t.hat. approaches zero as r _ r ,; which is to mean that the clock rUlis infin itely slow 

compared with a clock at. a large distance. The van ishing of d-r is characteristic of t he 

worldlillc of a light. signal and hence only a light, signal , aimed in outward direction, 

can remain at. rest, at !",. This radius is the radius of the surface on which light is 

infinitely rcdshift.ed. The infinite-redshift, surface is sometimes called the static limit,. 

because part icles with velocit,y less t,han that, of light, will not remain at rest ill this 

surface. 

The radius of this surface is obtained from the blowing up of t.he coefficient of. dr'l, 

;n oo, \2.8J, 

Le r 
_ 'laM - " . 

Or when r = ~, g...,. becomes infini te. l-I owever;,.:= ~ is 1I0l an intrinsic 

singularity, because spacetime itself is not singular there. The part icles may remain 

stat,iollary at a certain point (r,O,¢), out, side a black hole (r > ~), but, I t is 

impossible for a particle inside t he black hole (r < r,) to be at. rest , i.e to maintain 

fixed values of co-ordinnLes (T',O,t/J) . The argument, runs os follows: We recall that 

the worldline of any part,ide, of 110 11 zero rcst mass, must be lime-like , namely the 
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separation dr2 along t.he III ' . I war ( me IS a ways p06itl\'c. However; for a p..'u t icle at f bot 

wit.h d,. = dB = d¢ = 0 liT' = (1- 2GM)dt2 So th' h 20" d ' . , ~ . a W 11 r < """'"CT" ' T , IS negative 

which means t.hat it is impossible for a particle to have 6.r = O. 

rorty seven years later Roy Kerr obtained a.xially symmetric. stalionary, but flot 

stat.ic gravitational field produced by rotating neutral black hole. In his geometry of 

spacetime, adopted in Boyer-Lindquist. coordinates, the worldline(line element.) o f an 

event has t he form: 

, (4aM'2r2sinB - p4t::,. '2 4Mr p'l E2 
ds ~ '['I" )dt - (T" ' in'(9) dt d¢ + I!. dr' + p'dO' + I" Sln'(9)d¢', 

where, p2 == r2 + a2cos2() , 

}":2 == (r2 + a'l)2 _ a26.sin29, 

t::.. == , ,2 _ 2M" + a2 , 

(2.9) 

and 'a' is t.he angular momelltum(J ) per unit mass of black holc(M) and a (0, M ). 

The units used in Kerr metric solut.ion is geomelricaiunits in which r, t-,! and a have 

units of length. 

This solution is different from the solution obtained by Schwarzschild. Hence accord­

ing to Kerr, black hole is characterized by: its mass (M) a nd smgular momcntum (J) . 

Kerr solution degenerates to Schwarzschild solution under zero angular momentum 

condilion. 

Two years later another scientist Ezra Newman found the sol ution for Einstei n '6 field 

equat,ion around rotating, electrically charged black hole. Th is solution is called the 

Kerr-Newman solution. 

In general black holes are characterized by all or either of the three parameters: 

mass(rvl), angular moment um(J ), and charge(Q). 

By "characterization" we mean that black holes interact with the external CllvirOIl­

ment only through the effects cause by mass, charge and angular momentum; no 

fur ther interaction comes into play. Non-rotating neutral black hole (SchwarLSChild 
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black hole) is characterized only by its mass (M). 

Non~rotat.ing charged black hole (Reissner. Nordstrm black hole) is characterized by 

its mass(M),and cha'ge (Q). 

Rolat.ing neut.ral black hole (Kerr black hole) is characterized both by its mass p. l ), 

and angular moment.um (J ). 

Rotating charged black hole (Kerr-Newman black hole) is characterized by its mass(r.. l), 

angular mument.um (J), and charge (Q). 

Rotating black holes are thought. Lo be formed in t.he graviLat.ional collapse of a mas­

sive rotat.ing st.ar or from t.he collapse of a collect.ion of stars wit.h an avera.ge non-zero 

angular momentum. Most. st.ars rotate and hence an evidence for most black holes 

in nat.ure to be rot.at.ing black holes. Rotating black hole can release an energy at 

t he expense of its rotation in the presence of strong magnetic field . Black holes were 

long viewed more as a mathcmaticn.l curiosity rather limn a physical reality. This 

changed in t.he 19605 when t.hey became the favored e.xplanation for acti,'e galaxies. 

The extreme luminosit.y of AG N is explained by an accreting central supermassi\"e 

black hole . A black hole, by its very nat.urc, is observat.ionally elusive. Progress has, 

however, been made on several froms ovcr t.he pa.'!t few years . OpTical. infrared, and 

radio studies of t.he nuclei of several galaxies, including our own, have revealed the 

presence of large masses within small radii t.hat can only plausibly be black holes 

Near-in frared observat.ions of the nucleus of our own Galaxy show Lhe proper motion 

(that is, mot.ion perpendicular to the line of sight.) of stars t.here. This motion in­

creases toward the position of t.he Calact.ic CenLer, which is coincident. with the radio 

source Sgr A *. The stars are presumably in orbit, about the Galactic Center that 

musl.. t.hen have a mass of 2.5 x 106A10 The activity in a galaxy ceases when the 

black hole nUl:> out of " fuel", or when this fuel stopS being efficiently t ransformed 

into radiat.ion. Hence, a normal galaxy might. have had an active phase in the past. 

and if so would still have a massive black hole lurking in its center. To lest this idea, 
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ast.ronomers have used the Hubble telescope not. only to study the centers of active 

gala.xies but also of normal galaxies. Indeed , black holes are found in normal galaxies 

as well and may even exist in the centers of all gala.xies. In our own ~ hlk\' Way 

gala-xy, ground-based observations detected rapidly moving stars. These arc b<'\i(>\'cd 

to move under t he influence of the gravitat.ional pull of a black hole with 3 million 

times the mass of our Sun. 

2.1 K err Black hole 

The dynamiCS of a particle near a black hole is determined by the curvature of space­

t ime around the black hole. A spinning black hole drags the surrounding spacetime 

into a tornado-like circulaling motion and allows mat.ters to orbit. closer to it. than is 

possible for a non-spinning black hole. Rotation of black hole can not. be arbitrarily 

large as it is limited by the maximum value of the angular momentum per unit mass of 

black hole (a == Nf). 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 t.he dy­

namics of plasma fluid and the configuration of electromagnetic field. We se\(.'CL Kerr 

metric to express the designs of the spacetime, elect.rodynamics and plasma dynam­

ics and their interaction in t.he vicinity of rotating black hole. As stated above, I<err 

geomet.rized the spacetime, arollnd rotating and neutral black hole, as stationary and 

axially symmetric. In this spacet.ime, the metric expression of squared line-clement. 

of an event has t he form: 

(2.10) 

Refereing to the above eq:I2.9J, we have the relations: 

( 'I",\'~r'~ ... 8_{l46) ("Mr )ac-i ,29 g .. = (~srn20), gtt == r:.i{ii - , 910 == - 7 " .. I. , ,.-

9rT==~ ' 908 == p2 , 
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where t.he off diagonal metric element., 9,., arises because of the rotation of c('ntral 

black hole. 

The gravit.at.ional fie ld of a rotat.ing mass differs from that of non-rotating mil ......... by 

t.he presence of t.he off diagonal components. The determinant. of the I( rr metriC 

elements, given above, is -9 = p"sin20 =- A = ';StnO. 

The field of Kerr black hole, in steady rotat.ion, possesses t,\\'O evident symmctrit.'S: 

st.at.ionarit.y (at91U1 = 0) and axial symmet.rici t.y 

( a¢91'" == 0). These axial symmet.ry and stationarit.y of gravit.ational field of the 

cent.ral rotat.ing black hole greatly reduce the complexit.y of the governing e<luations. 

T he gravitat.ional field is t.hus dependent. all the poloidal co-ordinates (0 (uui r). 

