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Dawvn was spreading her saffron robe over the
world, when Thunderbolt Zeus called an assembly of the gods

on high Olympos., He addressed them in these words:

"Listen to me, gods and goddesses all, and
let ma tell youn what is in my mind « « « « ™
"If I see any god going to help either Trojans
or Danaans on his own account, he shall get a
thunderstroke and go home very umncomfortable.
Or X'11l catch him and throw him down into
Tartaros, A black hole that! A long way
down! A bottomless pit under the earthl.
Iron gates and brazen threshold! As far
below Hades as heaven is above the earthl
He shall discover how much stronger I am

than all the rest of you « « « %,

Homer / i 1]
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SOME _ASTROPHYSICAL ASPECTS
oF

BLACK AND WHITE HOLES

SUMMARY

This thesis consists of three parts. Part I deals
with certain astrophysical aspects of black holes and Part IX
with those of white holes, Part III contains concluding
remarks. In all the problems studied, the spacetime exterior
to a black hole or a white hocle has been assumed to be one
deseribed by the Schwarzchild solution of the field equations

of general relativity,

PART I

The spacetime surrounding an astronomical ebject with
a sufficiently small radius is #0 highly curved that it folds
over itself. This happens when the radius of the object ias
reduced to its so-~called event horison. No material particles,
no photons emitted from the surface of an object of radius
smaller than its event horizon can ever reach the outside world.
Plack hole is the name given to such an object, A brief
introduction to black holes and white holes is given in
Chapter 1.

In principle, black holes of any mass upward of n/to'5 en
are possible in genersl relativity, However, a number of
astrophysical considexrations limit their masses within certain
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mass ranges., We can have black holes formed as a conseguence
of gravitational collapse or of primordial origin., Thus, we
can have stellar mass black holes which would form in the gravi-
tational collapse of the cores of stars at the end of their
evolution and have masses in the range ~ 1 to 100 H' « There
are reasons to believe that supermassive black holes with
masses 22‘105 Ho might form at the end point in the svolution
of supermassive stars, galactic nuclei or highly dense star
clusters. Black holes with messes as small as ~ 10" s= and
upwards are understood to have been produced in the earliest
phases of the Universe ( & la Big Bang Cosmology) by density

Fluctuations.

One does not knovw whether black holes of primordial
origin exist. But with the discovery of the sxotic objects,
such as gquasars, pulsars and X-ray sources, the hopes of
discovering supermassive and stellar black holes formed as a
result of gravitational collapse have increassed, Stellar
black holes are expected to be present in certain binary astar
systems, those with muasosfv102‘3 H. night reside in globular
clusters while the best places to find supermassive black holes

8"1°H°) are the nuclei of galaxies and probably quasars.

(~10
10-15,,
Possibly, monster black holes (~10 .) might be lurking in

intergalactic spece [ 13/,

But, by definition, a black hole, stellar or supermassive,
is invisible. The most promising way of detection is the
interaction of the black hole with mass energy in its surroundings
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and the subsequent release of energy which can escape to
infinity and render it 'luminous’. An analytical study of
radistion emitted in the forward direction by a source moving
in a highly relativistic circular orbit about a black hole

has been presented in Chapter 2 using geometrical optics.

It is found that photons emitted in the forward direction by

a charged particle moving im an orbit very close to the last
unstable circular orbit at 30“/&2 (the radius of the photon
spherey G = constant of gravitation, ¢ = velocity of light and
M = mess of the black hole) get highly blueshifted. This
happens due to Doppler effect, as the particle velocities are
close to that of light, despite an enormous gravitational
redshift in the immediaste neighborhood of the black hole. This
analysis generalized to an emsemble of particles forming a ring
around the black hole at a radius slightly in excess of 3GM/c>
indicates that radiation from the aystem has a power law spectrum
of the form ))" ( V= frequency), Such a spectrum is indeed

common to extragalactic radio sources and quasars.

This study was concerned with only the tangential.
photons emitted from a circular orbit in the forward direction.
In the latter part of Chapter 2, this analysis has been genera-
lised so as to he applicable to nontangential photons alse,
the source now being in an eccentric eorbit, and the frequemocy
shifts of the photons emitted at various angles are studied.
For compact orbits, we predict spectral line broadening in the

case of stellar mass dlack holes and peculiar line escillations
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in the case of supermassive black holes purely on geometrical

grounds,

In Chapter 3, the possibility of the gravitational recoil
of supermassive black holes from galactic nuclei has been
explored. The nonspherical gravitational collapse of a mass
is accompanied by the emission of g;av:l.tational waves in an
anisotraopie fashion which carry away not only mass and angulax
momentum but linear momentum also, Consequently, the black
hole that forms must recoil in order to conserve linear momemm tum,
with a velocity that can possibly be as high as N10u km 000-10
As it advances through the galaxy, it acecretes gaseocus mattex
and stars which in due course lead to the formation of an
accretion diskestellar system about the black hole. Eventually,
the black hole can become luminous encugh to be observable when
it emerges out of the galaxy. The phenomenon seems to be
relevant to the guasar-galaxy associations observed in a
number of cases by Arp. Towards the end of the Chapter, some
qualitative considerations are presented about the cases of
unsuccessful recoils, vis., when the velocity of recoil is

1. and the black hole does not have sufficient

< 107 1m sec”
kinetic energy to emerge out of the galaxy, It should execute
damped oscillatory motion about the cemter of the galaxy and
settle finally at its center after a few oscillations. The
importance of the unsuccessful recoils could be gauged im
relation to the phenomenon of displaced nuclei, as observed

in the ocass of some galaxies.



PART I1I

It has been suggested by many authors that white
holes may serve as models for galaxies with exploding nuclei
and guasars, A vhite hole is a time~reversed version of a
black hole, i,e., material burating out of the singularity at
radius R = 0, TUnlike a classical black hole that accepts
everything but gives off nothing, a white hole churns out
matter and radiation. Even when the radiating surface is still
inside the event horizon, the photons emitted from there can
leak through the horisecn and reach a distant obsexver.
Depending on the epeoch of emission, the photons may even
suffer a severe blueshift in their frequency because of the
superseding of the enormous gravitational redshift by the
Doppler blueshift., Such an object would appear as a point

source according to a distant observer,

Chapter 4 deals with the amnalytical study of the
nonradial emission of radiation from a white hole surfacs.
It is shown that nonradial photons can leak through the event
horizon of the white hole even before its surface emerges from
the event horison.: The upper limit on the impact parameter
is calculated under the requirememt that such photons are
bluseshifted. The apparent angular size of the white hole
determined by blueshifted photons is shown to grow se rapidly
in the early stages of its expansiomn that it produces the
appearance of superluminal expansien,
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In Chapter 5, we study the motion of a particle in the
background of a white hole particularly from the viewpoint of
its visibility to a remote cbserver., ¥We first make a study of
the trajectory of the particle in peculiar motion in the frame
of reference of the comoving matter. It is shown that radial
as well as nonradial photons from the particle can leak
through the event horizon even before the particle. As would
be expected, the frequency blueshifts in this case are more
severe than those of photons from the white hole surface.
Consequently, matter ejection from a white hole can produce

an apparent intemsity enhancement.

PART IIX

In Chapter 6, concluding remarks are presented and
a brief discussion, of the viability of the various problems
studied in Chapters 2~5 in relation to quasars and related

objects, ias given.



PART I



CHAPTER I
AN_INTRODUCTION TO BLACK HOLES AND WHITE HOLES

The present thesls deals with a few astrophysical
aspects of black holes and white holes, especially in the
context of quasars and extragalactic radio sources, In this
chapter, we present a brief introduction to the subject of
black holes and white holes, viz,, their formation and some key
properties relevant to the problems that we intend to study in
the subsequent chapters. We shall, however, not be concerned
with black holes of cosmological origin in the present wvork,
For excellent reviews of the properties and astxrophysics of
black holes, one may see Misner et al. [:23_7 » DeWitt and D.Witt[f?b]
Bardley and Press |68/, Giacconi and Ruffini [87] and
Davies [73J « An introduction to the role of white holes

in astrophysios can be found in Narlikar | 71]

1.1 BLACK HOLES

A black hole will form in the supernova explesion of a
massive star in case the residual core collapses to the stage
vhen its gravitational potemtial semnergy equals its rest mass
energy, i.e., wvhen all the matter has fallen inside the
so-called Schwarsschild radius (R_ ) of the mass. But not
every star can produce & black hole, It has to be massive
enough. The pivotal role of the mass would beoome clear Aif



one traces in brief the end products of the evolution of

stars of different masses,

It is now widely believed that a one solar mass star
ultimately evolves to the white dwarf stage aftexr 1t has
consumed most of its nuclear fuel and derives its enexrgy
from the gravitational sontraction., However, a star
beginning with 2 mass exceeding the Chandrasekhay limst,

My, (= 1.2 M), can not become a stable vhite dwarf unless

1t has undergomne 2 sateady mass loss through a stellar wind eor
produced a planetary nebula, since the balance between the
forces of gravity and pressure falls to develep at the white
dwarf densities (:»105 gn en.3). The collapsing core is doomed
to become elither a neutron star or a dblack hole depending

on vhether its mass lies in the rage H°v> M > Hch or M >>H0v
where Hov refexrs to the Oppenheimer-Volkoff mass limit, An
exact value of M

ov
within 1,5 - 3,2 H. and the value is sensitive to the equation

cannot be giveni the oft quoted values lie

of state employed for the deseoription of the superdense

matter,

Suppose now that the collapsing core has a mass in
the range M,, > M > M, . The collapse is slow in the begimning
but picks up soon and a substantial pertion of the star mase
implodes faster than the surrounding emvelepe. Actually, the
stages subsequent to the omnset of the collapse have a critical
dependence on the generation and propagation of meutrinos and



the shock waves. The core is imploding in nearly free fall

to higher and higher densities. However, the electrons cannot
be squeezed to high values of Fermi energy. At sufficiently
large densities, they tunnel into the nuclei and interact

with the protons to form neutrona in the inverse fﬁ- decay
process, As a result, the pressure due to electroms, which
mainly contribute to the intermal pressure, drops and the

core collapses furthexr under its own welight., VWhen a denaity

14 gm om ~> has been reached, the neutron

as high as 2 x 10
rich nuclei start disintegrating into free neutrons because
the neutron binding energy becomes negative, The material
consists mostly of nentrons with a little admixture of
electrons and protons, At a little higher denasities, the
force of repulsion among neutrons becomes large enough
(because of Pauli's exclusion principle) as to be able te
balance the gravitational force of the falling layers of the
core and halts the collapse at /°n 10'> gm om > and R ~10 Km.
This happens so fast that a sudden conversion of the kinetic
energy of the collapse into heat produces large amounts of
pressare to blow off the outer envelope, still falling in at

high speeds, amnd accelerate the particles to very high energies

(the superncva explosion). VWhat is left is a neutron star,

The potential, GM/R, is now largemough to show its
effects appreciably. One of these is the effect of pressure
regeneration. In general relativity, pressure acts as a

source of gravity. Thus, if the neutron star se formed or



the initial core were made a bit more massive, then since
pressure contributes to the effective mass of the collapsar,
the latter would collapse further making the pressure still

larger and 80 on. If the collapsar had a mass M > M or

ov
the neuntron star (ua-a H) accretes at least A mass JQM,;MOV - M,
the contribution of pressure to the gravity is so high that

the balance between the forces of gravity and pressure fails

to be established even at neutron star densities; the

material ias doomed to be crushed further till it all falle
inside the Schwarsschild radius R_ ( = 2GM/c?) of the mass
and go ont of sight, The core has become wvhat we call a
black hole and warped the surrounding spacetime so much that

it folds in over itself.

The surface R = R‘ ¢ defined as the event horison,
forms the boundary of all the events that axe possible to be
connected to the future infinity by means of photons or
slower tham light signals. Signals emitted from within the
horizon ought to move faster than light in order to escape
to infinity. Therefore the event horizen is a one way
membrane, and a reglon of spacetime that cannot communicate
with the rest of the Univexse by means of photons or slower

than light signals is a black hole,

What heppens if the geometry of the collapsing
ebject departs from spherical symmetry? Does a nomspherical
gravitational collapse too lead to the formation of a horison,



i.e« to the black hole stage? Nonsphericity might be

ushered by rotation, magnetic fields, etc. Although more
likely to happen in the Universe, the nonspherical gravitational
collapse of astronomical objects is a difficult problem to
handle. The situation has been improved lately with some
studies made by a number of workers for small departures from
sphericity which reveal that collapse of a nearly spherical
nonrotating mass also leads to the formation of a Schwarsschild
black hole, after radiating awvay all the gravitational deforma-
tions in the form of gravitational waves. R.Price has shown
that this happens for perturbing fields of any integral

spin () that might be coupled to the collapsar. In fact,
Price's theorem states that 'anything that can be radiated

avay is radiated awvay completely'. Capable of being radiated
away are the multipoles that are not conserved; that is to say,
for £ >S only, radiation is possible. The final field is then

characterized by conserved quantities ( ! <S multipole moments).

Highly nonspherical collapse ie very poorly understood
and it is not kmown fer sure whether event horisons ferm in
this case alse, Vhile reviewing the situation, Thorne Zhﬁ;?
conjectures that event horizons foerm when and only when a mass
M gets squeezed into a region wvhose circumference in every
direction is "< &1 <ﬁ§§). The horizon forms the boundary of
all the events which can be connected to the future infinity
by means of photons or slower than-light signals. Therefore,

all mass energy that falls down the horiszon is lost for ever



from the outside. %When all energy has cleared aray from the
exterior, the only conserved integrals left to govern the final
horizon and the exterior spacetime are mass, angular momentum
and possibly charge that went down the hole. The exterior

field is the Kerr-Newman solution of the Einstein~Maxwell

equations
s _ DA i 2 5 ] 2 Y w ¥ L -
dg—; = C_\ CLo S (9) (‘{’Lﬂ"’ QZO.STV\& ;‘Y + G A) [&{o\)o
S” —
: , o ' T LN % 2 o 02 .
- éc\Yl — 2 A& — l—( y +a ) - A& Sm &...-] ? 2-
. Sewm {_0(1{/‘3
A =
vhere (142
2
S o= Vi alaes & LA = v a4 el —2my

Here, m = mass, & = angular momentum per unit mass and

e = charge. The units are such that G = ¢ = 1 and all physiecal
quantities are given dimensions of length to some power, Thus
the conventional quantities M{gm), Q (esu) and J/M (mnn -.c")
are all geometrized to lengths} m = GH/oz. es= 01,2 Q/ez. as=
(}/u3 (3/M). The above metric specializes to the Schwarsschild
solution for a, @ = 0, to Reissner - Nordstrom for a = o and
to Kexr for s = 0. The spacetime described by eg. (1.1)
appears to becomes singular at radii (the roots of the eq.