To underst and t.he dynamics around black hole, we can put fiducial observer, an 

observer who is at rest. wilh respect. t.o black hole. In lhe case of rot.aling black hole , 

this observer has special name called "'l.ero angular moment.um observer (ZA~ IOr for 

he is co-rotat.ing with t he black hole having constantly zero velocity along poloidal 

components. Since ZAMO's trajectory is not geodesiC, he feels gravitational field 

or his clock delays. This effect is quantified by t.he redshift parameter called lapse 

fu nction a as: 
(2.1 1) 

where 'fo' st.ands for fiducial observer and the t.ime coord inate ' t ' is universal time. 
, 

The lapse function vanishes at. the horizon which int.urn means t.hat. t.he redshih. 

parameter , Z, defined by: 
(2.12) 

becomes infinite. This is t.he reason for blackness of black hole, 

Duc t.o frame d ragging effect. of I<err black hole, the spatial co-ordinates, of the inertial 

fr ame, have velocity wi t.h respect. to the ZA~ IO. This velocity is termed as shift vcctor 
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(P), which can be defined as: 

(2 13) 

This shifl. veclor, or sometimes called frame dragging frequency, falls off \'ery rapidlY 

wit h rw:lius, i.e (pi ex: r-3
). It parameterizes the rotation of Kerr space-time. Th(' 

4-velocity of the fiducial observer (ii) can be expressed interms of lapse fUllctlon and 

shift vector as: 
_ d 1 {J' 
n ~ - - (- - - ) dr (j,~,r,O) 0" 0". 

The lapse funct ion and the shift vector, in Boyer-Lindquist. coordinate syst{'m , arc 

given by: 

and , 

p = YIQ 

9 .. 

-2Mra 
1 •. ,.'1 ( E' ,0,0). 

T herefore, t.he 4-velocity of the ZM .. 'IO is rewritten as: 

E -2A1ra 
,i ,-,., IA(I , E2 ,,0,0) . . <'.,.. pv t::. 

ZAMO's angular velocity is given as: 

Il~ 2Mni 
(l- - - --

- III - E2 . 

(2. 15) 

(2.16) 

(2.17) 

(2.18) 

In pa rticular, on the event horizon the angular velocity of ZA~ IO has t.he form. 

a 
11 => 11/1 = ( 2 2)' ,-+ +a 

(2. 19) 

where, OH lU1d 1·+ are t he angular velocity of black hole and radius of outer event 

horizon . 

Gravitational fl eld , Y, on fiducia l observer is: 

1 
Y = - - Va-_ 

a 
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That is , 

(22 1 ) 

With respect to the fiducial observer, the dynamiC!; of a pa rticle around the I<err 

black hole will have t he following form: 

(2.22) 

where r is Lorentz factor against FIDO. 

2.2 Black hole's event horizon 

It is mathematically defined , locally undetectable membrane, around black hole. be­

yond which a distant observer is unable to observe events and hence called "event. 

horizon" . Now it is known that this horizon mcmbrane behaves as t.hough it were 

a membrane with a variety of physical properties The existence of cvent. horizon 

around a black hole, is evidenced by the absence of certain type of x-ray explosion. 

which is observed around neutron star. T he idca of using the absence of X-ray bursts 

to confirm t.he presence of event horizons around black holes was proposed in 2002 

by Harvard's Narayan and Dr. Jeremy Heyl of the Universit.y of British Columbia ill 

Vancouver. According to the researchers , the observed x-ray bursts on hard su rface; 

of neutron stars , could not be observed on black holes. This one way gate horil'.on 

rotates rapidly that any object near t.he horizon, in falling or not., is dragged along 

with the rotating horizon due to black hole's extremely high gravitational force. Karl 

Schwarzschild was the first. physiCist. to derive a formula for the radius of C\'CIl t. hori-

zon of non-rotating neutral black hole, 'r . = 2M. 



J ust below this radius no observer/ pan icle can maintain Itself at. a const8.l1t rachus. 

It is forced to fall inwards. From mathematical poim of view, any ObjOCl of nOIHNO 

rest mass can end up with black hole as long as it. fulfills the following mmimum but 

physically impossible requirements: The objcct must., by some magic, collapse to a 

radius less than '., or set. into motion to acqui re a light speed. 

Later on , in more advanced way, Kerr calculated out. two radii (inner radius and ollt('r 

radius) of event horizons for rotaLing neut.ral black hole. These radii of the event. 

horizons are the radii at which the coeffi cient of the dr'l term of the Kerr metric blo .... '8 

up. i.e when, 

(2.23) 

where , r _ is the radius of inner event horizon and ,.+ is the radius of outer e\'{'nl 

horizon. At r = 1·+ and r = r _, a IighL signal necessarily has zero velocity in the 

radially outward direction. We, here, focus on Lhe outer event horizon. The surface 

of infinite-redshift and event horizon coincide in t he case of Schwarzschild solution. In 

Kerr geometry, t his infinite-redshift, concept is complex. We encounter tWO infimte­

redshift surfaces, where gI l = 0 

. 1 2Mr - 0 
I.e gtl = - """""E"""" -

Here, in Kerr geometry, the vanishing of gu = 0, merely tells us that a particle CIUl 

not be at rest(with dr = dB = drp = 0) at t.hese surfaces. 

These surfaces, like Shwar1schild case, do not correspond to any physical singular-

ity. The two infinite-redshift surfaces are distinct from the two event horizons except. 

at, the poles. 

Consider the figure below: 
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Figure 2.1: The two event horizons, and infi nite-redshift. surface 

The region between t he outer evellt horizon and the outer infinite-redshi ft surface 

is termed as an ergo-region. Geomet.rically, it is stretched om along the equa toria l 

plane and meets the outer event. horizon at t he poles as shown in the fig: [2.1J . 

The ergo-region exists only for spinning black holes. Particles falling into the ergo­

region are forced to rotate fasl(with angular velocity of black hole) and thereby gain 

energy. Because they arc still outside the event horizon, t he particles can escape 

from the black hole. The net process is t hat the rota Ling black hole emits energelic 

particles at the cost. of its own total cnergy. 

One thing to be noted is that for an astronaut. making a t rip to massive black hole. 

locally, nothing un usuaJ is there till she crosses the event. horizon where she sta rts 

to feel a tidaJ force and difficulty to turn back. Rotating black hole is diffcrcnt from 

Schwarzschild black hole in that the rotation of the black hole will cause t he crcal ion 

of two (inner and outer) CVCIlL horizons. As the spin of the black holc incrcases. the 

24 



inner event. horizon mo\'cs out.ward , and t he outer ones moves in\\wd If the Spill lS 

great enough (a == M ), t.he t. ..... o will event.ually merge IUld shrink to form a smgll.' 

singularit.y. Wit.h no event. hori7..ons to hide it from the rest. of the Universe, the black 

hole ceases to be black and will instead be a naked singularit.y. 

In t.he region between two event. horizons, 9rr > 0 and hence r is time-like co-ordinate. 

As in the Schwarzschild case, the r dependance of the metric therefore implies that the 

met.ric in this region is necessarily dynamic. Neither at the infinite- rcdshift surfaces 

nor at the horizons docs t.he Kerr geometry develop a true singularit.y. The on ly t rue 

singularity occurs at r = O. This true singulari ty can be checked using the behavior 

of curvat.ure tensor. Curvat.ure is an intrinsic geometric propert.y and its singularit.y 

is independent. of any coordinate system. Indeed, the curvature tensor diverges at r == 

O. The diverging nat.ure of t.he curvature at t.his point indicates t hat. the energy and 

moment.um becomes infinitely large in t.his region of spacetime, which in t.urn implies 

t hat. t.he black hole is confi ned in sillall region of spacetime. Thus, black hole may has 

another alternative definition as: a finite region of spacetime into which signals can 

enter , but from which no signal can ever emerge. Following lhis, we can assume thaL 

spacet.ime between the black hole and iLS event. horizon is comparatively empty and 

hence, the solutions obtained so far, for Ei nstein field equation, are ext.erior vacuum 

solut ions. 

2.3 E lectromagnetic fields in K err spacet ime 

The l\'Ia.'(well's equations, expressed in tensor fo rm in curved spacetime, acqui re t he 

following structure: 

t he source-free Ma.xwell equat. ions, 

IL ,II, O are cyclic, (22 1) 

25 



and , the inhomogeneous Ma.xwell 's C(luations: 

1 
P"':= t=;; (AP"'),,.,=4rrJl', 

v-g (2.20) 

where J"', is the generalized 4-eurrem. density. In I<err spacctmlc, the above ), Iax\lo't'll's 

equations reduce to t he simplest rorm: 

and, 

P,r,O + P01 ,T = P4w,o + p,.,r = 0, 

tlsinO [sinO ~ I 
-[- ,- (F,,-IlF ... )J,r- - , (F,,-IlF .. )1 ,9 ~ 4rrv-gJ, 

Q Q 

[CHinO("F g" F)I + ['inO("F g" F )1 0 - ,1- ~gJ' -- /J 'Ir - - ',pr , 1' - /J 'If! - - 'dIS , - "V-Y , 
a 2 

9 60 0 2 g .. 

tlsinO A r (--;;>F,,),O ~ 4rr -gJ , 

respectively. 

Let us define the quantities: 

." ~ r 1':" - IlF .. 
'l'r - ""' til 1 

tlsinO 
8, '" (- ,-)F" , 

p 
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(2.27) 

(2.2 ) 

(2.29) 

(2.30) 

(2.31) 

(2.32) 

(2.33) 

(2.34) 



where, j6,fl',{3, acc the electric current. density measured by ZA~IO. lapse fun(,lIon 

and shift vector resrv>i'tiveJ U ' I . -I'~~ y. smg 1 lC 8ZlInmhal C<H:lccil nate killing \'('(tor t. ....... • <.. (.) ,' -

cun find that the magnetic vector Ilot t" I I ( 0) . ell 16 , I • r, , IS constant. along each 8ZlInuthal 

flow line. That is: A".II~r,p) = AMi = 0 

Thus, we have four independent variables: Wr. 1/1,, 8 •• and A._ In terms of t he abov!' 

defined quantities, the inhomogeneous ~ I a..'(wcll 's c<\uations are, 

and , 

I 
- .- 866 = 'Irrp'l f 
smO ' 

I B ' • -'-0 •. r = -4rrp J sm 

(
6 1 sinO 

- A •. • ), r + -'-O(-A •• ), O ~ -'Irrl/. 
g~ 8m go. ' 

The homogeneous rvlaxwell 's equat.ion becomes, 

(2.35) 

(2.36) 

(2.37) 

(2.38) 

2.4 Magnetohydrodynamics around Kerr black hole 

T he study of dynamics of magnetized plasma fluid around Kerr black hole is rul 

essent ial part to break up Lhe puzzle of jet, generation and collimat.ion i', lecha.nisms. 

The accreting plasma fluid arou nd kerr black hole induces electromagnelic fie lds. 

This electromagnet.ic field has a.n effect to perturb the dynamics of the plasma fluid . 

HO\vever; the effect of both plasma fluid and electromagnetic field is of no con5e<luence 

on t.he geometry of spacetime laid by the rotating I<crr black hole. The stress energy­

momentum tensor of t.he plasma flu id and electromagnetic field is givcn as, 

I 1 
T'w ~ (Po + < + p)U'U" + l'9'w + 4. (F'" F:; - ;;9"" pal' F •• ), (2.39) 
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where, 

Tf[T = (Po + <+ p)U"U' + P9"" (2 10) 

is matter stress energy-momentum tensor Where p - -, d • , 0 = r...., -mass CllSlty, _ 1Il-

terna! energy, p == pressure, UP == the fluid four-velocity. 

The stress energy-momentum tensor for the electromagnetic field is, 

(2.<11 ) 

where, refereing to equation [2.24J, FI'" can be expressed in terms of generalized "fX'­
tor potential A" as: 

F,,,, = a"A" - alIA "~. (2.42) 

Close to the Kerr black hole, the magnetic field is so strong that it cont rols the 

dynamics of plasma flu id. In this region of spacetime, the inertia of the plasma fluid 

is neglected. The condition under which the inertia of the plasma fluid is taken to be 

negligible is known as 'force-free' condition . In reality, accreting plasma fluid is not 

so free in all directions. The plasma fluid is 5quCC'lcd radially by the coupled effects 

of gravitational force and centrifugal force. But the non-radial sites arc free of any 

such external forces whenever we infer the I<crr geometry. Hence, we can talk about 

the non-radial freeness of the plasma fluid. Traditionally, the 'force-free' C<luation is 

expressed as: 

FjJ"J" = 0. (2.43) 

In terms of the defined quantities in section (2.3), the force free condition IS 

expressed as: 

,p,J' + 1:>,p,J' = 0, (V I4) 

(2. 15) 
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(2 16) 

6""J' - A..,j' + ( 6~nO B.)J' ~ O. (2 17) 

Following eq: [2.431, we deduce t he degenerate electromagnetic field , 

• FI'" ~'" = 0, (2..18) 

where ' FlIV , is dual to F',tv and has t.he relation: . pOll = ~(jWOP Fap in the case of highh' 

ionized plasma, where this is so near the black hole. (JUIO{J = - ( l /A)~lVoJJ, is 

covariant form of antisYllllllclric Levi-Civita tensor. In the force-free limit t he gov­

erning equat.ions are t,hen, 

and F [,,,,:o ) = O. (2.49) 

Expanding eq: [2.48] we have, 

AotI,o Ar.r - AI . 9A~, r = O. (2.50) 

This may be re-written as: 

(2.5 1 ) 

where, w(r,B}, is usually interpreted as the " rotation fre<luency " of electromagnelic 

field. w(r, O), is constant along each flowline only varying fro m flowline to flowline. 

This yields F"v in terms of the free [unctions w, A<fj. and 8 6
• the toroidal magnetic 

(2.52) 
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with all other components zero. 

Let's define the electromagnetic field components In term., of th{' CO[\l;('rvM q\lt\nt Illf 

in Kerr spacetime. 

Using the Maxwell 's homogenolls equation [2.26J and the expanded 'force-frt'(" ('(1'" 

dit. ion which has the forms: 

FBtUt + F9rU r FB. U· = 0, 

and, 

F ... lF + F4/JU' = 0, 

we get: 
d • ur 
- In(F,,) ~ -u (U. ), r , 
dr 

and, 
,I . (U' ) -In(F,,) ~ -U U. , r. 
dr 

For detail information see appendix. 

Subtract ing equation [2.57\ fo rm C(wation \2.58J,we get: 

d Fir 
- (/n(- » ~O 
dT F ... 

Refering to equation [2.5 1J, we see that: 

Fir - =-w 
F .. 

is proved to be constant. Equation [2.58J yields, 
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(2.53) 

(2 ~I ) 

(2.55) 

(2 56) 

(2.5; ) 

(2 58) 

(2.59) 

(2 GO) 

(26 1) 



where, in Kerr geometry: 

Substituting equation [2.621 into C<luation [2.6I J, we get: 

d d 
-I In(F¢r) = -V' + - h,(U' ). 
(T .,. ciT 

ivlass conservation law is expressed as; 

(p,V")", = - Id In(HP,)· 
( T 

Fall derivation can be ohtainc<1 in the nppendix. 

Substitut.ing this into equation [2.63J we get another COllStant(k} as, 

Thus, magnetic field components arc given as; 

Frl/ = kHP,(WV' - V'), 
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(21H) 

(2(;,'» 

(2.00) 

(2.67) 

(2.G8) 

(269) 



2.5 Energy extract ion from rotat ing b lack 

The possibilii..y of extracting Spill ellergy from a rotating block hole wa.., first propu-f'(\ 

by t.he mathematician Roger Penrose in 1969 and IS thus called the PcnrotiC pruc('S.-; 

Rolat.ing black holes in astrophysics are a l>Olcnlial source of large amount of ('n('flty 

and are used to explain energetic phenomena, such 68 gamma fay bursts. R('('('nl 

observation of black hole candidates (SHes) in our galaxy suggests that galactic 

superluminal sources contain very rapidly rotating black holes ( a = 0.9 to 0.95) 

while t.he black hole in eyg x-I 1124-68 spinning less rapidly (a = 0.3 to 0.5) ( CUI 

Zhang and and Chen 1998). 