A= 0)s

v = '\N\El._‘t(\'el)\uj (1.2)

x



where

The surfaces r, and r_ are called also the outer and
inner event horizmon respectively (Fig. 1/1). These are in
fact coordinate singularities of the Kerr-Newman metric,
Pathological violations as causality occur unless (O < & X 1.
Objects with € = 1 are 'extreme' Kerr~Newman black holes
with one horizon only, whereas thoae with & > 1 are naked
singularities | no horison, the physicel singularity at r = 0
(ana 8 = 7|, 4ira o0 ) is visible from future timelike

infinity /. For ¢ = O, r_ = O and r,=2m ( = Rs).

Surrounding the outer horigon is an infinite redshift

surface also called the stationary or erge surface, located
at

. l,
) A
¥ = M + (‘W\l——— el— a1 u.31&>
E (1.3)

This surface coincides with the (cuter) horimom omly im the
nonrotating case (a = 0). Otherwise, it touches the horizon
only at the points $= o, 77 .« The region bounded by ergo~
surface and event horimon is called the ergosphere. It is
peculiar in the sense that the 'time lines'’ r, ./o- const, are
spacelike here, Here, there can be no observers at rest with
respect to stationary observers at infinity; anything that
stays at fixed r and { would meve in the | « direction

(dragging of inertial frames).
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That the parameters m, a, and e alone determine
uniquely the extermal gravitational and electromagnetic fields
of a black hole, leaving no other degrees of freedom, is
suggested by the various theorems of Israel, Carter and

Havking (the Israel -~ Carter Conjectuxre) / 23 /] .

S0y, this is a brief sketch of the possible outcomes of the
ending stage of stellar evolution. In fact mass is not the
only deciding parameter; rotation, steady mass loss and mixing
of chemical composition of the star among its different layers
also are the factors that decide whethexr the star must undergo
supernova explosion and how much mass it would lose in the
process, It is generally believed that mediummass stars
(4 - 10 M) and most heavy stars (M ~ 30 u,) undergo
supernova explosion to produce neutron stars and black holes,
respectively, if they have not lost a large amount of mass at

relatively early phases of their evolutions [ T2 ] .

Black holes produced in the gravitational collapse of
stars have maseses in the range - 1 H. to ~ 100 M,. Stars
vhich leave cores with masses less than Hov do not reach the
black hole stage vhereas those with masses exceeding ~ 100 “a
do not exist on account of pulsatienal stability. However,
there are reasons to believe that stars vith masses exceeding
n 105 H. can ferm in the nuclei of certain massive galaxies
and dense star clusters. In the course of their svolution,
such supermassive stars teo would underge gravitational

collapse and become blaek holes.
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1.2 OBSERVATIONAL PROSPECTS

One does not know whether black holes of primordial
origin exist, However, with the discovery of quasars, pulsars
and X~ray sources, hopes of detecting stellar and supermassive
black holes have increased. Black holes of stellar mass are
thought to be prasent in binary systems. Those which have
grown to masses rp102 - 103 Ho are expected in globular clusters,
whereas the best places to find supermessive black holes
( 2; 105 Ho) are the nuclel of galaxies and probably quasars,

10

Monster black holes { ~ 10'C to ~10'3 M) might be lurking in

the intergalactic medium /13 | .

But being what it is, a black heole is invisible. It is
only its gravitational interaction with the surroundings and
the subsequent release of energy which can escape to infinity
and make it luminous. From the astrophysical point ef view, the
most promising source of luminosity for a black hole is acere~
tion of gaseous matter from the surrounding (interstellar/
intergalactic) space ZTBZJ. The simplest case to consider is
spherically symmetric accretion of a perfectly adiabatic gas

onto a Schwarzschild black heole.

At large distances from the black hole, let tha gas
be characterized by a temperature _ﬁg or equivalently a sound
speed O and density , < At distances larger than a critical
valus known as the accretion radius (at which escape volecity.‘ﬁﬂ)



L (1.6)a

the gas is practically at rest whereas for Y'<Y’ﬂ g 1t is in
the state of a free fall into the black hole. The rate of

accretion for hydrodynamic flow can then be written as

(1.6)p
-
At YPYQQ/O’..‘:/ON“‘! Wy 3 At Y v, Vi o, ?
-7 -
whereas for Y <v_ o« [ A ¥ “and v ~ ¥v7'>, wWhen the
hole is moving through the medium with a velocity V, the
ageretion radius should be written as
Yoo ___@__.PL.__...
a L4
aZ +Vv?* (1e7)a

The accretion rate is modified likewise although the basioc
picture of accretion remains unchanged. VWhen the hole velecity
through the medium exceeds that of sound, a bow shock is

formed, in front of the hole, at » . v_«+ The energy dissipated

[~4
in the shoock

d& \/'ZAN
ar ak

~/2

r° oa -
(M >( DQ ) €Y4s Sec’ (1.7)b
o 3'~\cv~n |okw,_gp<




is too little to be of any astronomical significance in the

case of a stellar black hole.

A detailed study of the flow requires a knowledge of the
effective equation of state and radiative cooling mechanisms
such as free~free emission and thermal synchrotron radiation
if magnetic field is present. Due to cooling, the 'effective'
adiabatic index, ', becomes smaller because compressional
energy is lost to cooling, This usually makes the spherically
symmetric aceretion unpromising from the observational point

of view.

However, if the infalling matter carries some angular
momentum it would form an accretion disk around the hole. This
leads to a considerable increase in the luminosity. Thus,
oven if the gas density is low, acocretion of matter with low
angular momentum can render a massive ( > 10’!.) black hele
extremely luminous, The main source of energy is the viscous
dissipation within the disk by virtue of which the angular
momentum of the gassous matter is transported to the outer
regionss the gas spirals inwards to get sucked into the black
heole vhereas the outward transfer of angalar momentum heats up
the gas. Result: the hot gas emits radiation, with a power
law spectrum of the form

% | (1.8)

vhere the spectral index < 7 1.
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Most of the emission comes from the region close to the
horizon. VWhile escaping, radiation interacts with the infalling
gas., When the accretion rate is large, the resulting radiation
would exert appreciable pressure on the infalling material and
thus the process of accretion becomes self-regulating, peaking

at a critical rate

1M 4T G M 17/
%;T:- = “ "p ~ [0 (ﬂ > G sec!
o C M() (1.9

vhere G 4is the Thomson scattering cross section and up the
proton mass. The corresponding luminoaity is called the
Eddington luminosity. A supermassive black hole, M ~ 108"9 Ho.
radiating near its Eddington limit in accord with the above
equation can easily attain QSO luminosities, For stellar mass
black holes, accretion rate may possibly reach critical value

vhen it happens to be in a close binary star system,

The best place to look for a stellar black hole is thus
a binary star system vhere it can get enough material to
swallow from the companion star. Ameng the various binary
systens suggested, the best black hole ¢andidate is the Xexay
object in Cygmus, Cyg X-1 [ 1k ] . It is a binary system
consisting of a normal 0947 Iab supergiant (HEDE 226868) anda
& secondary a compact object emitting X rays [kj ¢« On the
basis of various arguments, a number of workers suggest & mass

of 20-30 M_ for the supergiant amd > 5 M, for the secomdary [14].



Rhodes and Ruffini [ 5] have shown that under very general
constraints ( O0<dp/ d}uSl ) on the relation between pressure
p and density ~ , the maximum mass of a neutron star (-Mov)
is 3.2 Mo ¢ All known compact stars rotate so slowly, with
periods Z\, 33 milli sec, that the fractional enhancement of
this limiting mass due to rotation works ocut to be

Observations of the variations in the X ray brightness of

Cyg X=1 over times 0,1 sec suggest the source size < 3 x 10“ km.,
The secondary is thus toc small in size to be a normal star.
However, it is too massive to be either a white dwarf

(MCh = 1.2 H.) or a neutron star (Hov = 3.2 H“). Thus, the
current arguments regarding the nature of the secondary lead

one to conclude that most likely it must be a black hole.

There is no evidences for the presence of a third body which

might destroy this conclusion. The Cyg X-1 therefore seems

to be the gpost compelling candidate for a black hole.

In addition to Cyg X «1, there aroe some othexr X-ray
sources suspected to be black holea such as, 2U 170037
2U0900-40, Cixe X~1 and V 861 Sce / 93/ in our galaxy and
SMC X=1 in the Small Magcllanic Cloud. The first twe appear
similar to Cyg X=1 so far as their Xeray emission is concermed.
Cire X-1 shows strong, rapid time wvariations on timescales

down to 5 10 msec. The X-ray source SMC X«1 has a luminosity



of 107 erg sec”

which implies that the mass of the source
is about 10 Mo assuming that it radiates near its Eddington

luminosity.

Black holes are suspected to form in the center of
globular clusters also /74, 75 ). The cluster stars in the
course of their movement venturing too close to the black hole
may get captured and even tidally disrupted. An appreciable
mass of the gas released in the process, as well as gassous
matter shed by the stars in the course of their evolution,
settle down towards the centexr. Im their fall into the black
hole, their gravitational energy is released as powerful
radiation. A number of globular clusters have been found to
be X-ray sources [fssj y and, according to Baheall and Ostriker

[76:] s these may be bDreeding black holes as massive as
nlo3 H. which radiate Xerays by accretion. Further such a
massive black hole gauses the surrounding stars of the cluster
to concentrate more toward the centexr, which should give rise
to a bright central spot alse. In fact, bright star like
concentrations have been observed near the centers of two

globulay clusters that emit X-rays (NGC 6624 and NGC 7078).

Black holes of much larger masses are expected to form
in the nuclei of galaxies, Lyndem-Bell's [ 6 [idea of the
possible presence of supermassive black holes with aceretion
disks in the galactic nuclel is widely known. Attempts by a

number of workers to explain Weber's observations of gravita-



tional waves from the direction of the Galactic Center also
have involved compact supermassive objects and black holes.
Such models are of great intersst since in them, possibly,
lies the clue to an understanding of the energetics of quasars
and violent activity ebserved in the nuclei of many galaxies,
The justifications for involving supermassive black holes are:
(1) small size which permits rapid brightness variations, a
feature common to many quasars and related objects, and (2)
the strong gravitational field of a blacit hole is a scurce of
enormous energy. Some models proposed in recent ysars of
quasars and active galsctic nuclel involve supermassive black
holes at the center of a system of stars in vhich stellar
collisions and tidal breskups take place to feed the central
black hole with gas and render it luminous [ 84/ . Further,
such a supermassive black hole, if present in a galactic
nucleus would have observable sffects on its dynamica too,
Recent brightness measurements across the entire galaxy M87

( & supergiant elliptical) by Young et al /56 / and spectros-
copic observations all across M87 by Sargent et al [ 57J
reveal the presence of a bright, barely resslved cemtral
luminosity spike, and a sharp increase in velooity dispersion
as well as mass te light ratio toward the center., The
fhotometriec and the spectroscepic data together de mnot fit the
standard models of King for elliptical galaxies /77 amd
instead can be explained by comsidering the presence of a
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central supermassive object (mass ~ 5, 109M°. radius < 100 Pec
and M/L > 60, a factor of 10 times larger than that in the

outer region), most likely a black hole.

1«3 WHITE HOLES

A wvhite hole is a system in which mass energy gushes
out from a highly dense state. To start with, the system is
well inside its event horison, although an observer at infinity
oan receive photons or slower than light signals emitted from
its surface. In this manner, a white hole represents a time

reversed version of a black hole.

Novikev [7/ and Ne'eman | 2/ have suggested independemtly
the possibility of explosion of matter from a highly dense
state postulating that certain parts of the Big Bang universe
did not explode at the instant ¢t = 0, They remained dormant
till they exploded at instants t > 0, hence also called delayed

bangs or lagging cores.

Hjellming [ 87 has provided a somewhat different scemario
for the white hole, It is mow well known that after collapse
past the event heriszon, the material of a collapsing nonrotating
neutral mess (case of spherically symmetric collapse) is
destined to get crushed into the physical singularity at R = O
of infinite density and infinite spacetime curvature. This is
inevitable according to the general theory of relativity.



In the case of a nonspherical collapse, it may be that the
singularity possesses nonzero but small size and all or most

of the matter that falls down the event horizon may avold being
crushed to infinite density as it may get jammed to a certain
maximum density. What then? It explodes inte a possibly
distant region of spacetime in some other topologimlly connected
universe. The emergence 'there' of all the mass that partici-
pated in the collapse through the event horizon to produce m
black hole 'here' is a great violent event and is known as a

wvhite hole.

There are examples of white holes arising in other
theories also. For instance, the theory of conformal gravita-
tion introduced by Hoyle and Narlikar [ 80 interprets the
spacetime singularity of the Big Bang or in a black hole ora
white hole as & region of a conformally transformed nonsimgular
manifold where the inértisl masses m of material particles become
zero.s In this manifold a surface m = O is nensingular but if
in the usual way of general relativity one uses the conformal
frame m = const, one arrives at a new manifold in which this
surface is singular. In this senses, a closed m = O surface in
a nonsingular manifold displays itself as a twice repeated
combination of a black hole followed by a white hole.

The introduction of a negative smergy, zero rest mass
scalar field (the C ~field) 3 l1a Hoyle and Narlikar [ 81/ alse
leads to the possibility of a white hole, In the standard
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frame work of general relativity there seems no way to reverse
the gravitational collapse of a mass and avoid the singularity
R = O once its surface has shrunk to a size smallexr than its
event horizon. However, in case the energy condition can be
violated, the collapse may be reversed and the singularity may
be avoided [sz . This, for instance, can be achieved by the
introduction of the C=field. The reversed collapse of the
mass (the mini bang) produces the appearance of a white hale
in its expanding phase.