All AGNs will not produce relativistic jets (outflows) even though they harbor 

massive black holes in their centers. The great majority of AGNs are radio qUlN 

which do not produce po\\--crful relativistic radio jets. Objects With superluminal Jets, 

as GRS 1915+ 105 and GRO JI655-40 , belong to the radio loud class (Mirabel and 

Rodriguez 1995). OLher objects such as eyg x-I and CS 112/1-68, in which observation 

shows that t.hese class of objects harbor slowly or non-rolating supemlassive block 

holes, are relatively raclio quiet. and produce little or no JeL Numcrical simulatiOns 

fo r Schwarzschild (non-roLating black hole) metric show only subrciativistlC Jet Oow 

(Koide, ShibaLa and I<udoh in \999). The energetic relativistic jets arc commonly 

observed in AGNs that. contain roLating black holes in thcir centers. \-I cnce the 

rolation of central black hole must have close relation with rclativisticjeLS production. 

The evidence for the rotation of black hole is particularly proposed in the centcr of our 

own gaia.,y. Recent nare obscn'fllions in the vicinity of Sgr A reinforce the existence 

of rotating black hole. Rotation is natu re of many cosmic objects like planct.'), l'otars, 

and gala..xies. Black holes are the offsprings of these class of objccts(stars) and, thus. 

may retain t he rotation natu re after birth. though few of there angular momentums 

radiale away by emission of gravitational waves. For the super-Eddington lun\ll\0&11Y 
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observed mostly around AG that. harbor rOlatmg black holP, the £rf'f ('lwrK)' that 

is extractable from t his rotating black hole is one fundamental reason llolau tlnal 

energy could escape from a spinning black hole when It is In a strong magnNic fi(Old 

and is conveyed into the inner most. parts of the accretion disk. 

It was calculated by Christodoulou, in 1970 that for the Kerr black ho\(" aho lll 

29 % of the total energy can be extracted . 

Using the equations given in previous section, we can e\'a!uate the amount of ~pm 

energy and angular momentum that can be extracted from rOUlting blsck ho\(' . 

Following the geomet,ry of Kerr spacetime and the stress energy-momentum of £'qua­

tion[2.39\, the conserved energy and the angular momentum fluxes are defined rcspt'("­

tively as: 
(2 70) 

and , 
(2 71 ) 

where, {(Ill' and {(</Il l' are temporal and azimuthal co-ordinate kill ing vectors respec­

t ively. 
The radial component. of energy and momentum fiuxes,dlle to radial differentia l rlr 

tation , are then expressed as, 

(2.72) 

and , 
r = - (Po +< + p)U'U. - 4~ pi F ... 

(273) 

Similarly, vertical different ial rotat ion gives rruse to \'Crl ical fluxes of energy and 

angular moment um. These are expressed as, 

(27 1) 
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and , 

(275) 

respectively. 

Whether the fluxes of energy and angular momentum arc iny,ard or awa)' from th(· 

central gravitating black hole are determined by the relative \'elocity of black hol("t; 

angular velocity to angular velocit.y of magnetic field lines. For example, using ('(lua-­

t. ion: [2.73J we can del.erminc t.he direction of radial angular momentum flux 85: 

(270) 

where, 8 0 == pr6, and F06 == A,;". 

According to Komissarov S.S in 200-1 , we have the cxpr ion: 

B
O 

== o-Ho; - BT sin'20(2rO - a) 
b.sin'20 ' 

(2.77) 

where, Hp and BP are t he magnetic fie ld components measured by the ZAMO and 

t he distant observer respectively. From the given expression, for the O· to remain 

finite at. the horizon ( where, D. -t 0) , the nllmeraLOr hf.l5 to vltnish as well and hence, 

we obtain: 

(2 7 ) 

with the condit.ion , Btl> == a H t!>, under the assumption that. the peloidal component 

Eo is negligible compared to lllagnetic fields. 

This leads to: (r! + (1'2 )(0/1 - w) 
r == 411" (r~ + (12cosB )'2 . 

(2.79) 

Since in ergo-sphere U. == 0 (i.e is because of the ZA~ IO being all obscrvcr III & 

plasma fluid rest. frame) in equation: 12.761, the first. term on the right side ,·anishe!l. 

Hence, inside the ergo-sphere, t.he angular momentum flux is not due to differenual 
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rot.at.ion in plasma fluid. It. is angular \,CIOCILy of magnellc field Lhat d('U'rmm(" l})f' 

nux and its direction. From equation: \2.79J. we see that th" an~lar momentum flux 

is radially out ward if 01/ < w otherwise the flux 15 m ..... ard. if 0" > w. 

The Kerr black hole is, Lhus, communicates with the externa.l environm<'<Jlt by rl'lt'/\.'!­

ing out. its rotation cnergy and angular momcnLuIll which IS expre&e<1 In ('quat Ion 

\2.79J fo rm. Here, when we say, M rolating black hole releases energy and angular 

momentum" , we do not. mean t.hat. these energy and angular momentum come out. of 

the black hole crossing the event hori7..on . It. is to mean that. the particles falling IIlto 

rotating black hole dissipate t.heir energy and angular momentum. due to differenual 

rotation , in the exlernal environment. The energy and angular momentum left out· 

side of the black hole are the consequence of black hole rotation. And hence. we ('an 

say t haI.. rotating black hole releases out. energy and angular momentum. 
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Chapter 3 

Accretion disk ~round rotating 
black hole 

Compact(high density) object. curves spaceti me around itself creating a kind of grav· 

italianal craler. Hence a body approaching a compact. object( like black hole) will 

eit.her constantly orbits (accrelc) or escape or fail onto the central black hole depend­

ing on t he velocit.y of t.he body and the amount. of the curvature of the sp8.CCllIllC 

around t.he black hole. The trajectory of accreting matters in the vicimty of compact 

object. shows the behavior of the local spacetime. f or nOIHotaling black hole the 

accretion of matters has spherical (omni-direct ional) symmetry while accretion onto 

rotating black hole has axial symmetry (disk like structure perpendicular to the axis 

of rotating black hole) . This disk-like feat.ure of accreting materials acquire the name 

" accretion disk" . Along with neutron stars and black holes, accretion disks are onc 

of a handful of astrophysical objects whose cxistence was predicted .... 'Cll in ac:\vanc(' 

of observation. The detailed Sl.Udy of the physics of accretion really did not. beglll 

seriously unt il Lynden-Bell (1969) put forth his disk/black.hole model8S the ('('I\tral 

power source for quasars. Observation evidenced that. mOSt. if not. all systems con· 

Lain accretion disk around thc central sourcc. Accretion diSks are obscrv"Cd around 

newly formed stars and prot~planets, binary stat systems. and close to the ('('nt('r of 

active galaxies. Here, we focus on the disks in ACNs. Therc are three £or('(' ft("UIlR on 
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Lhe accret.ing materials Ollto com ,... .... . b I ...... ~ fmatmg 0 Jf\Cl. Theee are m .... 31d ItTIlVllAttonal 

force , centrifugal force and and outward radiall\'C £orC'e(ra(hallClO from thE' tnnM"mj .. t 

accreting maUers). AI.. certain region around gravitatmg obJl'<'l. thE> mwt\rd Kl"anl" 

tional fo rce is balanced by t.he two QutwlU'd forces lUld hence lh,. acrretmg maUto! 

orbit. the cent ral gravit.ating objects without falling in. This orbit,as y .. c will ~ III t1l(' 

next subsection , is known as stable obit in which materials confined_ Itov.'{'\'{'r; It dOf1l 

not. mean that Lhis is the last fate of the accreti ng materials. The accreting matNial8 

at. the innermost stable orbit. have higher velocity compared to t hat. of the outermObI. 

parts. This differential rotation leads to viscosity. Due to t he action of vi,...rot;llY. 

we expect energy and angular momentum to be lransfonl100 from the fa.o.ter·movmg 

inner regions of the disk to the slower-moving outer regions. As the malenals III an 

inner layer loses angular momentum , it. spirals inward. Hence, It is vi.:;co!;llY which 

determines the rate of radial inflow of matter and therefore the rate at whi<'h the 

gravitational potential energy is com"Crted into other forms, like radiation. If tht> 

materials had no viscosity, then they would keep on going in circular orblUl and there 

would be no release of gravitational energy aft.er the formation of the disk. Mathe­

matically, we can explain t,he gravit.ational pot.ential ellt!rg,,)' relc3-'1C(i by lhe accreting 

materials around compact. object as: Ea« = CAn'" • where G, ~ 1 , m, R repre,('nts 

gravitat ional constant , mass of cenunl compact objcct , moss of accreting matter nnd 

radius of central compact objcct respect ively. If the central compact. obj<'Ct. is a ro­

tating black hole then , R is the radius of Lhe outer event. horizon. In fact. a.ccrNion 

disk of materials around neutron star or black hole is the disk of plasma(elccuicru1v 

conduct ing)fluid with high temperature. Due to high radiation in t he central region, 

the materials in accretion disk will be ionized and then form plasma.. TillS pillSIll8 

has t he propert.ies of high conducth~LY and dinmagnetism. 
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3.1 The inner most stable orbit 

Accreting plasma fluids do not. continuously fall inward They M\"e to conlinf' lh(·m­

selves in t.he region where cffect.ive(nct.) potential is found to be mmimum Thl.'; r<'KIon 

can be evaluated from t.he squared linc clement of dynamiC particle In Kerr Spat't'llllt(' 

given in eq:[2.9J. Assuming the disk to be t.hin and lhe pa rticle Is oollslnuned on an 

equat.orial plane where 8 = i. li ence, the line element. is fe-writ ten 85: 

where, (J = (r'l + a2)'l- 6 . 

Reminding that,(ds)2 = _(dT)2 , and for Lagrangian dens ity(C), 2C = mU"U,.. ('(Iua. 

t.ion: [3.1 \ can be written in the form of Lagrangian denSIty as. 

__ 4aM' _ r'~ ) dt ), + 4aM ,It d¢ _ ~(d¢), _ r'c
dr

)'. (32) 
2£ - ( (J (CIT r dTdr r'2 dT t::. d--r 

The geodesic equat.ions of motion result in energy and angular momenwm conscr\1V 

tions which are expressed as, 
4aM2-r2tJ. dt 2Mod¢ 

E = -( )-d + --d ' 
(J T T T 

(3.3) 

and (3 4) 

respectively. 
Substituting equations\3.3] and \3.4] into equation\3.2] to eliminate *' !Uld :' we 

obta.in; d. (J 4aAf' - r'll)., I} 'lMa £L m'll)., (35) 

(~)'=_(_)E'- (- ),---;:;- - 7 ' 
dT r~ (J r 

2 _ ..,p..JI for the particle nOIl-1.ero rest mass· The effecti \"C potclltial( \ ·lr.£.LI)' 

where, -nl - gl"'l' I' 

for radial geodesiC motion, can be identified as: 

Idr I E ),) \(, = _(_ )' + - (1 -(- ' 
(r.E.L) 2 d'T 'l m 
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From equation: [3.6], t.he condit ions for the motion alan cir Jar 
\1. _ /W /r, E.L, dr g cu orbit ~. 

(r.E.L) - I.Ir = (i; = O. 

Following t.his and the stability condition !PVC. R t) < 0 E' dr1 _, and L have thl' form : 

and 

E = r2-2Mr + aJAir 
r(r2 _ 3Mr + 2(L..;rt;) t m 

!::.. = .[M;:(,.' - 2a.[M;: + a' ) 
m "(r2 3Mr + 2aJXTr) . 

(3.7) 

(3.8) 

The alternative " <" sign i {P\Ii. ,E,L I II . n (ih} , lc s tiS the orbit of margins l stability that marks 

the minimum radius in t he eq t . I I h ua ona p ane IV ere stable orbil. around the black hole 

is possible. This minimum radius of stable obit, obtained from the above equation Ib 

where, Z, = 1 + (1- :, )1/3((1 + fI )1/3 + (1 _ ;, )1/3), 

Z2V3fjr + Zr 
The " +" is for co-rotating whereas the" -" is used for counter-rotating orbits. 

(3.9) 

In equation: [3.9], we see that the radius depends only all mass of black hole and the 

a ngular momentum per unit mass of black hole. 

3 .2 Accretion disk luminosity 

Accretion disk is well known nol only by its use as a fueHing mechanism for cent ral 

gravitating object (like black hole), but also os principal means of high hllmnosllY 

observed in active galactic centers. For the most powerful luminosities obscrv'ed in 

some astrophysical objects in the universe, nuclear reactions are wholly inooequ3l1:' lO 

guaranty. The extraction of gravitational potential energy from plasma fluid which 

accretes inward onto a gravitating body is now known to be the principal source 
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of powerful luminosity and is widely belie I 
\Ie( to provide tm- pOWl'f lSupph' In lto(U\l' 

galactic nuclei. Hence, large mass a.ctretion fate fCllUi lS in IlIgh di.:o.k iumlOOI"ltr Th~ 

maximum luminosity t hat could be emitled b I ' all Y 5» lenc y accreting male:nals (plill'lnA 

f1uid )around non- rotating black hole was set. by Eddington to be, 

LEdd '" 1.3 x Io"(~). 
A10 

(3 10) 

The luminosity is firmly related to the mtc of "'"- '",flow k { """" ,nawn as mass 8CC'rClion 

rate. Following Eddington , mass accretion rate is evalualCd as: 

(3 11) 

where " t:" is the ratio of the gravitational energy released to the rest energy. The ratio 

"t:" is 0.057 for Schwanschild black hole snd is 0.423 for maximally rOlalmg black 

holes. AGN with black hole of mass IOSMO needs Lhe lIIass supply of 2.2MO pcr year 

to sustain the luminosit.y. Sometimes, the mass accretion rate may exceeds the cmical 

rat.e and thus the disk local luminosiLy overwhelms the maximum EddingLOn lumi· 

nosit.y limit. These super.Eddington luminosities are observed in some acti\'C galactiC' 

cent.ers that contains rotating black holes. St.udying the characterislic difference In 

the st.ructure of accret.ing plasma. fluid onto rot.ating and non-rotating black hol~, w(' 

can deduce some reasons for the super-Eddington luminosity obsernxl around rotat­

ing black holes. Plasma fluid accrctes spherically onto non-rotating black hole. The 

radiation released by in-falling plasma fluid is obscured by the spherically symmelrlC' 

accretion. On the other hand , plasma fluid accreting onto rotaling black hole is ron­

fined along the equatorial plane. That. i.s, axial symmetry of the gravitational field 

confines the plasma fluid along equatorial plane. Then the radiation produced b~' th(' 

inflow of plasma fluid near t.he innermost stable orbit is not obscured off equatoriall" 

by the accreting plasma fluid. Thus the luminosit.y of the disk may exceeds Eddmglon 

luminosity. This reason may account. for the observed super-EddingtOn hunmosll.y in 

some active galaxies t hat dock rotating black holes ill their centers. 
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Chapter 4 

Relativistic jet 

Heber Curtis, in 1918 using optical instrument., observes an elliptical galaxy ~l 7 hav­

ing strange feature , elongated outflow apparently connected with the nucleus. The 

name " jet" was given to this outflow by Baade and ~lillkoW5ki (1954). " relativistic" 

is added to this jet ( outflow) for its escape velocity approaches the light. speed. Arter 

the development of radio astronomy in the 1960's, jets emanating from the nuclei of 

certain active galaxies became a major theme of research in astrophysics. Geomeui­

cally, relativistic jets are narrow conical or cylindrical protrusion that carry: energy, 

momentum and magnetic flux. Jets are seen in a number of astrophysical objects like: 

young stellar objects, proto-planetary nebulae, binary stars{micro-quasars), neutron 

stars, and active galactic nuclei (mostly radio loud active galaxies). Jets associated 

with young stellar objects where discovered by Hcbig and Bro in 1940's for the first 

time. The velocit ies of the jets in these astrophysical objccts, like proto-slars wIth 

mass equal to the mass of the sun , are observed to be the order of lOOkms-
1 

winch 

are close to the escape velocities. Recent space observations of the sun have abo 

revealed that even the solar corona is full of jets and flares whose observed spectra 

and time variability are quite similar to that. of cosmic flares and jets (shibata 2(05) . 
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~ Iost. of these relat.ivistic jets (ouLflo ... :s) are morphologically vcry Mmllar UAA un~ 

common physical origin. Though all t.ypes of jets have common phy"<;ical ontpn. lh(")" 

d iffer in size, velocit.y and amoum of energy transport . For example, In one eXlrcrn('. 