There have been flaated suggestions about guasars
being white holes, whese high luminosity derives from the
delayed explosions. According to Faulkner et al, [ 9_—] the
extreme brightness of a white hole is due to the astronomically
large blueshift in the frequency of photons elitted from the
white hole surface in the earliest phases of its expansion.
Narliker and Apparac |10 | have extended the white hole model
considered by Faulker et al, and tried to establish a connec=
tion between the white holes and phenomena like transient
X ray sources, gamma ray bursts, nuclei of Seyfert galaxies

and cosmic rays.

There have heen some arguments thaet white holes are
too short lived a phenomenon to be astrophysically significant.
According to Eardley [61] , the surface of a white hole
expleding in empty space while croseing the event horizon
encounters a blueshift surface. The white hole therefore



by
Fov

has a tendency to accrete ambient matter at ultra-relativistic
speeds, This smothers quickly the white hole expansiong
subsequently it collapses to become a black hcle. However,
this argument was countered by Lake and Roeder /[ 65 ] who
showed that in the case of white holes arising from delayad
bangs, the infinite blueshift could be aveided. According to
Lake [ 66 | certain types of white holes can survive and be
ebservable today. Such white holes (whioch are called grey
holes), howsver, have to come into existence with almost mero
delay. In a subsequent work, Lake and Reeder [ 91, 92 ] have
also demonstrated that these white holes will be bright only
for a very short duration after the beginning of the explosion.
This happens as most of radiation from a wvhite hole comes along
nonradial directions and these photens remain blueshifted for a
very short time after the explosion. However, these conclu-
sions are critically dependent on the nature of the spacetime
manifold mear a singularity. These could be altered, for

example, if the collapsing object bounces very close to a
singularity [-82;3 .



CHAPT:
SPECTRAL SHIFT IN RADTATION FROM A SOURCE
TING A B OLE

2,1 INTRODUCTION

In this Chapter, we shall make an attempt to
investigate certain astrophysical aspects of the frequency
shift, a consequence of Doppler effect and the gravitational
redshift, in the radiation from & source orbiting a black hole.
We shall first confine our attention to the electromagnetic
radiation emitted tangentially in the forward direction by
charged particles in highly relativistic circular orbits around
a black hole which might be of importance in comnnection with
extragalactic radio sources and quasars, In the last two
Sections, we generalize this analysis to the case of nontangen-
tial emission of radiation from a source erbiting a black hole,
applicable also to an eoccentric orbit, This gives rise to some

interesting consequences when the orbits are compact enocugh.

Highly relativistic eircular orbits about a
Schwarsschild black hole lie areund r = 3GM/c?, the radius of
the photon sphere along which a particle would be travelling
with the speed of light (v = 6}« Therefore, an electric charge
folloving an orbit slightly in excess of 3GM/o” can emit
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synchrotron radiation. Similarly, gravitational radiation
also can be emitted by a particle while following such an
orbit /ﬂls, 16, 17;7 + However most such effects are of only

theoretical significance,; since they are immeasurably small.,

In the following sections, we will study an effect
which may have possible astrophysical applications. This i»s
the blusshift of the elsctromagnetic radiation emitted in the
forwvard direction by a source of radiation describing a highly
relativistic circular orbit around a Schwarzschild black hole,
The frequency blueshift is caused by the Doppler effect to such
an extent that it exceedsa the sirong gravitational redshift
suffered by the photons emitted in the forward direction by
the source in the immediate vicinity of the black holcz[7le .
The searchlight effect exists even for a particle radiating
only for an infinitesid@ally small duration of the coordinate

time.,

To begin with, we shall first study the extent of the
blueshift and themn its offect on the spesctrum ¢of continuum
radiation emitted by & ring of sources moving round the black
hole of mass M, ¥e shall also study the geometrical proper-

ties of the null geodesics emerging from such a source.

2¢3 EIRCULAR ORBITS

The spacetime exterior to a nomxotating neuntral mass is

given by the Schwarzschild metriec
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where m = GH/c2 is implied and we have set G = ¢ = 1, The
spacetime ia singular for radii r = 0 and r = R’ = 2m, VWhile
the former is a physical singularity, the latter, also known as
the Schwarzschild radius of a mass M, is a coordinate singularity
which can be transformed away by using proper transformations.
For an external observer, an object that has a radius
Y =

Rs (2.2)

is a black hole, However, the following analysis is applicable

to any object with its surface located at

2m < Yy < 3m (2.3)

Let us confine our attention to orbits in the plane

@:fql. The general equations for geodesic motion are

o M v <
AT d X
Vo dy gy T2

(/4\,))/5 - O,f; 2,2)

(2.4)

Note that x® = t, x' = r, x° =0, x> = ¢ « The asimuthal

motion in the plane O = 7/>1is

d2p

%

L2 dav dr _ 4,
e

S s (2.5)

A 5

which solves to give a conserved guantity, the orbital
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angular momentum parameter, ht

A _é”
(2.6)

— -

Ee e

Next, for the radial motion, we have

i~
,/”r 4 l(”f Iz } (‘l kY Ise) f“‘ \z
n’j@i rl ¥ -2 ) ‘({R ) 7 {//\7—7‘ ) 7"‘/\2 ,) ] = ¢ (2 7)

For a ciroular orbit, dr = 0, so that

, i
Ay f#ﬁf\JL At
- -—_ (2.8)

= n, we have

Defining angular velocity as ¢')
elt

\J& (2.9)

vy - /_f’_y_\_
nE)

third law of planetary motion.
= 0, we get

which is just the Kepler's
(2.1), setting U= 7/ , dr = af

,";,\') _ . Uf 2
< i) = { %%?,> - yl(i} )

From eq.

Hence amothexr conserved gquantity,

Jt o o (2. 10)
\ ¥

ults, viz., the energy per unit rest mass as measured at

infinity. The orkbit of the charged particle can be specified
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by
— ».{,j’ , ,\/(' g &( (2.1')

vhere (t_, &, /7 , ¥, ) are the coordinates of a particle in the

orbit at the proper time parameter s. Thus wvhen ¢ -> 0O,

LA — e (2.12)

Ve now consider an observer O in the equatorial
plane =77/, with space coordinates r = R >> 2m, v = 0, The
time coordinate of 0 alsc measures its proper time in this
approximation (the Schwarzschild spacetime is asymptotically
flat). The typical position of the particle following the
cixroular geodesic will be specified by the werld peint Q with
coordinates given by eq. (2.,11). In the amalysis that follows,
the geometrical optics approximation is used, neglecting the

backscatter caused by the presence of the spacetime ourvature.

Let us suppose now that a photon is emitted
by Q and received by O at & time t = T, Since for a photen,
ds? = 0, its motion can be specified by an affime parameter \ .
The equations of motion (2.,4) for a photon weuld then suggest

i

S L SN (2.13)
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The metric (2.1) for ds® = 0, ‘' =¢ and & = 1/2 gives

- - _gv}/d! )lm__ﬁw;,»d g }7_ v e
Therefore
- a Lo />
alv : p- -2y . >
—_ S 4 \ 7 % ~ i (2.1“)
JA L ’
where
q %

S (2.15)

is defined to be the impact parameter specifying the null
geodesic, The value of the impact parameter is to he chosen

by the following requirementss

(1) that the photon is emitted in the imstantaneous direction
of motion of the particle, and
(2) that it arrives at 0.

0f course these requirements overdetermine the problem,
indicating that not from all points en the circular orbit would
the photon (emitted instantanecusly in the forward direction)
reach the observer at 0, However, we will uhnw that there exists

at least one such point Q@ from where the photon reaches 0,

The requirement of tangential emission implies that for
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the photon emitted from an orbit at » = a, d,2 = 0, e 0

and dr = O. Hence eq. (2.1) suggests

SN A . YRR

. R /‘"{:é"« | 7”i_/v>‘\r [

Y PRI N I N Nogbe s
L ~ vt _Jz VRNt

io‘op
€«
I 7(
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wvhere - sign refers to the forward emission. While escaping
the neighborhood of the black hole, the smitted photon (eof
frequency ;°, ) suffers a gravitational redshift, whereas the
Doppler effect tends to shift it towards the blue. Ve shall
show that the latter increases more rapidly than the former in

the limit - > O,

The net frequency shift can be calculated either (a)
from first principles, by considering two null geodesics leaving
r=aatt and t + S, and arriving at r = R (> 2m) at
T and T ¢+ AT, or (b) by using the following general expression

due to Schroedinger [ 18]

—y "."’ f
) ! ul 4 /g(\ ¥
./ o - y’-/— bt } o -——“;"‘é’}‘—_—’g—g (2017)
U‘/’ [ tibseyvey
A, <
Here u (s) is the source velocity, u (o) that of the observer,
8 3
P (8) the direction of the photon at source and ¥ (o) the same

at the observers



(a) Derivation of frequemecy shift from first principles

Consider a photon emitted from Q at t = to. The

requirement that the photon arrives at O at t = T indicates

that
R
- _ . - | L ‘
oz g0 dy (2.18)
e
where
f ) ﬁ/
( ] { > Y :ﬁ G
[ [ ] = (0 2] -l ) v | (2.19)
and
K
_— q{v, by
Yo - w’ J J( fL\} ¢ (2.20)
G
where

aly g - __fL. P m i2 ~€z
AR )LE”' U ?“';)“‘;”,;J/ (2421)

The integrals (2.18) and (2.,20) are of the elliptical kind.
However, it is not necessary to evaluate them explicitly for
the calculation of the blue-shift. The values of these will be

needed later for another purpose.

Consider now another photen emitted from the

oireular orbit at a world point Q' with the time coordinate



t’o + .".to. This photon has an impact parameter q + ,.q and
arrives at ¢ at a time T + /. T. Then we can write egquations
similar to (2.18) and (2.20) for this photon also. By appro-

priate subtraction of equations for time as well as for yv »

we get
T =t AT— 3 Ds = Ag / C_.- oA
) ‘e (2.22)
and
Y SO T L
hpe T bR T e pe = Ay /3 T‘J ety (2.23)
g
“

/.8 being the proper time of the source corresponding to the

time interval 4ﬁt°. Eliminating /. q, we get

T f .
AT 5»[ (¢ o Mg >/7 (2.24)
SRS ) -
where
[ 2,
Hig) = g (2.25)
f 2;3 fy
J ‘Di
S8ince
}(\, C‘,/.‘rlz' 9 q A
f(\jq = / 21 f}‘yb";//z ? B—QQ =  em 6;"2-73/2 (2-26)
d I \f" —~  J TL’J L"‘(, 2 TAJ



eq., (2.25) reduces to

Hgr s sy

The frequency blueshift can be written as

FARS

-] ;
i o= (jfz) = = -
Z, T

wvhich in view of eqs. {2.24) and (2.27) reads as

, Hy - If.
¢U*3%b“)bf2(’"%,Jﬂ
'+ b = —

[zii-a)]" =«

where we have written

5.

=2 7

(AW

(b) Derivation using eq. (2+17)1

3

(2.27)

(2.28)

(2.29)

(2.30)

Vriting the Schwarzschild line element in the

general form » 3

At = Gap b X

”“Y7>) >.1f(2.31)

the various quantities in eq. (2.17) can be expressed as

o

s ds

o N . .
oy )z 9-9—5-7 — (—é—{—t ey O/-d}p = (B’, ISUES I Ol

v

72 (2e32)
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and
’L{‘. (0) = (/i 7 (i"/ C / (! ) (2.3h)
Now
—~ i = | N
u"b/g':_ Lt f)yh = 37 ( 1t g )
and
- 14
- —
8 f )o v /[)“’ !m
Hence
)
sL o= [w tma ) |
/ (2.24)

and therefore eg. (2.,29) follows.

In case the observer is at rest at r = R { 76,,0).

we have
ule) = /\%{L{/ ; O/O,/?)
wvhere
de) = (- 1z N
4R i (2.35)
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from eqe. (241). The frequency blueshift in such a case is

0*,.
M

f.‘f— / 2 3e . (2.36)
( 7y p
AN

> { &'%7“*5/,})\ [— ”'*R")
It 1z easy to see that eqe. (2.29) in the limit ~ — 2/3, ...
- g suggests very large blueshifts: using the approximation

ve get

(2.37)

2.5 PROPAGATION OF PHOTONS

How does the propagation of the photons depend
on ¢ ?7 In order to seae this, it is convenient to reduce

eq. (2.20) to the following forms
f

o = s |
T [_(t»-(r)-mQ,*Q,U)‘Ul'j“L (2.38)

4]

wvhere v = a/r and ¢ = 2m/a. ¥We have set R = ; as the lower
limit to the integral for the sake of convenisnce since there
is only a slight change in o whem R ’2m is replaced by R = v .
From eq. (2.38), it is apparent that o = T?/g_ foxr < = Oj

this is the simplest case of a photon in flat Minkeowski space.
As ¢ increases from O, 7, imcreases and in fact as ¢ 2/3,
the photon makes several rounds of the black hole before arrive

ing at the distant observer.
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How does '.. behave as ¢ ->. { v-> 2/3) ? We notice
that at ¢ = 2/3, the integrand in eq. (2.38) has a factor
(1wmr)'1 and the integral diverges logarithmically. Therefore

pa is expected to diverge as Q~%~2/3, largely because of the

contributiona to the integral at v > Y. For convenience,

N

let us write

- 2. J
g," - s — A AN :/f 'S RN s e N (2.39)

Ne. *2- N ol .
j — ) (2.50)
[ )( U '“U—))(bz_»--UD 2
where
\ur' i V? e e \)" \;) - @\.._.:’_..?
‘e

Hence

Voo v za)) NI (2.51)

b RS , - 1\ L
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neglecting powers of ~ higher tham unity as A << 1. Ve now

use the transformation

5]
La

.y ’l "
vom T st 8+ v, <o @ (2.42)



so that eg. (2.40) now has the form

(2.43)

This is brought into the standard elliptic integral form by

the transformation

Hence i1

o
oo L "

L}
J%! [: = (/ ? ,’3.} (,p‘m'j }/, -7 .

s I

-/L-; 2 k(»’ - 2A - 2 /€M< Se¢ 5/"/ f“‘fh‘l’ly"/)
where |
“--r( U, /2
\//I =  Sin "“"‘"’“‘*—>
Uy =
But as A —> O, sin %;-e>1/3* snd therefore

sec ¥y Ton Yy o

Also

Y “ )1/ Ay j 7, A
- “ ] i 2 h ’ B . , )m//
[;m(‘;»zm )y Vj / [1-U-20) y/]j

(2144)

(2.45)

(2.46)
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. b 8 (273D oo (2 (2= 73)
Fo = =AY e
A ¢ (2.47)

wvhich demonstrates the logarithmic¢ divergence of Yo, with C .