AGN jets have typical size greater t.han 106pc, nuclear \'clochy of the ordcr of light 

velocity and parent sources ( which arc massive black holcs)with mass IO«H MO and 

luminosity of about 1O,SJ- 48e7·gs - t while in other extreme. in young stcllar obJ('('l8. 

jets have typical size less t.han lpc, nuclear velocit.y less 1O- 3c, and emerge from low 

mass proto-stars with mass l.MO and luminosit.y, (0.1 - 2 x 1O- 4)LO· 

Nonetheless, all the jets share common propert.ies as they are: 

i) usually collimated to small opening angle and in most. cases two-sided. 

ii) originated from the vicinit.y of COllllJ8Ct. objects. 

iii) often terminate in emission lobes (with line emission in the case of young stellar 

object s and synchrot.ron continuum emission in case of AGN and Micro-quasar JCts). 

v) associated with magnetic fields ( the currently most accepted mechanism for Jet 

production). 

vi) showing evidence of accretion mat.ter onto t.he central source via an accretion disk. 

Consider the feature of relat.ivistic jets in AG N in the figure below. 
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Figure 4.1: Relativistic jets in ACN 

Starting from the past many decades, researchers of the field have been trying, 

observationally, theoretically and experimcnlally(through simulations) to find out the 

plausible mechanism for the jets generation and collimation to a large di:.tance, hun­

dreds of KPc to MPc. Through observation, jet. sources have been st.udied in a wide 

range of electromagnetic wavelength, from radio to x-ray. In radio region, hundreds 

of jets have been found in AGNs. In infrared and optical region, internal st ructure 

of jets from YSOs is studied . In x-ray region, the structu re and dynamics of the 

most inner region of the jet source from which the jet. accelerates are invcst igated. In 

theories, formation and collimation of jets arc investigated in variolls fields; strllcture 

of accretion disks, acceleration and collimation process of jets \1rith numeric smm­

lations. shock waves in accret ion disk, particle accelcration mechanisms at. shocks. 

etc . Various kinds of jet acceleration mechanism ha\'c been proposed aOlong which 

jets are accelerated by; gas pressure, magncto-centrifugal force. magnellc pressure. or 
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C85CS are pr~ a,., colluruu tun radiation pressure are some. Also collimation pro< - ,. __ • 

, cy 1Il( n environment. Though a lot ha .. by funnel flow, pinch effect. of plasma or I' l 'caI 

T ySI jetS. Sli now no been t.r ied , through different techniques abom these .. lroph cal II 

general consensus have been reached on the mechanism of their formallon and col­

limation . T hese issues are remained puzzle to t.he researchers. On the other hand , 

rg amount 0 energy-momentum flux In r('latlv~tlc what mechanism provides the la e r 
jets and restricts this flow to an opening angle of the order of 10° is the problem of 

current research. 

4,1 Relativistic jet formation 

In the beginning, the formation process of jets was described with pure hydrodynam· 

ics. But. it turns QUI, that purely gas-pressure driven outflows do not. fit the direct 

observations to relativistic jets. e.g. neither reach high relativistiC speeds nor show 

collimation. MagnetiC fields proved to be an efficient mechanism to generate outfto .... 'S 

and to d rive and collimate jets. Hence, magnctohydrodynamics (MHO) is proved to 

be the right framework to study jets. According to the current undeniUUlding, rela.­

tivistic jet launching mechanism is by the collaboration of: central compacL object, 

accretion disk and magnetic field . The corner stonCS of our mechanisms(of relatiVis­

t ic jets generation and collimation) are the twisted magnetiC field lincs (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 . As fundamen­

tally accepted , it is the radiation pressure which balances the enormous gravitational 

collapse of central black hole in ACN while radiation pressure produced by nuclear 

reaction is additional means to balance gravitational colla~ of central object. other 

t han black hole. When the radiation pressure exceeds the gravitational collapse of the 

central object, we don' t e.'{pect materials to accrete on to the central object. AG • 
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represents a large population of compact extragalactic ob ' ch 
tromagnetic radiation produced ' )<Ct ara=nud by .k~· 

. . m very compact volumes. The presence of 

field III Jet powering process is re t 11 mag:nf'\.~ . pea e< y confirmed by direct. ob6erV3tlollS Rae!. 

astronomers, In 2002, directly observed th I ' . 10 . e (ylllg star called W43A produci twm 

JcLS confined by powerful magnetic field . Ill! 

Figure 4.2: Twins jets confined by magnetic field 

The location of jet production , by itself, is another unsolved current research 

problem. Since the ratio of the observed jet velocity to the escape velocity frolll the 

central object is the order of unity, we roughly guess that. jelS mUSt. h3\'C to originste 

from the vicinity of t.he central gravitating object. 

Though most of the observed relativistic jets are related to lhe presence of black hoiell 

in t he centers of galaxies, it is not. pre-request. to have black hole (or jet. production 

as observations evidence that there are jets produced in the vicinity of, young st.11ar 
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objects, neutron stars and even our sun . The widely accepted mf'ChAn1Sffi by .. ·h" h 

relativistic jets are powered and collimated is through the prt'fience of large elf'm.a«· 

net.ic field. However; the generation of this magnetic field MOUnd the central Motte" 

hole by itself is a current strong area of debate by the related field researchf'r8 llIadt 

hole doesn't have magnetic pole. So the magnetic field should Mise by another ml.'Ch­

an ism. The reasonable theory is that Lhe plasma I"mrtidcs generate magneuc fick! 

around black hole. As most researchers of Lhe field 8uPI>on the case, III m06t. C8..<W' 

t.he only t.enable explanation for the origin of magnetic fi eld is the motion of ('I • 

Ld eally conducting fluid (plasma) which rotates onto ccntral compact. object. The 

in· falling plasma fluid has radial and azimuLhal velocity components. The radial ~ 
lion of charged particles generate toroidal component of the magnetic field while the 

azimuthal motion generates the 1>oIoidal colllponeuLS of !'he magnetic field . H(W.'C\'cr; 

because of centrifugal force , the plasma fluid dominantly acquires the poloidal mag· 

netic field components as it approaches the rotating ccntral black hole. The frame 

dragging effect of this rotating black hole t.wisLS the poloidal field lines and align 

t hem along the azimuthal component.. Here, having a close eye to the nalUrc of the 

t ra jectory of the charged particles around the rOlating black hole is very crucial (or 

belter understanding of the mentioned magnet.ic field componenLS. 

46 



Figure 4.3: Trajectory of part.icles around Kerr black hole 

Close \'0 the central gra.vitating Kerr black hole, plasma fluid keeps on rollowmg 

circular orbit. The twisted poloidal components frozen into this plasma fluid . Hence 

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

is enhanced. 

See the figure below: 
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TWisted 
magnetic , 
fields 

Figure 4.4: Twist.ed magnetic field lines due to fr ame dragging effcct 

This enhanced magnetic field component significantly perturb the dynamics of 

the plasma fluid. A region where the dynamics of plasma particles is determined 

by magnetic field is known as magneto-region or magneto-sphere. I n this region of 

spacetime, the inertia of plasma particles is taken to be negligible. We take this 

condition as force· free condition which was fonnuialed in equation \2.43\ as: 

(4 1) 
F".,J" == O. 

This implies, (12) 

where p E and Ua are charge density electric field and four-velociLY of the pi8Stna 
, e, /I' ' 
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fluid respect ively. 

The elect.ric field can be related to a forcc(J)as: E,. = ~ , where "q" is a charZ 

Replacing t.his in equat.ion [4.21, we have, 

(U ) 

Remembering that in the vicinit.y of black hole all magnetic field HnC!! are tWlSl(.'(1 

azimutally and hence, we have net. azimut.hal magnetic field ( B~). 

Thus, t he force drifting the particles off the equatorial plane is expressed 85: 

Vr p4 
Ie ~ (I( U< )8 .. ( ,) (44) 

Now, let us express Lhe net effective toroidal magnetic field ( B~) in terms of the 

conserved quantit.ies. 

The net toroidal magnetic field is so strong in lhe ergo-sphere, where every thing 

acquires the angular velocity of Kerr black hole. Hence the ZAMO is now can be 

take n as an observer in the plasma fluid rest frame. The ZA~ IO observes only the 

j t , j r, j 9 components of the four-electric current densi!.y. According to the ZAMO in 

t.he plasma fluid rest frame, there is no electric current along the azimuthal co-ordinate 

(i.e j'" = 0) . Refereing to the equation: \2.47], we have the following equation: 

1 _ l:Clsin9(w + m (k C'" 
Vi - p4B~ PoV-.9 I· 

(4.5) 

Where, B", -4 B</>n . Detail derivation of this is obtainable in the appendix. The shift 

vector (J3) vanishes in the ergo-sphere where spatial grids and ZAMO attained the 

same angular velocity. 

The net toroidal magnetiC field is then expressed as: 

Kl:Clsin9poU' Aw 
B<m =- ~ . p 

(i 6) 

Inside the ergo-sphere there is no differential rotation. The absence of d.a rentiru 

. . b ali· ZAMO ()(05ma fluid and magnetic field lines subject to 
rotation IS so ecause , ' 
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the same angular velocity 0H' Hence, energy and angular mQmenlum fl uxes. due 

su r ace. It t hlS feature, the to differential rot.at.ion , cease just all t.he inside ergo- f II'· h . 

e angu ar vc oclt.y of central angular velocity of magnetic field lines is equal to th I I · 

rot.at ing Kerr black hole, i.e w = nf!- Thus, t.he net toroidal magnetic field can be 

fe-written as: 

(4.7) 

Subst.ituting this equation back to equation:l4.4] , we have t.he final form drifti ng force: 

(4.8) 

Drift.ed charges foHow helical path around t.he black hole being off equatorial plane. 

The gravitational effect of Kerr black hole, given in equation \2.21J, reduces radially 

outward and off the equatorial plane and hence t.he centrifugal force, on the drifted 

part.icles, starts to dominate the gravit.ational force. The moment particles leave 

the equatorial plane, they suffer differential rotation and radiation pressure from the 

accretion disk in addition to centrifugal force. Differential rolation supplies energy 

and moment.um whereas radiation pressure pushes the drifted particles along tht: !\Xis 

of rotat.ion. This is t.he mechanism by which jets produced. 



The drift velocity (Vd ), with which . 1 . partlC cs are launched, is expressed mtenns of 
centn fugal force (Ie) and the net tor' I I 

T hat is , 

ole a componclll, of magnetic field (8 ... ), 

v,_ f: x B 
'- - 8 ' , q -

where , q is the charge of the electron. 

Centrifugal force , on a single electron, in ergo-sphere is given as, 

( 19) 

(4.10) 

Where, M + ..;r.A"f " --;."''2 < r < M + ..;r,A"'I" --;'f, =,"'" (t cos 17 , file is elcclron mass and flu = 

Cl1~r~ , is t he angular velocity of the black hole. a and r +, are angtlJar momentum per 

unit mass of black hole and radius of the outer event horizon respectively. Substituting 

equat ion [4.1?] into [4.9\, we obtain: 

(4.11) 

So , t he plasma part icles will have the expressed velocity(in OPPOOilC direction based 

on their sign)when ejected off the equatorial plane. 

4 ,2 Rela tivistic jet collimation 

In our jet production mechanism, we have seen that the net toroidal magnetic field is 

responsible to drift plasma particles outward along the poles of rotaling Kerr black 

hole. We, here, focus on t he collimation of these launched outfio\\-1i of plasma jW· 

ticles. Observations and theoretical arguments indicate that. the jets bear higher 

fraction of energy, momentum and magnetic flux retaining their direction and col· 

limated over a long astronomical distance. Highly collimated , oppositely directed 

jets a re observed in active galaxies and ill billaries(~ l icr~quasars). Furthermore, 
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well-collimated emission-line of jets arc seen ill ' II )Qung SlC. IU' ob.)CCLS- The extent of 

collimation is measured by the collimation facto I r. ~I I r (Cllnu.J as l Ie ratio of length to 

diameter of the jet. Collimat.ion factor for AG 5 ·,s SC a1 h d _. - h vcr un r\.'\l!) wile It lb 3 to 

30 for Micro-quasars and young stellar objects. Radio jets from AC IS are extremely 

collimated. The jet encounters a wide range of external barriers as it propagates out 

from the galactic nucleus, through the interstellar medium of the host galaxy, and an 

some cases into intergalactic space. Different mechan isms could weU be responsible 

fo r collimating jets on different scales. Leaving the question ~ why relativistic jcL8 

are collimated?" fo r t he observational evidences, we here focus 011 finding the feasi­

ble answer for the question "how rclativistic jets arc collimatcd?~. As discussed in 

the previous section opposite charges are drifted off the C<juatorial plane where th 

gravitational field is relatively weak to bound the charges and hence centrifugal force 

dominates. Now the drifted charges encountcr: Kicks by thc disk surface( due to 

differential rotation) , cent.rifugal force , magnetic hoop stress and radiation force from 

the accretion disk. 

Diffe r e n t ia l rotation : Differential rotaLion has a great importance in transporting 

energy and momentum from region of fast rotation to region of slow rotation. Ac· 

cl'etion disk creates two differential rotations: radial differential rotation and \'Crtical 

differential rotation . In the case of horizontal differential rotation , the cnergy and 

angular momentum transfer outward along the equatorial planc. This arises a sort of 

radially outward force on the exterior accreting matters. However; the gravitational 

collapse can balance I,his effect so that matters keep on accreting, In thc C/l5C of 

vertical differential rotal,ion, energy and angular momentum arc tr8nsportC<\ vertical 

upward above the upper surface of the accretion disk and downward below the 1000'cr 

surface of the accretion disk. Close to of Kerr black holc, the effect of differcmial rota­

tion is pronounced (specially just out sidc of the erg~surface). The supply of energy 

and angular momentum from the plasma fluids in erg-sphere is via the outer boundary 
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of the ergo-surface. This kicks the particles off the equatorial plane . upply of ('n{'rgy 

and angular moment.um is sustainable as long as the particles are drifted \'('rllcally 

The cent rifugal force pushes the particles radially out. and the magnetiC hoop ~trC!fl 
does t.be opposite. ~ Ieanwhile , radiation pressure forces the particles along the rota­

t.ion a.xis. r-,'iany researchers have st.udied a radiatively driven outnows (jetS) from the 

disk surface. For example; Bisnovat.yi, kogan, Blinnikov in 1977, Katz, Icke in 1980, 

Melia, IGinigl in 1989, Watarai , Fukue in 2003 extensively studied in th context. of 

models in ast.rophysical jets. However; t.hey d idn't mentioned the question " what. 

mimics t.he accreting mat.t.er (plasma f1u id) to leave the equatorial plane. Radiation , 

released from the disk, forces the drifted charges away parallel to the rolatlon axis. 

As the jets are fired int.o interstellar medium, t hey suffers another ext.ernal suess(gas 

pressure) which make t.hem maint.ai n narrow path over along distance. The launching 

velocities of the jets and t.he strength of radiation pressure determine the distance 

t.he jets span being collimated. The launching \·elocit.y is firmly relaled t.o the com­

pactness of the body from which t.he jets escape. As it. is ..... ell known, the radiation 

pressure released form accret.ion disk should be so strong that it. could balance the 

gravit.at.ional force of compact stars. H there is no enormous gravit.ational force to 

balance it, We can Cont.emplate how much will be thc effect. of radiation pressure on 

accret ing mat.erials. 
Here, lets discuSS mathematically the effect of t.he magnetic field and radiation force 

on t.he charged particles on the eit.her sides of t.he disk: 

Radiation force on drifted particles : The drifted electrons above t.he accretion 

disk are acted on by t.he radiation(phot.on) fo rce (F,), from the accrelion disk . The 

momentum uansfered from t.he photon of energy E = Iw to the electron in one scaL­

tering event is P = h; , wherc c is the light. sp("C(l. If t.here is an emission of \ photons 

per unit area and per unit t.ime from the accretion disk , the number of photons col­

liding with a given electron per unit lime is NOT. where OT = 6.65 x lO-'19
m

'l , is 

• 



t.he cross-section of t.he electron for the collisio tl . h 11, lat. IS 1 e area It. prCtienli to thl· 

photons to be hit. This is well known as ThomM ' "",n s scattering cr06s-sectiOn 

Thus, in general the electrons receive a total momentll'" I r umt time gtven as-

• UT 
F, ~ (- )Nlw. 

c 
(4 12) 

This is the radiation force that drifts electrons. The radiation force perpendicular to 

t.he accreting ·disk around rot.ating black hole, is derived by C.S.l3isnovaLyi I<egan III 

2002, to be' . 
UT 

F, ~ -;H(r) , (4.13) 

where, H (1') = i". ¥.J , is the radiative flux emitted per unit. area from one side of 

the disk. :J = (1 - (~F) , and r ,n is radius of t.he innermoo:t. disk where in our case IS 

the radius just outside of the outer event horizon. From equations: \4.12] and 14.13j, 

we have the relation: 

(4.14) 

where, fit; (0, 1), is the ratio of radiation force that targels the electrons to the total 

radiation from the accretion disk. 