Eq. (2.38) has been numerically integrated. In
Table I, we give the values of ), for varicus values of ¢
close to 2/3. We see that, as indicated by eq. (2.38), the
photon makes several rounds of the black hole before arriving
at the distant observer. The values in Table I correspond to
& = 10" (2 ~n < 9)e For such cases the change in the values

of Y introduced by decreasing A by a factor 10 is givem by
o

8)°o ~ D lo ~ 2-3p (2.“8)

This is borne ocut by the numerical integration.

Let us now consider what happens at a finite but
laxrge value of R, For r — R, eq. (2.21) is approximated by

Ay L 9
r o LA 2.49
Ay \ ( )

With 0 as the origin, we choose rectangular Cartesian
coordinates (x, y) in the plane (¥ = 7. This is possible,
since far away from the black hole the spacetime is nearly

flat, At O,
Ay~ Rdwy , dx o dy
so that

A
E - (2.30)

ARN
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TABLE I
THE DIVERGENCE OF Y. WITH ¢

Number of

. %( 1-10"1) X0 revolutions
‘ radians around the
black hole
2 0.66 5.776 0,92
3 0.666 8,076 1.28
i 0.6666 10,378 1.65
5 0.66666 12,681 2,02
[ 0.666666 14.934 2.38
7 0,6666666 17.230 2eTh
8 0,66666666 19.542 3.11
9

0,666566666 21.867 3.48




In other words the angle made by the propagation vector
of a photon reaching O with the line of sight through the

center of the black hole is

= = (2.51)

This determines the angular radius of the orbit as seen

by the observer at 0.

The integral for (T-to) in the limit of R —

reads as

!
i
Jorn (i"(f')L:/ AV

¢

T A ~o (2.52)

i ,) ({ q{u)u1£Q”g} ~U*er)&i]"

g

However, for any finite but fixed R, we can study its
dependence on ¢ as ¢ —> 0, Here again the integral diverges
logerithmically. Reducing eq. (2.52) to a form similar to
oq. (2.,40), a simple calculation shows that if  and

£ 44 ¢ are two mneighboring values very small compared to
unity, the difference between the corresponding values of

T-to is given in terms of the differential of )ﬂ‘ua follows
2 G M
§(1-8) > 2P (“;T» ) 7 (2.53)

which indiocates a slow dependence of T omn ¢



Table II gives representative numerical results
on (T-to) -« integral for R = 100 a and small values of - .
This choice of the values of R is somewhat arbitrary; the
only criterion being that R should be large enough so that
the spacetime at 0 can be considered almost Minkowskian.
From Table II one can see that as ¢ becomes smaller and

smaller, the time taken by the photon to reach the observer

at r = R diverges logarithmically.

Owing to this slow dependence of T on <« , even
values of - as small as 10~ 'C will not significantly alter
the time scale for the light ray to emerge from the vicinity
of the object., Ve emphasize this point here; because in the
following Section, we shall be generalizing our results to an
ensemble of particles going in a ring at radii very close to

a = 3m, the unstable circular orbit.

2.6 THE EMISSION SPECTRUM

Ve now imagine the central object to be surrounded
by a ring of particles moving in circular orbits with different
€ << 1¢ The volume of the ring will bs determined by the
overall range of < o+ The volume element between < and

ﬂ—i—c:'(:" is

2
AV = 271Y ( a T) H ey (2.5%)

where H is the thickness of the ring ( = r 49 ). Since
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G: OF (T =% )
THE DIVERGENCE OF
3
(r-t_)/(aM/c”)
n
33.03
49
0.66 .
; 0.666 i
. 0.6666 .
, 0.66666
5
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as -~ , 5 W& have

AV = 1&g [z T W‘l // Ac

(2.53)

Now suppose the ring emits N photons of frequency Y, pexr

unit volume, per second in the rest frame,

photons emitted in time ds is ( N.ds.dV).

The number of

At a large

distance r = R { >> 2m), these will be distributed over a

sphere of surface area /] Rz.

Although mast of them will

be emitted in the equatorial plane, the averages over the

whole sphere gives a flux (per unit area per unit time) as

Nasd? . NydY
S REAT 4T R Yy (2.36)

whare

(2.57)

Ths average flux of energy is therefore

Nhv, dv ( (+b)?

AT 7T Kl

E(»)dv vy *

4T RY v,° (2.58)



where E( . ) is the volume emissivity at the emission

frequency , .+ Now we use egs. (2.55) and (2.37) to get

(2.59)

2 ,
S I LA T YR N

O

80 that eqs. (2.58) and (2.37) can be combined to give
the flux S( . ) d.© in the frequency range > and y : .7V

as follows

e ‘ = (32) -
s . b (2.60)

‘2)

X

Thus the ring of particles at r 7 3m emits radiation with a
power law spectrum of the form
(2.61)

vy v L Y 2 Y

[§]
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purely on geometric grounds., The .’ dependence of the
spectrum is commen to many extragalactic sources of radio
emlssion. Chitre and !arliknrzfaojz have discussed the

astrophysical consequances of auch a model with special

reference to extragslactic radic sources and quasars,

The analysis of the null geodesics presemted
in the following sections is a byproduct of the one develeped



in the foregoing sections, applicable to photons emitted
nontangentially as well. Also, we generalize our results to
the case of the source following an eccentric orbit. The
source of photons could be an ordinary star erbiting a super-
massive black hole, a hot spot or a flare produced in an
acoretion disk around one (stellar/supermassive) due to
generation and growth of instabilitiesn, or a stellar outburst

that may take place in the 'vicinity' of the black hole.

It is possible to have a (solar type) star in a
high energy orbit around a black hole of mass M without tidal

breakup if its density exceeds a critical value

. i [ Moy * -3
// ”~ 1 x}le ( ___f) 7M Cwmn (2.62)
M

According to Sunyaev <{21j o hot spots can form in the
acoretion disks around black holes which can last for many
revolutions., These can form near the event horizem too and

may be quite luminous in a certain wavelength range.

It is reasonsble to expect eccentric orbits in
some of the cases mentioned above, The emission of the
gravitational waves however can circularize the orbit in a
period shorter thag 1010 yrs depsnding on the masses invelved
and their separation. Assuming the validity of a Landauw-
Lifshits type formula /857 , the time of cirenlartization

4.

3
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of an eccentric orbit can be given as

o~

v a F (e ead L -t /248
< - - J l'(@f;&.)

gOL{ f‘/t', iy L"’V"f-"-'\’(ﬂ-s) (}'f’ /Zf' f’})
2 202,

Here m, and m, are in geometrical units, °, and o, are
initial and final eccentricities respectively, a the semi~

major axis of the orbit and F(o‘, o,) ~ 1 for e, > 1 and

1
e, 7~ 0. Hence for instance, for a system consisting of a
M1 = 109)!o black hole and a "2 = 10 H° star, a distance about
1OGM1/e2 apart, T 108 yrs if ¢; ~ 1 and e, ~ O. In fact
when the orbit is compact enough, a circular orbit also can
shrink because of the emission of gravitational waves,
according to relations
{
ale) ~ qo((- éc-_->/q T ___Eﬂ_é___.___

I 25¢ v my

where T' is the spiral-in time. Choosing the same para-
meters as imn the example above, T. n«107 yrs. It is obvious
that for smaller ratios of n1/-z +-C and T decrease appre-
ciably, Liebes /86, Campbell and Matzner / 19 / and
Cunningham and Bardeen /24 /have worked out in detail the
optical appearance of a source in the background of a
gravitating mass, and in orbit round a Bchwarzschild or

a Kerr black hole, It what fellows, ve shall be mainly
concerned with the frequency shifts,
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Now we proceed to write the equations of motion
of the source and the photons it emits. The formulation is
exact as long as the geometrical optics and the test particle
approximation (source mass << black hole mass) can be
considered valid. Let us suppose that the eccentric orbit is
specified by an eccentricity e and a semi-latus rectum a.

Let us take ﬁié = 0 and assume that the observer stays

far away from the hole at r = R ( ">> 2m) in the plane of
the orbit ( & "/ ). According to McVittie /22 ; , the
metric (2.1) and the eqs. of geodesic motion (2.4) solve

together to give

- -7 r
A { L - 2 i+ 2N /2
s I / t <.[ “;M> ( I ‘// (2.63)
?;/\1’
A (2.64)
¥y o s

Pt R B
s vt vy L “

4 < RS w72
i e L meses Bl e
T e /5
i - L ) ro (z+ef—>m] /2

)L a

Here ) is the energy per unit rest mass of the source and
h its orbital angular momentum per unit rest mass as measured
at infinity., Fer a circular orbit, e=0, rwa and dr/ds = O
also. The angular veloeity of the source abeut the hole is

defined as before as n = dr [at.



For the photons, the various components of the

4= momentum are given as

/ - Yior T
O _ , {7 YooY /"a/\/ /
TR A B G B
i ¥ (2'67)
i& = ¢ (2.68)
Ay _ k (2.69)
AA B Y
i & (2'70)

The source emits photons in all directions but only those
emitted in the plane of theorbit will be able to reach the

distant observer. In view of eqs. (2.63-2,70), we write

ey - [ X Ay Ay "
qNSY = —_—, X, 0, A
Z ?"'L:“ At cfs | (2.71)
(.\/
U (‘C«\ - (f @, 0, e ) (2072)

- ( |
/’P’ [ ¥, T I, dr, O/"“f—‘f’j (2.73)
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Hence, 1if T refers to the instantaneous location of the

source with respect te the erigin of the system of coordinates,

then from eq. (2.17) we can write the frequency shift
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where q is the impact parameter of the photon = h/y .
In order to evaluate g, let us consider the two physiosl
components v, and v}3 of the photon velocity am according
to an observer at arest in the Schwarzschild field with

respect to his proper reference frame:

. J
g - (ny”/)h Av/ AN I s b
Y - "“'—”“ [EEENEANR e L e
gc‘b A {/ A A > Cf,\ (2075)
l/z, e 3 iy,
Y (wc‘}?? Ay /A _ ( _._;) i (2.76)
TN fa dtfdr . ‘
such that
2 ! _ (2,
v iyl =) (2.77)
Therefore it is reasonable to write
Voo Ces ;) Ve = 9w (2.78)

where { is the angle at which the photon is emitted with
respect te the radius vector of the source threugh the origin
of the system of ceerdinates; ) increases im the direction
opposites to that of motion of the souree. 7Thus, for a



radially ingoing photon ‘ =7/ whereas for one going outwards

. = 0. In the case of gravitational searchlight (tangential

emission), .. '/ s0 that v, = 0O and v = -1, However, in
. <~
the case of an eccentric orbit, | is not neceuaarily_ﬁ’, 37
p 2

for tangential emission. In view of eqs. (2.67-2.,70), the

line element (2.1) for ds? = 0 gives

-

. "

. / _/‘ //{.f,, ‘\}7 }' 1/2 _ .
[ Tl A T g sis (2a79)

where
¥ ., ) ‘. (2.80)
characterizes a photon emitted at 5-:hﬁ sy in the direction

opposite to that of motion of the source. The frequency

shift is therefore

- b3 { ¢ 1 . T ’
R A i A RN ef s - e f
o2 [ 5 de Wt/ oy (2.81)
¥ - ' o

e

I3 -
Here, + sign refers to dr/ds < and vice versa. For ¢ n,g’

and ¢ = 0, this equation reduces to (2,29) for the gravita-
tional searchlight. Fer large circular orbits, eg. (2.81)

approximates to

. (¢ (2.82)



h‘c};

It can be noted that Doppler blueshift overcomes the gravita-
tional redshift for forward emission (?/«W%\ ﬁif) from a large

cipcular orbit.

2,8 PROPAGATION AND FREQUENCY SHIFTS OF PHOTONS EMITTED

AT DIFFERENT ANGLES?3

Photons emitted by the source at different angles
not only suffer different frequency shifts but also different
amount of gravitational bending, A photon emanating from the
source at an instantaneocus position Ty > 3m will be captured
by the black hole unless the impact parameter satisfies the

condition
L7 Ty, 7 B (2.83)

(see, for instance, ref. 23) A photon emitted at an impact
parameter slightly in excess of QU4m would make numexous
rounds of the central black hole before arriving at a distant
detector. Consequently, such a photon takes a longer time

to arrive there compared to the one emitted with a q greater
than 9 4m’ The limiting angle corresponding to g = 9 im is

therefore

4 - i iu (2.8,‘)
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Photons emitted at en angle L < -5, and > - L. escape
whereas those emitted at es e £ 7, 1 -h,  are captured.
In an eccentric orbit, photons emitted at a certain .. may

get captured when ro is such that q falls below its limiting
values and may escape at another instant when T, becomes such
that q excesds qlim' Table III gives the values of the

limiting angle é%,. corresponding to different values of

3

eccentricity and semilatus rectum, when the source is at the

apastron and periastron of ite orbit,

An evaluation of the integrals

I
‘ 3 [ 35N
: ey A
SR T R Ve R (2.0
. v/l A

o
drla

y)(} - ,_,.j IR AT (2086)

el ¢ ha
7

(&)

can tell how long it takes for a photon emitted at a
certain eangle ¢ ( : m-¢. & »7+{,) to reach a distant

observer and how much bending it suffers, If we denote

the integrals read as

3 |
2m{ 1% A
S . e

- - /
) e e e vy prsiig] b (208T)
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and
i e s e e i R
N i
A T TR AN (2.88)

The elliptic integrals in these equations can be transformed
into the standard Legendre form by employing suitable transfor-
mations, Although, ka is asymmetrical with respect to =+ [ ,
the gravitational bending for + | photons remains numeri-
cally the same. As r —> Jm, eq. (2.88) predicts .,k > ..
for ¢ = & i/ /2 photons. The numerical evaluation of egs.