The radiation force that accelerates elect.ronl:l , assuming for simplicit.y that. the 

electrons heating effect , photons scattering by electrons and the force flux via inter­

electrons spacing are negligible , has the expression, 

(4.15) 

where n and < a > are the number of accelerated electrons and average acceleration 
, 

of electrons respectively. With the help of equat.ions: [4.131 to [4.151 , \I;e get. the 

average acceleration to be: 



+ 

Effect of magnetic fields on jet collimat ion : IllItially electrons follow Ltw, bf .. 

lical pa th . This manner of electrons' dynamics creates to t .... 'OCOIlli>onen~ 0( magn('lK" 

fie ld ; the poloida l component and weak toroidal campon nl. As raciiatlUli pr U~ 

rectifies electrons vertically, the toroidal component of magnetic field dommal('H lM 

poloidal component of the magneiic fielcl . 

T he rectified electrons induce the torOidal magnetic field which creates hoop htre1lll 

or magnet ic tension on t hemselves. 

J 

Figure 4.5: Magnetically collimated relativistic jet 

. t . that t ies electrons together, is quantified as: This magnetic ellSlOn, 

(" 17) 

. fi Id et' c force and clec-e induced toroidal magnellc Ie , magll I 

W here BIP , Fm and JZ) ar f t l e illterstc\1ar medium 
. 1 Also t.he gas pressure rom I 

trons current density respective y. . ' I' t has a hallow cylindrical 
d namics of of the Jet. T Ie )C 

a frects t he structure and the y . 00 .' f om inside out and front 
I as re5SUfe pushes It t I r St.ructu re so t haI. t.he externa g P 
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outside in. In addition to that the jet head suffers a continues COllISion 1I,Ith til(> f"XlfOt­

nal gas pressure. This continues collision damps the velocit.y of JCI. thereby rrout'u", 

t.he magnetic tension effect on the jet. This in turn lets the jet lO ..... iden and finally 

form lobe type. T he jet terminates in this lobe and continually chanllf'i etlf'TK.'!' and 

angular to it. 
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Chapter 5 

Discussion 

Even t hough jets are observed in a number of astrophysical obje<:ts, OUf research 

targets on t he relativistic jets in act ive galax ies enclosing rotating neutral black hole. 

\Ve have assumed t.he accret ion disk to be thin except. ncar the rotat ing black hole, 

where the toroidal magnetic field inflates the disk, and neglected the misalignment of 

t,his d isk with the equatorial plane of the rotation axis of the central black hole. Also. 

we assumed steady states wherein all physical quanlities are independent of lime 

since a na lytical t reatment acquires its simplest form in this approach . In the mech­

anism of relativistic jets generat ion, we focus on the dynamics of charged particles 

a nd t he configurations of electromagnetic field in the farre-free region of spacetnllc. 

This force-free region is found to be the immediate neighborhood of rotating blllCk 

hole. The dynamics of charged particles in this region is gO\'erned by the existing 

magnetic fi eld. Though; not that much significant, the effect of magnetic fi{'ld on 

t he charged pari..icles exists throughout the accrelioll disk as long as charged parti­

cles arc in molion. However; due to frame dragging effect of Kerr black hole. the 

magnet ic field lines tend to be harmonized along the azimuthal colllponent and gen­

erat.e t he pronounced perturbation. Hence, the overall effect of azimuthal magnetic 

field component greatly affect the dynamics of charged part ic1ei in a force-free region 

Once t he cha rged particles arc drifted off the equatorial plane of the accretion disk. 
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cent.rifugal force tends to widen the orbit. of particles and radiation pressure ffC't1&e. 

the particle along t.he black hole rotation axis. We find OUl.. that the dnfung force 15 

10 = {J (~ : )B.jm and the drifting velocity is Vd = ;'A-; (.,2:r~ )2 . The rect ified pam .. 

des induce a. magnetic field around themselves which lics them t.ogether over a long 

d istance. In addition to this magnetic hoop stress, there is an external gas pressure 

from t.he interstellar medium. Since the jet has the a hallow cylindrical stnlclure, thf> 

int.erstellar gas pressure affects the jet from two sides (i.e the go.s inside the cylinder, 

of the jet , forces the jet out while t.he external gas force the jet. inward). The Jet 

head, propagating through galactiC medium. encounters continues collision with the 

galact.ic medium and results in the damping of the jet \'elocity. This in turn reduces 

t.be magnetic field which ties the charged part.icles together. 
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Appendix A 

appendix 

F1r,(J + FIJI" = Fc.r,9 + F96,r = 0 

From force- free condition, 

From t.he above equations we have the following relations, 

this implies, 
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(A.I) 

(A.2) 

(A.3) 

(A.4) 

(A.5) 
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hence, 

=> U!' r. II ur 

r ET,!. = - Ftr = - F', U9
( _ ) dT tT U9 ,T 

d U' 
=> -d1n(F,,) ~ - U'( - ) ',. 

l' Uo ' 

By equation [A.1\ and [A.6]' 

VT Vr U' 
Fr.p,o = (F¢o' - ')' 7' = F¢r r - + F.I- - T U • VO .... VII' 

d U' 
=> - In(F .. ) ~ -u'( - ) r 

dT VII ' 

Subtracting \A.12\ from \A. 12]' 

equa t:.ion [A.10j yields 

d I ( F" _ ,, _)~O 
dT F.",. 

Ftr)=_W 
F .. 

!!..In(F .. ) ~ -U' + U't') ,. dT ,r VII ' 

We derive the mass conservation equation in Kerr geomelry as: 

T his implies t hat , 

t.his in t urn means, 

o ~ (p.u" )., ~ ;,.,,( HP,U")",. 
v-g 

1d d r-;; 

(p 
uP) ,,~ ---(HP,) ~ - -d 1,,(v-9p,)· 

o , ,... AdT l' 
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(A 9) 

(A.IO) 

(A. 11 ) 

(A.12) 

(A.13) 

(A.14) 

(A.15) 

(A.16) 

(A.17) 

(,\.18) 
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Sub5l.iluting equa.tion: IA.I I into equation: [A.t51, we fina1ly ha\"e. 

d ,I d 
-I /,,(F ... ) ~ -I 1,,(FYp,) + -d h,(U') 
( T (T T 

F ... => r=;; 0 = k(corlslcUlt) 
v - gpQU 

Equation: [2.47J bas "he following form in side the ergo-sphere: 

This implies: 

, 
6.<I, J' ~ - (-'!....-B.)J' ~ 0 

~StnO 

ur 6hp6sinO 
U' ~ {i' B. 

Subst.itut. ing for tP, from C<lualion: [2.3lj , we have: 

U' ~ 6.VJ,smO(LF .. (w + J1) 
U' {i' B. {i' 

Then, substitute F c6, lIsing equation: \2.68J lO obtain; 

kPoE26 sin'lO(w + {3) 
UI = p48. 

The net. t.oroidal magnet.ic field is thus, 

(A 19) 

(;1 .20) 

(;1 .21) 

(A.22) 

(;1.23) 

(;1 .24) 

(;1 .25) 

Assuming t.hat. in the ergo-sphere: B. - B~" and w - nil , we end up with: 

(A.26) 
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