(2.87-2.88) however is of no interest to us hers.

Let us focus our attention on the emission of
photons by the source at different values of | . To start
with, we consider the simplest case, one of perfect alignment.
The center of the black hole, the source and the observer
fall dn the same line (line of sight). Fig. 2/1 depicts
varjious possible orientations of the orbit with respect to
the line of sight. Photons emitted by the source within
a cone D'PD are captured by the dlack hole. The apex angle
of the cone, 5>°, varies with r_ in sccerd vith eq. (2.84).

Photons emitted at { = ¢ are received by the resmote obaerver

after every complete revolution, with a frequency shift

amounting to

. , k)
/+Z(§”0) :7%"’"1“3’[ {i ~-;§ 32“Q_ Z——:’:)(”“&:,_)% j(2.89)
v, = B



FIGURE 2/1

Shows various possible orientations

of the orbit with respect to the

line of sipght for the cases of perxfTect
alignment of the black hole, the source

and observer,






and

‘\‘ ‘ )'1 /;} Lo y 2 / (2.90)

corresponds to the timelike trajectory of the source. In
this equation, the sign of equality refers to the circular

case, or, the source at its periastron or apastron, so that

[tz ! 5 o, o / — . > r (2.91)

L I
S hant

Obviously, these photons are always redshifted and are
received whenever the source comes in between the black hole
and the observer such that dr = 0. However, in general

1+ 3z (5 =0) may be > or-:‘i. i.04, the ¢ = 0 photons may

be red~ or blueshifted, according as dr/ds —- O or > O,

In the case of an accentric orbit we have to
take into account also the fact that the periastron advances
significantly when the orbit is compact enocugh. The pariastron
advance would introduce a secular change in the frequency
shift of a photon emitted at a certain & , =0 in the case
under consideratien, Suppose to start with, the major akis
of the orbit coincides with.- the line of sight and that the
source is at its apastron and in between the black hole and

the observer., Let Tp be the time taken by the periastron



Cp;

to shift by 2/ , Generally, Tp > orbital period. Then,
in an interval Tp/z, the black hole, the source and the
observer are once again exactly aligned, the source this
time being at its periastron and in between the black hole
and the observer. Since dr/ds = O at r and r

o max o min’?
the respective frequency shifts would be

K

. . b/
y { el T i 5 st ):
[+ Z-ﬁ,,\},} ) [o 20w / [+Lw\a‘g “ . (2.92)
7 j- 2>
Vo My Ty TR
the magnitude of the difference between Zoin and % ax
amounting to
i ;i, I I3
(A= — 5 (2.93)
’ ' < (i€
(‘/' - <% 4 ‘f___C____)WL/
~ [ e —

For instance, for e = 0.% and a = 10w, Zpin = 0,08,

Bpox * 0.39. Hence, a 6000 A line will be shifted by amounts
480 A and 2340 A respectively towards the red. Az, is
larger if e is larger. For a large value of a and/or

L o ~> 1 and

L ame (4
inel = (+ ) (2.9%)

&

How much does the frequemcy shift of a photom

emitted at an angle 5- 0 change, after the periastron has

e
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advanced by an amount . s , in one complete revolution?
In order to find this out, let us refer to Fig. 2/2. There
are in fact two cases tc be comnsidered: (a) when the source
is at its periastron to start with ( ~ = 0), the semimajor
axis coinciding with the line af sgighty after once going
round the blazok hole, the source intersects the line of
sight again; its radius vector nov making an angle » = - .
with the semimajor axis, (b) when the respective angles are
© m i/ (source at its apastron) and = -y, We mnotice
that the change in the frequency shift in case (a) is not
the same as that in the case (b). 7These are given respec-
tively as

- N A

i e [-—-?)n
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for case (a), ana

! U/ (2.96)
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for case (b). To the first order in / » , We therefore

have

Lz € Ay ) eom
el 7T ST G, (e
- / Yry - zm"( g;/(,)_] /1 L/. L':"Li’j”ﬁj//“
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In oq. (2.97), + sign refers to case (a), whereas - sign



FIGURE 2/2

Shows the cases of perfect alignment
after one revolution when the periastron

advances by a small angle.
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to case (b). Furthermore, //’A at_,’] . >{A2’2\ _+ For example, for
e = 0,5 and a = 10 m’k3333;@'043Ay'wmdi“sz_i} Colo Ay e

In the derivation of the foregoing equations, we have
neglected any change in 'e' and/or 'a' due to gravitational

radiation.

The photons emitted at various angles, as well
as those emitted close to the limiting angle can give rise
to the formation of luminous concentric rings asbout the
black hole also, This happens whenever the black hole, the
source and the observer are exactly aligned; the observer
can receive the photons in any plane which includes the line
of sight. One therefore sees a number of concentric rings
about the central black hole, When the source is in between
the black hole and the observer, it appears as a red or a
blue point (vide eq. 2.89 and the following discussion) at
the center of the xing system. The innermost ring corresponds
to photons which were emitted at / close to U i, . They
suffer the largest amount of bending and also take the longest
time to reach the distant observer. Following the reasoning
of the Section 2.4, it is then easy to show that the angular

radius of the innermost ring is

¢ o Lo I1bn (2.98)
N R

vhere R is the location of the observer (>> 2m). Here, we
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would like to stress that the ring system so formed is not
as simple as that formed in the case where the source is
stationary, not gravitationally bound to the black hole. In
the latter case the rings have a uniform thickness, intensity
and color. In the present case, the additive and subtractive
contributions ofthe Doppler effect and the photon emission
off the plane of the orbit render the appearance of the ring

system complex. The ring system consists of redshifted as

well as blueshifted photons. For the innermost ring, the

difference in the frequency shifts amounts to

y g ADETS
[Nzaf - \ / (2.99)

which varies with T, e Vhen the orbit is a compact one, the
frequency shift difference is large and consequently the
intensity of the rings would be mainly contributed by the
blueshifted photons. As the source moves off the line of
sight, the rings start degenerating into a number of
distorted ghosp images of the source appearing around the
black hole, though not symmetrically placed and nonuniform
in color. ¥When the source goes behind the black hole, the

rings appear again, the central red/blue point now missing.

For a compact orbit, the sensitive dependence
of the frequency shift and the gravitational bending on

give rise to an interesting effect, viz., spectral line
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broadening in the case of a stellar mass black hole, and,
peculiar oscillations of a number of lines across the spectrum
in the case of a supermassive black hole. To illustrate this,
let us suppose that the source moves in a circular orbit,
emitting monochromatic radiation at frequency 3. ¢ Now,
wherever the source be in its orbit, owing to a large
gravitational bending, there would always be some photons
emitted at various angles in the forward as well as backward
direction reaching the observer at a given instant. As the
source moves in its orbit, photons, emitted at progressively
changing values of . are received at r = R. The net result
is the oscillations of a number of spectral lines about ¥,

in a peculiar manner. In the case of a stellar mass black
hole, the orbital period of a source in a compact orbit is

<< 1 sece Therefore, the source goes round the black hole

so quickly that the spectral region between z{77 /2) and

s(~ 77/2) is apparently occupied, giving the impression of a
broadened spectral line. The wings of the spectral line
correspond to emissions at [ = & 77 /2, separated by an

amount

i
e’ }Y"g @ 7 '/L

;5
u,(f}"%“) {a-2m). (2.100)

According to the Liouville theorem, the observed {I,) and the

emitted ( 7 , ) monochromatic intensities are related through



(2.101)

so that we can express the ratio of the intensities near the

wings as

-
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(2.102)

For instance, when a = 20 m, IbluQ/Ir.d 7- 4, whereas for

a= 10 m, Ibluo/Ired % 9, The ratio thus gets steeper as

a decreases. Therefore, for a compact orbit, the line profile
would be highly asymmetrical, In the case of the source
orbiting a supermassive black hole, the situation is rather
complicated; the orbital period is comparatively much larger
and one expects peculiar oscillations of a number of spectral
line across the spectrum, the bluer lines being comparatively

the brighter.



CHAPTER

GRAVITATIONAL RECOXL OF MASSIVE BLACK HOLES FROM

GALACTIC NUCLEI

3.1 INTRODUCTION

Since 1966, Arp [fz,zs. 26, 27, 37 and refs

thoroigJ? has been presenting evidence of the quasar =

galaxy association in a number of cases. In many cases

the members of the pair are joined by luminous intergalactic
matter. The nucleus of the galaxy appears eruptive, suggest-
ing ejection of material with considerable speeds in roughly
opposite directions in the form of a coherent massive object
and blobs of gas. The most puzzling feature of such associa~
tions is that the redehift of the ejected object which also
happens to be a radio source exceeds that of the peculiar
galaxy. Particularly, whenever the radio source is a quasar,
it shows up with a much larger redshift and is dynamically

or evolutionarily younger. A few BL Lacertae type objects

too have been seen associated with certain gnlaxiou//55. 887.

The absence of independant confirmation of Arp's
observations and the anomalous rxredshift of the quasars in
such asseociations have been the main points againat the
ejection hypothesis proposed by Arp. Statistical arguments
have occasionally been put forth, for as well as against

the hypothesis Zjuco. eeBey Tof, 30.12;7 « However, the



statistical analyses suffer from the scanty data and can not

at present settle the controversy.

Arp's recent work[fZ?, 28;; on the isophotal
tracings of some of such galaxies reveals disturbances in
the inner isophotes extended fairly close in the direction
of the quasar., Had the associations been chance juxtaposi-
tiona, no disturbance in the galaxy and luminous bridges
commecting the galaxy and the quasar would have been
observed. Ve are, therefore, tempted to comnsidexr ejection

to be real.

Now the guestion of the cause of ejection and the
anomalous redshift remains unsettled. Only a few mechanisms
are known which could esject different kinds of objects.
Shklovsky /40 | has tried to interpret Arp's observations
of associations by postulating the ejection of a massive
magnetoid ( a large rotating magnetic plasma body) from
the nuclear region of a galaxy as i consequence of snisot-
ropic emission of energetic particles. Harrison Zrh557 has
also proposed a similar hypothesis. Saslaw Zﬂ§3_7 has
conjectured the possibility of a gravitational sling-shot
mechanism operating in the center of a galaxy which ejects
a pair of compact massive objects in one direction and a

third one in the opposite direction.

In this Chapter, we propose yet another mechanism

of ejection, viz., the gravitational recofl of a supermassive
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black hole from the center of a galaxy. This can ocour because
of the anisotropic emission of gravitational waves in the non=
spherical gravitational collapse of a supermassive body in the
nucleus of a certain galaxy. The ejected black hole captures
gaseous matter and stars on its way out and can become luminous
enough to be observable at the time of its emergence ocut of the
galaxyz(§5, hh:]. It is then natural to expect some observationel
prospects and the only question is whether we can identify such

a phenomenon with an observed quasar-galaxy assoclation?

In order to be able to eject a massive black hole,
with mass M--108‘9M‘ considered here, the galaxy must be
comparatively a massive one. The likely seats of this kind
of activity may be the nuclei of spiral, elliptical and
Seyfert galaxies. According to Wolfe and Burbidgo[rhgjy, the
observational evidences in the case of elliptical galaxies,
such as masses, mass to light ratios ( ~ 70) larger than a
normal galaxy, stellar composition and the occurrence of
violent explosions, suggest that in these galaxies a large
amount of mass should be pressent in the form other than stars
and perhaps in the form of central black holes with masses

< 1010
"

Ho. The central black hole is crucial to an explana-
tion of the vieolent explosions in their nuclei and high mass

to l1ight ratios,

How can & supermassive black hole form in the

nucleus of a galaxy? For instance, Lynden-Bell and woode3§7



v
and Spitzer grh[] have proposed that a galaxy may develop
a dense nuclear region as a consequence of a thermal runaway
or a lack of energy equipartition between light and heavy
mass stars, When a stage of so high a central density is
reached that a photon coming from the center of the system
is redshifted by an amount = 0.51 - 0.73,/ 31, 32, 34/ ,
the suparmassive body may collapse to the black hole stage
because it becomes unstable against radial pulsations. In
general, the collapse would ba nonspherical. %When &
nonspherical gravitational collapse takes place, there is

an emisaion of gravitational waves in an anisotropic manner.
These carry awvay not only energy and angular momentum, but
linear mementum alsc., Consequently, the black hole (or an
olject with its surface very close to ita event horizon)

must recoil in order to conserve lihuar mamentum, in the
frame of reference im which the collapsing mass was
originally at rest. The linear momontum is radiated in
lowest order as a quadrupole =~ octupole co=operative effect.
The stellar case has been worked ocut by Bekonutain[ﬁZQi]

who has shown that the receil phenomenon may impart speeds

as high as > 1000 EKm aoe"

to the black hole independent
of its mass and consequently lead to consequences like
break-up of a binary star system upon collapse of one of
its components, escape of black holes from globular

clusters and the Galaxy, etc. In what follows, we outline

the basic idea applicable to the nonspherical gravitational
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collapse of a supermassive body in the nuclesus of a certain
galaxy and the resulting recoil of supermassive black hole
from the center of the galaxy. The order of magnitude
estimates show that the recoil effect has something interest-

ing to offer.

3.2 THE RECOIL OF THE SUPERMASSIVE BLACK HOLE

The collapse can be nonspherical owing to rotation,
magnetic field and the a-ymuotricai nature of the nuclear
reglions of the galaxy, etc. Even if the collapsing body is
nonrotating, highly nonspherical collapse is expected since
asymmetries tend to grow as (R)"'1 in a dynamical collapse
vwhich may begin at = 103 R [68;7 « The collapsing body
emits gravitetional radiation in an anisotropic manner

during the collapse at a rutoA[Rof. 23, DPD. 980,:7:

—

o~
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At 6N R J (3.1)
where R_ = 26M/c? is the Schwarsschild radius of the
collapsing mass M (in gms), R is its instantaneocus radius,
and G and ¢ have their usual memning., According to Arp
(private commmication), the velocities of emergence of the

-1
ejected quasars are estimated to be 102 1m seo = v <

10“ km uoa". Thus, large velocities of ejection are
suggested. In the gravitational recolil, large velocities

can be achieved only when the collapse is considerably



nonspherical and proceeds upto the black hole stage, as

most of the gravitational radiation is emitted only during
collapse between radii R = 9 Rn and R = R'. Highly
nonspherical gravitational collapse is very poorly understood
and it is not known for sure whether event horizons would
form in suchcases also., Thorne Zihé;? has conjectured that
horizons (probably) form vhen and only when a mass M gets
confined into a region whose proper circumference in every

direction 1s < <77( /. Whem all the 'dust' snd gravitational

I
waves have cleared away from the exterior, the only conserved
integrals left to govern the final horizon and the exterior
spacetime are mass, charge and angular momentum that went

down the black hole. The exterior spacetime is described

by the Kerr-Newman solution (eq.1.1) of the field equations.

If a considerably nonspherical gravitational
collapse produces a black hole, the energy emitted in the
form of gravitational waves over a dynamical time scale
can be as high as E = «/%9’vith A moof—-0-9F [P?é; The
equivalent linear momentum carried by the waves in this
process is ocMc, Because of the anisotropic emission, the
black hole recoils in a direction of minimum flux in order
t0 conserve linear momentum. Its net momentum is géf f and
a recoil spesd U-= c . An exact range of F can be
adjudged only by rigercusly working out the details of the

nonspherical collapse. It depends, among other things, on
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the geometry of the collapsing body. For the purpose of
illustration, the range of the recoil velocity is choseyto be

0 < /o = 104 km aoc“, and Mr»‘l()9 Mo'

The maximum frequency of the emitted gravitational

waves is

J (3.2)

with a bandwidth /.. of the same order. Since the gravita-

2
tional energy E(~ GM“/R) of the collapsing body changes as
'_ff . _E AR
AT T RO

teristic dimension of the collapsing mass evolves in the

» in accordance with eq. (3.1), the charac-

following approximate manners

: 1 'z, 5 R 4
. Voo I3 e [ R\o - ~ Ng
F 0 M= ") g ( ) R (3.3)

where T(R 0) is the collapse time, R, the initial dimension
end T(R o)w'? coresponds to R, ~ R_. Since asymmetry of the
collapsing mass enhances with the collapse, the stars in
the nuclear regiom of the galaxy may acquire some angular

momentum also in the process.

The flux [, of gravitational radiation received
at the earth in the case of ejection of the black hole along
the direction away from the observer is maximum and in the

casesof ejection towards the observer at the sarth it would be



minimum. Therefore,
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for d -. 100 Mpc. In eq.(3.4), z' is the mean frequency shift
of the pulse of gravitational waves which consists of the
cosmological redshift (zc). the Doppler shift (zd) and the
gravitational redshift (zs); a(1 » sc) is defined as the
luminosity distance to the ejecting galaxy, The order of
equality sign in eq. (3.&) refers to the case of ejection of
the black hole away from the observer. However, in this case
of ejection, the 'object' even after its emergence from the
galaxy is eclipsedj bLut the occurrence of such an event

would make the nuclear region of the galaxy appear eruptive
partly due to the ejection of matter towards the observer

and partly due to the fact that passage of strong gravita-
tional waves disturbs the intervening matter., For arbitrary
directions of sjection, one might hope to see the lumps of
gaseous matter and the 'object' in roughly opposite direc~
tions, the latter joined to the ejecting galaxy by a luminous
bridge of stars and gaseous matter. The bridge can form as

a consequence of tidal interaction between the ‘object' and
the galaxy. Rees [59;7hat suggested that strong gravita-
tional waves emitied during the collapse might lead to the
directional ejection of matter (immediately outside the
collapse) at speeds comparsble to that of light/ 68 .
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However, the motion of the ejecta ('object' and the gaseous
lumps) in either direction is damped, due to regular and
irregular forces they are subject to, while within the galaxy.
Therefore, depending on factors like size and confinement,

the structure of the gaseous lumps is likely to change due

to tidal effects within the galaxy and intermal motions in the
lumps. This might as well make a binary association (object—

galaxy) more probesble than a multiple one.
3.3 FLIGHT OF THE HOLE THROUGH THE GALAXY

Let us assume that the collapse takes place in an
elliptical galaxy. The density distribution of stars in the
elliptical galaxies is considered almost isothermal and,
herein, we assume a simple exponential density law, without
taking into account the high energy cut off and angular
momentum which make the density fall more steeply in the

outer regions:i

'\nb‘) = N Q’(’?}‘E’_ ;K*rj - (3'5)

where ¢ _ 4is the central star density, U{x) the potential

of a star at a distance r from the center, T the temperature
of the system and < the Boltzmann constant. While an
assumption of spherical symmetry in the stellar distribution
is self-contradictory, as it rules out the allowance for

nonsphericity in the galactic nucleus ‘responsible for the
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gravitational recoil effect, it has been adopted for the
sake of simplicity to make order-of-magnitude estimates.

From the theory of isothermal gas spheres ZrhT:?

1l

. - T e L ) . .
fRorT o R S =2 (3.6)

corresponds to the smooth density distribution of stars
with an average mass e vhere a is the sczle height defined

by

:/ f
L . - A
& o~ umfa--wi———-—-“‘“‘““ - <éLL—— >
\~ o (!\/,1“1 My 57 6;/—“/}0 (307)

and < 7 is the mean square velocity of the stars. The
recoiling black hole captures gaseous material and stars from
the surroundings while on its way out., The cross section
for capture varies as »WLand hence, different structures
can develop depending on the values of [ﬂ « However, the
cutgoing black hole is subject to deceleration due to (1)
attraction by the galactic mass [//(;) within radius ¢ and (2)
the cumulative effect of stellar encounters. These decelera~
tions are given by

IO _ G U

ol [ ater e (3.8)
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respectively, where
i ‘,'\:l:(x z é“\
T “ ‘ r’i‘f/ vx A < »/;;
¢ ! ! A .t ; X - . S
! (r‘/" - t O M (3.10)

and Py is the maximum impact paramotan{jB]‘and ia ~’R3

(the radius of the galaxy). As will be seen later in this
Chapter, the contribution of the stellar encounters to the
damping becomes appreciable only when the black hole velocity

becomes small. Therefore, for the time being, we shall take

~ i’l ‘ i ‘L’), !
-, -

/ T -
SN di .,

Equation (3.8) can now be written as

, A B LNTZ AP
b BB L Lt v (301)
i i(( C A (,‘-(Cr
which integrates to
o R DAVAD
2 '/g N } é’é’/) { ‘K — - r———
/,c, o Z’ /"’[nf - N ’ B i - F""»L (3.12)

Here f3 is the initial speed and K measures the stremgth

of the recoil. Different configurations and structures in



the black hole - galaxy system can be expected depending
on whether K is large or small with respect to unity. The
former case, viz., K =z 1 can be called the failed recoils
which conform to Wolfe and Burbidge's lfﬁzt] model of a
massive black hole in the center of the galaxy. In this
case, /(<) would fall short of the escape velocity,
which, in general, is given by
/‘Q \C R f;?f_é.{_l_f\— . :I_X, ] "
L 7

Lo g (3.13)
before the black hole emerges out of the galaxy. It
would eventually settle down in the center of the galaxy

after executing damped oscillatory motion.

The solution ofthe isothermal equation given
by Chandrasekhar and VWares [50j7hao been used to determine
variation of ﬁqg}with ¢ + A comparison with ;3.’6 (2)
suggests that only those black holes which have recolil
velocities ~ 2000 km sec”! can manage to come out of the
galaxy. It is convenient to define a function

17 3 -~ ‘b/‘;’
/’;‘?/}(,L%) }(( }A qr M J

o _ Jc
‘. — I
Folai )2 o

| — (3.14)
L=y |

Fig. 3/1 shows F( = ) vs. ¢ , K being the parameter. For
the black hole to be able to emerge out of the galaxy,

F ( -~ ) must be less than unity over the range of < to be



FIGURE 1

Shows the run of F( ¢ ) with ¢ , K being

4
the parameter, For a successful recoil,

F( ¢) should be less than unity over
0 < ¢ < Rg/a.
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considered, i.e., 0 I ° = Rsla. The black hole can
reach infinity, if and only if {';m 7 Pemce(R g/a), or
. a PUIRECRN P - /2
L ’ T i AR 7/qu |
[ e T '! b ’31 (f\j ‘.}(7* RN / / (3015)
L— / £ie < /J

For example, if 1?(R8/a) 5;5,/3c3;2500 km sec”', However,

- - ‘. 2 i
for . -1, = (2 <4V >7 1'% 4,e., the escape velocity
- 80 \\ 2 /

as predicted by eq. (3.13) for ¢ >>1 is independent of ¢ and
turns out to be an overestimate compared to observetional
values., Therefore, a black hole with a still lesser velocity
of recoil would be able to come out of the galaxy and escape

to infinity.

The black hole captures stars of the galaxy at

rate

2.
I:"! : : o) ) dr'ﬁ/(i '
(3.16)a
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where :, is the impact parameter [jBB"/

-
Mo s ¢ s T
n Yo <) I R B e o2 ) {
A ; o ,l!rf ’ ’ }44\\C> -vf‘.}ig'?‘(j_.y_{/’kg (3.’6)1,
Lo - -
Above, -~ = 11/n, a, = the specific angular momentum of a

2
Kerr black hole in geometrical units, 'n = GM/o¢” and € has
arange O~ < 1. The + sign in eq. (3.16)b refers to the

capture of stars by the black hole in the counterrotating



manner while -~ sign to the captures in the corotating
manner. Thus, if the black hole were extreme Kerr ( <~ 1)
to start with.;:‘ﬂ.f_/g_ ) "~ 6 5 1e.0ey Bbout 14% stars are

captured in the corotating manner. The total numbexr of

stars captured over the distance range 0 < < < Rg/a is

DR
- Ryle
, e
LT ;. hMea -
b AL RIS S A I ' e " de
v T A < fw
I kL iy R (3.17)a
~

Nost of the stars are captured by the black hole in its

flight between O < ¢ < 1 so that eq. (3.17)a reduces to

.
~
4
~
~
)
[l S
3
o

AR S N (3.17)®
Using a1o“2. v, 106 stars pc™> , a ~ 500 pc and
M 109 M,y one has N 105. As we shall see later, these
stars ultimately lead to a system of an accretion disk and
stars about the black hole, referred to as object henceforth,

with dimensions
J .2 Gy f\ff /
X e B 7[‘4_ (€) (3.1 8)

where [, is the dimensionless velocity of the object

at the time of its emergence out of the galaxys

'h
ﬁ’.@m - :B[ - k$y<—§"j)j J fez 202’_‘)2(”‘5““_3(3-19)



The time of flight of the object through the galaxy is

of the order

+ 7 c'f!7/-fL> (3020)

vwhere /.3 is the total change dn the velocity of the

-~

ObJOOtp 1.0.. ;‘,::" *—‘x‘ﬁp . and
{ AV
p\(j/ﬁ.
i a [ 7 an
. [‘; — _ o ]t O'(-/:
L= > = T (3.21)
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In view of eq. (3.11), we get

A3 < "‘/L'\P . Rg
PR AR (3.22)
C-H F':\);} 3 v

The kinetic energy lost by the object amounts to

LE - g r“‘(\[‘?‘"[@e N MLsE? (72/ (__R;J) (3'23)

. -
For < /' > ~ %00 km sec™

y M mw9 H‘ /th:l.l works out
to /R »1058 ergs which is comparable to the intermal
energy of the galaxy., This energy is used up into
snhancing the rms speed of the stars in the galaxyj
consequently the galaxy may expand and evaporation of
stars can take place, The time of diseipation of energy

is obviously the flight time which is ~ 10/ yrs. This



e

is much smaller than the relaxation time of the galaxy.
Therefore, any disturbances in the galaxy caused by the
formation and recoil of the black hole through the galaxy
would not decay soon. It would, therefore, be interesting
to make a detailed study of the changes in the structure

of the galaxy.

During its flight through the galaxy, the
recoiling black hole can acquire some orbital angular
momentum due to the asymmatrical nature of the structure of
the galaxy. The object therefore would get deflected too
from its original direction of sjection, depending om the
asymmetry and /G e This problem has been considered recently

by Saslaw [hlj .

If ejection of a massive object is the answer to
the observed gquasar - galaxy assoclation, then as suggested
by the present model, it would be worthwhile to look for
disturbances in the galactic structure in roughly the direc-
tion of ejection, because the observed speeds of emergence
of the quasars imply flight times (~107 yrs) far smaller

than the relaxation time of galaxies.

As a consequence of tidal interaction, formation
of luminous bridge in the wake of the outgoing object is
quite likely in this model, The recent work by Axp and

coworkers fﬁﬂ:} on the isophotal tracings of a few galaxies



near quasars does reveal disturbances in the inner isophotes
extended fairly close in the direction of the guasar which
can be interpreted as due to an event that occurred in the

galaxy 11107 yrs previously,

3.4 A QUALITATIVE MODEL OF THE EJECTED OBJECT:

The 'luminosity' of the black hole, while within
the galaxy is contributed by the captured stars as well as
by the glowing shock front that forms due to the accretion
of the interstellar matter during the flight outwards.
Outside the galaxy the contribution to luminosity due to
the front becomes negligible compared to that made by the
gaseous matter from the system of stars. It is the super-
sonic motion of the ocbject through the interstellar medium
that leads to the formation of the shock fromnt during the
flight through the galaxy where a sizeable fraction of the
kinetic energy released in the shock is radiated away.
Novikov and Thorn.lf3:] have shown that the shock fromnt,
located at a distance 52-2R' from the center of the black

hole, glows with a luminosity

'/'_/i . [\‘1 ‘(2. ]‘: ( BL L ,_.p
S I3 — e et Py Se
L <Mg)(fo’“’jmu;“’> fokmsec) 9 5 (3e28)

6 gm cm~> in the

4o -1
case of ellipticals considered here, L = 10 erg seC

Thu'. if {g(ﬂv 103 km ..c-" /34 10-2
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Novw we shall present a brief sketch of the activity
in the stellar system around the black hole, We have already
estimated that a total number of o 105 stars are captured

by the black hole. The average stellar density

L3N 335N
W —% ~ —— (3.25)
v AP A 71 Rs

10 3

in a volume of radius 1, works out to be ~ 10~ stars pc e
In a cluster with such a high stellar density, collisions,
coalescences and tidal interactions among the stars themselves
as well as those between the stars and the black hole become
important soon after the recoil has taken place. Thia

happens as most of the stars are captured during the early

stage of the flight of the black hole.

The velocity dispersion in the system of stars

around the blaok hole is

~ Pe (3.26)

Let each star be charascterized by a mean radius R (tm'Ro)
. 2
so that the collision cross section o ., i8 T (2r)",

Hence, the mean free path in the system is

3
I Ay

A~ ml - 2~ RE (3.27)
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A star in the system of mean stellar density f{i makes

collisions with other stars at a rate ( 17 e ) per unit
L Q_(

time. Therefore the toal collision rate for the entire

system would be

EE T - o3 o o Yy (3.28)

for N 7- ‘lO5 and /Z ~ 10 Ty The collision time-orbital time

ratio is

- P A ( R5 >L ,09
= - 1 TN R R o (3-29)

Most of the collisions taking place in the stellar system
are very violent. For veloclities of collision § 103 km aec“,
the collisions lead to coalescence, wvhereas for velocitiee

B4 102 km -cc", the collisions are disruptive. Since
D 02, collisions would be disruptive for a recoil
velocity exceeding -~ 0.003 ¢. If, in eac¢h collision, an
average mass - u, > is released, then the entire aystem

liberates mass at a rate

Los 7y
A1 AV _ 3NTRTef -
e :(/J‘> T 3 </U°> {3.30)

2 K¢

It is known from the work of ~'SBpitzer and Saslaw [ 3@7 and
Sanders f 397 that about %% of the star mass is liberated

in the event of a ¢coalescence., Stars in the system also



shed some gaseous material in the course of their evolution.
In fact, some of the stars may gather enough material to
evoelve within a time tf and undergo supernova explosions,
liberating large amount of mass and leaving behind collapsed
stars (unless they also become runaway objects due to
gravitational recoil). Thus, coalescences and disruptions
together with some contribgtion from stellar evolution and
interstellar/intergalastic media should be able to yield

about 1072 M yr"', if we take <,l-sc>~10-1 M . Eq. (3.30)

u"uaergn sec”! to the

then attributes a luminosity of - 10
object, produced by the conversion of mass into energy

in the process of accretion onto the black hole.

It should be borne in mind that the stellar
encounters and collisions in the system make massive stars
tend to fall towards the black hole, In case the system
of stars rotates about the black hole, the effect of
stellar encounters within the system is to make it ellip-
soidal in shape. As aresult, massive stars tend to
concentrate not only towards the black hole but towards
the equatorial plane of the sytem as well. This 1is further
assisted by the ga: released in the viclent physical
processes gogng on in the system. The gaseous material
goes into orbits round the black hole to form ultimately
an acoretion disk and tends to damp out the motion of the

stars in the system. 7The supersomic motion of the stars,

s



in high energy orbits about the black hole, through the

gas itself has interesting consequences: shocks formed in
the high energy collisions of stars when most of the stellar
matter interacts supersonically, convert much of the kinetic
energy of the stellar motion into thermal energy to be

radiated away. The relaxation time of the stellar system

s

(3+31)

where /' = in (N/2) ~ 10 is the gravitational Coulomb
logarithm, is of ordorn1019 sec, This is the order of time
over which the stellar orbits in the system change through
two-body collisions / 50 . Eq. (3.30) suggests that the
black hole would eat up the entire syastem in a period of

ebout 1078 yrs << Tpe

A number of workers have recently focussed
attention on the astrophysics of a stellar system around a
black hole [8&:} e These studies have been mainly motivated
by the discoveryof Xe-ray sources in some globular clusters,
Hills®' model <(5{7 for QS0s and the possibility of the
presence of supermassive black holes ( ~ 108-9M°) at the
centers of certain galaxies. In these models the main
source of luminosity is the gas released in stellar colli-
sions and tidal disruption of stars by the central
(stationary) black hole. The tidal radius within which

a star of mass - and radius R would get disrupted by a



C
‘aj‘—-,

black hole is

T/ (3432)

For M> 3 x 10° Moo Ry < R..' In the case of black
holes of mass < 3 x 108 Mo' the tidal disruption of
stars caused by the black hole is important; the black
hole consumes the debris through a 'loss cone' 515%}' .
The loss cone is conical in velocity space in which
stars are tidally disrupted within one orbital period
when they venture into one tidal radius of the black
hole after being scattered into highly eccentric orbits,
The loss cone consumption according to ¥oung et al

/ 53] snd Shields and Vheeler [ 5/ 1is so strong for
black hole masses > 107 Ho that QSO luminosities can
not be attained, The same difficulty is encountered

in Hills model [31;] for quasistellar oljects, However,

further work is needed to understand the fate of such

models (see also Ozernoi and Reinharat /89 ] ).

In the black hole mass range of our interest,
viz. ».108’9M'. the stellar consumption through the
‘loss cone' does not take place. The stars would get
tidally deformed as a result of their interaction with
the black hole, or, be consumed in tote. However, the
tidal interactions among the stars themselves are not

to be neglected, In the present context, therefore,
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the gources of gaseous material are the collisions of the
stars, mass loss in the course of stellar evolution, the
tidal interactions between the stars themselves and those
between stars and the black hole and the interstellar and
intergalactic media, Thus a possible model is one of a
supermassive black hole at the center of an accretion disk
with a number of stars, including perhaps collapsed stars
too, moving around in low energy orbits. The gae in the
actretion disk 1s expected to carry a magnetic field which
would get sheared and tangled because of the complicated
motions in the gas. Synchrotron radiation and thermal
bremsstrahlung can, therefore, contribute to the luminosity
of the object when it emerges out of the galaxy. The net
radiation is expected to have a power law spectrum, resemb-

ling that of quasars,

Thus, it seems tempting to attach an importance
to the phenomenon of gravitational recoil which is natural
to happen, especially in view of the observations of
association of quasars and BL lacertae type objects with
galaxies. This mechanism has the advantage over those
proposed by earlier by cthers ij9. hq]‘ that the black
hole, given an appropriate recoil velooity, always moves
out of the galaxy and can collect vast amount matter while
in the latter cases, the object ( 25105 Ho) can collapsse
during its flight through the galaxy and one is never sure
whether the resulting black hole will undergo gravitational
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recoil in a direction other than that of its motion. It

may fail to leave the galaxy or be too faint to be observable

at the time of its emergeonce.,

The observed anomaly in the redshifts of the
quasar-galaxy associations remains unexplained in all the
models of ejesction of massive objects, A posslibility that
the present mocdel can suggest is regarding the total redshift
of the object as partly gravitational (zg) partly peculiar
Doppler (zd) and partly cosmological (z . ) common to the

quasar and the galaxy as follows
ez = (w2 Cirz)) (10 2,) (3+33)

Several attempts Zfé. h27 have been made to
interpret the quasar<like activity of the nuclei of certain
galaxies in terms of gigantic black holes awallowing gaseous
matter from their surroundings. Theres is now compelling
avidence for the galaxy M87 breeding a supermassive black
hole at its center 4[56, 5{] » The present model would
suggest that in these systems one is actually looking at
the objects which failed to recoil gravitationally. One
wonders whether or not in the case of field quasars on the
one hand, and in the case of guasars seen in association
with galaxies and active galactic nuclei on the other,

different seats of activity are at work., We already have
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seen that quasars ejected from the galaxies have a life
time of at least — 107~ yrs. This is larger than that
of the field quasars by an order of magnitude or two.
This implies that an ejected gquasar, which need not be
superluminous, emits . 1055'56 ergs over its life time.
On the other hand, a field quasar emits about ;4'\«1060"61
ergs and is supposed to live for - 106 yrs. Thus, two
classes of quasars can be suggeetedj the class A consists
of field quasars whose seat of activity is not yet known
and the @0liuss B consists of the ones found associated
with or in the nuclei of certain galaxies., These are

comparatively nearby, subluminous (-~ 1014142

erg sec™'),
live longer than the fisld gquaszars and prebably involve

super massive black holes.

3.5 FAILED RECOILS

¥hen the velocity of recoil is not large enough,

< 107 im sec™!, the black hole would not have sufficient

say <

kinetic energy to make the receoil successful. After the
recoil, the black hole stops at a certain distance ¢ -Q,'
(o <.2,§-Rs/a) and retraces its pathj it would execute

damped oscillatory motion about the center of the galaxy.

As will be demonstrsted, for smaller velocities
of recoil, the contributiom due to the cumulative effect of

stellar encounters to the damping of motion of the black hole



also needs to be taken into account. Becsuse of a very large
mass M of the black hole compared to that of an individual
star in the galaxy,; the cumulative effeot of the stellar
encounters is important only in the direction of its
movement. Hence, from eqs. {3.8) and (3.9), we derive the

equation of motion of the black hole as

. - N
? . 4 L~ J
-~ LT o, A > o (/I S / 14 Lo
L s o 7 & P8 a8 X }
,_f_ - t“ AN f B._.:__ =0 (3.3h)
5 V2

e et )

valid for 0 < < R‘/n.. It can be seen from the above
equation that the third term does not diverge as :{f,i{x?(. 5 0,
since then in (1 + xf) -> zf and o it goes as -~ ( A, /(ﬂ)z.
In yhat follows, wve study the motion of the black hole

restricted to the radii in the ramge 0 < {r) < Rs.

It is convenient to study such metion by rendering

first eq. (3.3%) inte a dimensionless form. Let

Al b F?:—" i (3+35)

where

we write oq. (3:.34) as

e’w I (1t ?‘rl) =
, k¥ e S =

u ol + __fjf)_,_,
6. de, Ly o Y (3.36)
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Behavior at small -
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For ¢+ <« 1, e e i§/6. When the black
=276

hole has just recodled, e = 1 and 1n x, = const.,

to a falrly good approximation. Hence, eq. (3.36) can be

simplified to the form

. -
Av 2y,
— .T . - L’

e ’ 3 L ' (3'37)

where

.- &tﬁkfw:::wgijj” s

! ) ? (\S D(L (3’38)
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The solution of eq. (3.37) can be expressed as power series
P e i b <oy 2
Uz U - L - T > « — - (3.39)

where u_ corresponds to the intial kinetic emergy (in
dimensionless form) of the black hole. Hence to a first
approximation, the velocity of the black hole, for ¢ <<1,

evolves escoording to

f
S B
e o fs - fifif;:fﬁﬂ.a-/ (3.40)
At o | /Z" A -

The black hole would retrace its path at, say ¢ =< (<< 1),

where

e



[l ey (3.41)

For instance, if - - 300 km soe", ¢, 7~ Osly, 1e@,, about

50 pc {for a 500 pc). When the recoil velocity of the
2

black hole is so small that In (1 « :f).9 xy (which of course

implies that . . 30 km aac"). oq. (3.36) reduces to
T (3.42)

wvherae
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This is a nonhomogeneous linear equation with a series

solution of the form

rr- lil— oo Y S +u%;<4ymo’é)¢ﬂ o
‘ (3.43)
Thus, to a first approximation,
/
2.
A4, PL( - z:rc;) bk
‘/’l{ -~ o (3 )

In this case the black hole retraces its path at
| .
| 7 (3.45)



Behavior at laxgo %

A black hole with a large recoil velocity - 10°

km aec-1, would be able to reach large ¢ . At ¢ >> 1,

s

o"tvzflgz, and eq. (3.36) assumes the form

oA g oo A i
Tt s i - (30“6)
P A
e ¢ S
= s Gbﬁn‘
e ‘ N - }
} 3

This equation can be reduced to Abel's differential
equation of the first kind., Its analytical solution is quite
involved [}co, for example, ref. 58/] « However, it is

easy to see from a comparison of the second and third

torms,

. §
Y‘)
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e
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e a A6 fdt _J (3.57)

that, at large : , the effect of stellar encounters becomes
comparatively promounced as the velocity of the outgoing

black hole falls below~ 500 km sec™ ',

Vhen the velecity falls below . 30 km sec” ',

eqd. (3.36) can be expressed as

du ~ 2 L 2yu
cle. < <? (3.48)
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o



Its solution can be written as

- ool 2_.2_
| / 7(’/\%/ (3.49)

where

-

¢ = Z)L B¢ — £ ()]

and E, (x) 18 an exponential integral

- | X
Eyoxs = € X
X

E, (x) tends %0 0 as x tends to infinity, and to infinity

@8 x — O. Thus, approximately

VL
[ &, Go)’ £ (@J (3:50)

Y, ¥/
ra% ZLVL?LG’ CQ

C‘ (i( }
e
deles e, (on) 2

wvhere Wo is an arbitrary point.

Eq. (3.36) has been integrated numerically and

the results are shown in Fig. 3/2 for different velocities

of recoil, For comparison, wa have also plotted the solution

of eqe (3.8) (broken lines in Fig. 3/2), written in the

dimensionless form

= e — % (-[[’) (3.51)
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From Fig. 3/2, it is apparent that the cumulative effect of
stellar encounters on the motion of the black hole in the
galaxy becomes proncunced when the hole moves at a low

velocity, and more s0 in the (demser) nuclear regions.

It is interesting to note that the oscillatory
motion of the black hole, according to eq. (3.36), is free
of damping as the numerical integration reveals the curves
in Fig. 3/2 to be symmetrical about the u ( < ) -~ axis. The
damping is brought about by the tidal interaction between the
black hole and the galaxy. As a consequence of the damping,
the black hole would eventuzally settle down in the reglon of
the lowest gravitational potential, i.e., the center of the
galaxy. The oscillatoxry motion, particularly when the
velaocity of recoil is such that the black hole can reach
large values of [ , would do quite 8 damage to the galaxy.
The kinetic energy lost by the black hole goes in accelerating
the atars of the galaxy, rendering the velocity distribution
anisotropic. The structure of the galaxy would be changed
considersbly, especially for & very massive black hole, with
perturbations roughly along the direction of motion. Also,
the intemml energy, U, of the galaxy can change to such an
extent that ultimately »%553;1. It would therefore be
interesting to study the problem of structural changes in

the galaxy as a consequence of tidal interaction with the



black hole, in great detail.

In the rest of the Section, we shall make some
general observations of the effect of the failed gravitational
recoils on the galaxy. Let.us tract the course of the black
hole from the instant it starts its journey from the center
of the galaxy. On its way out it captures a number of stars,

given by

(3.52)

where the capture cross section is ~ - i/ Jf and 1 _~R_/£(¢)e
At 4 = 4q s+ the black hole retraces its path. For instance,
vhen (icz 1200 km sec” ', ¢, ~ 7.0 (Fig.3/2), and the black
hole captures abomt 107 stars in one oscillation. But most
of these are captured in the region 0 < {¢) < 1. Thus,
aefter making a few oscillations asbout the center of the
galaxy, the black hole would capture quite a sizable popula~
tion of stars. However, this situation is complicated by two
factorss (1) much activity goes on in the system of stars
around the black hole and, (2) the black hole losas some of
the captured material on its way while falling towards the
center of the galaxy and passing through it., Because of &
largey number of stars but a somewhat smaller [2 for the black
hole, there is no drastic change in the prediction of eq.

(3.30) sbout the accretion rate. The processes that go on

in the stellar system are essentially the same as
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those described in the previous Section. The only difference
is that, although at each passage through the center of the
galaxy, the black hole loses material, it also captures

fresh material, processes it and radiates by virtue of

accretion. The time taken to reach < Ng i L 2.107yr.

& T s
2

v

Thus if the black hole makes -~ five oscillations about the
center of the galaxy, for a recoil velocity m.lojkm soc-1,

3

the total time taken would be reughly - 10° yrs for it to

finelly settle down at the center of the galaxy. This is
6~7

also roughly the time to consume about ~ 10 stars,

The system of stars about the black hole is one
in which contractive and expansive effects are operative,
The former arise becaunse of the fact that while falling towards
the center of the galaxy the dimenmsion of the system gets
smaller (the oapture cross section [ -2)“ The stars initially
in the low energy orbits around the black hole evaporate
away and the rest of the system gets more tighly bound to
ths black hole, This in fact implies that in every round
of its oscillatory motion, the black hole tends to bring
distant stars nearer towards the center of the galaxy. The
expansive effects in the system arise from the tidal inter-
action between the black hole and galaxy. However, one doem
not really know what happens to the "gas plus star system"
after passage of the object through the center., In the

course of its passage through the nucleus of a dvarf
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spherical galaxy, a globular cluster (typical size .~ 10pe,
mass - 107 M ) is known to disrupt totally [ 597 « In the
present context, the star sys tem is tightl;’bound to the
black hole, and it may as well be that the disruption is

only partial.

The black hole while settling down in the center
of the galaxy modifies the atar distribution in ite surround-
ing. This fact can be demonstrated by the following consi-
deration and applies to the case when the collapse of the
supermassive body is taking place or is more or less
spherical, resulting in so slow a recoil that the black
hole is unable to move sufficiently away from the center
of the galaxy. When collapse has progressed sufficiently,
both the effects of the gravitational field of the stars
in the galaxy and that of the supermassive collapsar have
to be taken into consideration. Then the form of U()to be
used in eq. (3.3) is

IS — ) } U.. (y)
Ve = BT s (3453)

vhere U, /kT = } (¢ ) and U, (r) can be found out by consi~
dering the potential of a star at a distance r = x+R(t)
from the center of the collapsar with a radius R(t) at a

time t afterthe onset of the collapse. Thus, we write

. GM
V.o = %+ Rt) (3.54)



wvhen R(t)<. =, + ~ r and

— ) (3455)

with

- ’ o ij f Ra J; P= 4 / T \Rd? 1/21 /7

i

{
", 2 ,> } e J/
Lvis | — ,

For the case of a failed recoil, or, when a

black hole has almaost settled down into the center of the
galaxy after executing ocscillation motion, the stellar

distribution can be described by

r )
el = v é’rﬁ[ﬂb © + R“j (3.57)
a ¢
Within a radius K, ~ éiﬁ%> , stars remain bound to the
<V

black hole whereas for . > R, s the distribution is almost

isothermal,

It is interesting to note that there are reports
of the observation of asymmetrical location of nuclei in
some galaxies as well as of split nucledi [TGQ;7 +« The

stellar absorption lines in the spectra of galaxies are

Co



broadened because of the random velocities of the stars.
The presence of a massive black hole tends to increase the
rms velocities of the stars in the neighborhood. Therefore,
larger veloclity dispersions near a displaced or a split
nucleus and disturbances in the 1sophotes of the galaxy

would be worth looking for,
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CHAPTER &
WHITE HOLES:; THE ANGULAR APPEARANCE

ho1t INTRODUCTION

The concept of white holes has been with us for

—
i

the last 14~15 years / 2, 7| « Originally proposed to explain
the energetics of the quasars, white holes have been invoked
in one context or the other to explain certain high energy
rhenomena in astrophysics. For instance, Narlikar and
Apparac / 107 have pointed out the viability of the white
holes in connection with a number of phenomena such as
transient X~-ray sources, X~-ray background radiation, ¥ -ray
bursts, active galactic nuclei, high energy cosmic rays and
radio sources. Their conclusions were based on the extension
of the model of a white hole considered first by Faulkner et al
[9 /4 According to them photons emitted in the early stages
of the expansion of the white hole not only get out of its
event horizon, but do so with large blueshifts. The blue-
shifted radiation can manifest itself as a ) -ray burst or

as a transient x~ray emission.

In the present Chapter, we intend to study the
non-radial emission of photons from a white hole surface,
The main purpese is to invesiigate how the angular appearance
of the white hole chamges with its expansion, especially in

the early stages when its surface is still inside the event
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horizon, VWe will demonstrate the import ance of the role
prlayed by the impact parameter of the photons in determining
the angular size of the white hole /:907 . For this purpose
we adopt the model of canonical white hole studied by

Narlikar and Apparac / 10/ .
k.2 MODEL OF THE VHITE HOLE:

The canonical white hole that we shi&ll be
concerned with here is a spherical object of uniform density
/" and zmero pressure in the frame of reference combving with
the outward moving particles. The interior of the white hole
is assumed to be Friedmanndan except for small density
fiuctuations superposed thereupon. The cbject emerges from
a singulaxr state and subsequently obeys Einstein's field

equations.

A dust model ensures geodesic motion of all the
particles, which can be inferred from the Friedmann metric
that describes the white hole interior in terma of the constant

coordinates (v, ,p) of a comoving particles

. 2 . g
T A B
[- =

Here, & 1s the proper time of a comoving observer
and S(() the scale factor. At the boundary, r = Iy, & dust

model ensures zere pressure so that the metric matches

perfectly with an exterior Schwarzschild metric



In cosmology, =0 refere to any assigned particle,
but in the present case, r is defined such that the scale
factor S=1 when the expansion of the white hole is complete.

Then, r=o0 refers to the center of the object, The scale

factor /', varies with time according to
A £ / o : ‘3 ) fi/}.
VI, [ >or S —~o<'f> (4.3)
AL \ 3

vhere + sign refers to explosion, and ~ , the matter

density, is time dependent, evolving according to

poow e
, =

(k)
/5 being the density corresponding to the epoch when
expansion is complete (8=1). The parameter - , a constaunt,
is given by

_ &lar,
A (k.5)

Eq. (B.3) integrates to give

. . ! i ]
A AP L G R (4.6)
N e [,,
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The proper time for explosion from S=0C to 5=1 is

S P © " (4o7)

The white hole boundary ocrosses the event horizon at an

epochi

( say ) (4.8)

The matching of the two metrics (4.1) and (4,2)
across the boundary of the white hole requires that on the

surface r = Ty

//2

0 B R B Gt
’ o 1 </ - 'ch;M ) (‘&09)
Ryt™
and that the mass of the white hole is given by
Ny A 7453(2 m[:c S/’y—,zz ('3
Mo = (4.10)
<G i

In the prassent work, we are concerned with
extragalactic white holes in the supermass range. Table IV
gives values of to and.//z assuming various values for Z and
M. The time of expansion asmeasured by a distant observer is

generally of the oxder of t. Z)Qi] o

Here we wish to emphasise that the canenical white

hole described above is an idealisation in many respecta, The

=
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real explosions are mot spherically symmetric. Anisotropics
could be present in the form of shear and rotation., The
initial state may be highly dense rather than singulaxr as
presumed here, and explosion may not be in empty spacetime.
As exploding objects of the type discussed in [3QL7 are
usually found in a medium of tenuous density, the model
described above may be regarded as a crude approximation to

reality at least in the not very anisotropic explosions.

4.3 NONRADIAL NULL GEODESICS

In this section, we shall write down the equations
of motion of mnonradial photons emitted from the white hole
surface » = Ty Without losa of generality, we can set

£ 1//; for the plame of the trajectory. The dynamics of
test particles in the Schwarzschild spacetime yields the

following first integrals in terms of an affine paramotcr,A '

Ja R
and
A
S VANEYTEY (4.12)
A A A A )
¢ l(( Rc’-

where h and q are constantsj h is the orbital angular
momentum parameter and q the impact parameter of the none
radial photon. The metric (%.2), in view of eqs. (4e11 = 4.12)

suggests



K > o~
SN L [ Z o \\ F‘[
SN e 220 [ R
(,[ l\ /:(_\ / \‘ LZ) (h.13)
and
L 4
ol £ ¥ JE—
“T“ - 7 ey
R RY F{R9) (ho1k)
vhere
™~ A . r 2 G M -3 f}'l
{“(?-‘\}C;r#’: “; !.‘_ - U f> ”‘ /2
Ny 7 4 f— RC 'L Jf (hﬂ‘s)

Suppose that initially »=% ,R=R) = r S(t ), T=T (ts)
= T: where t( is the proper time of the surface dust particle
at the time of emission. Finally the photon arrives at a
remote receiver with R = R.l>9>zGH/cQ’ y O = 77 J2, y= 0,

T=T_ (say). Then from egqs. (4.13) and (4,14) we get

LoTs L e (- 2“”)/0“1 (4.16)
R

R,
AR

R* F(R,9) (5.17)

'f( — Q,

R
In Fig. (4/1) we show the schematic track of a photon as
it goes round the white hole before finally coming cut at

R = R At this point the photon makes an angle < with the

2-
line of sight through the center of the white hole (the
radial direction = o ). This angle could be determined in

a manner similar to that adopted in Chapter 2 for the case
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of the gravitational search light by setting up a cartesian

co~ordinate system at R The result is

20

g
L

- 4,18
. (4.18)

Once again the impact parameter determines the
angle along which the photon reaches R = Rz. It should be
noted that in the derivation of the last equation, we have
assumed ¢ << |, a0 that i,4<<‘RL. The equation does not
hold for the case when the observer stays very near the vhite
hole. Thus for instance in the case of an observer at the
earth, looking at a galactic or an extragalsctic white heole,

squation (4.18) is a good approximation.

Ve now proceed to caleculate the frequemcy shift
of & nonradially emitted photon described in the previous
Section. This can either be done (1) from first principles,
viz. by considering the null geodesics emanating from x = o
at t = t, and t = t1 * At‘ and arriving at the remote
observer at T =T and T =T + AT respectively, or (2)
by using Schroedinger's general formulas

C.F |
Vo, . ¥
(+z = = _~_1:_—5fiii (ke.19)

C?' }b / OLseryen

Here >/, refers to the frequency of photon at the time of its

emission, ' that at reception and



(){f”_ fj T [2//2 A
pr=(4 AR o, (20

‘ =4
A being an affine parameter, and p  refers to the </ — momen~

tum of the photon.,

In view of eqs. (4.9) we have

/
,( ; M A7 “) { _ D /L.
an. fﬁ}ﬁif}’ A7 %{ f% o U= (4.21)
s c Js s C(;u ZGM/>
R(Cl
for the white hole surface (where in the comoving frame of
reference, ¢ f.’..( - ) « The guantities f";’@, f‘_}_" andf’g
ds dr ' A 3N

ars given by eqs. (4.,11-13)., Hence, a little algebraic

manipulation leads to
I/ .
3y v, S(£)
3, (/* A7 T 6( / FQ?/ ,?/) (x.22)
P : . ‘2

R c*

The approach from first principles gives the same answvery

It can be noted that the equation is well behaved for all
R > 0 1inecluding R, = 2GM/c®. In order to show this for
Ry = 26M/0%, 1et us wultiply the numerator and the demominator

by [A('; - o(vb) )//2 . \’é-‘g’(é/) F (RI/% )j + The result is

7bvljfw
Yy [+ “’;’?‘7;71‘{“ (4.23)

ML
(o) 25 E(R9)
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At R, = 2GM/c?, this reduces to

P
b+ j—;{\ (&"’(\";)
<1 = A (.28)
v Lo, : SNy
ot RS t;Z(('—"("Y)D>

For the case of a radially emitted photon (g - )

the frequency blueshift is larger, as expected.

We now ask what is the possible upper limit on
the impact parameter q so that the null geodesic it specifies
shows a blueshift ( »’ >V, ). In order to ses this, we set
} = v, and solve for q3
@‘1 L chmbL — %>
G- =D

.
nzﬂ}l/ol. «Yb'z = Y, SQ/<l

97 <

Since at R1

Ve

o Y,3
s’ ):"?J ety T A+ 2 7

Y5 T

9" <

’Y‘;L S'-Z/C'Z,

or N
[ RITy — 2 o+ 2 ]
ﬁ/\' < £
- (4.25

= (1-5) /s/ +25)

Por amall S (<< xv’ <)) s wa thersfore have
2

pa
v < v, S = R (4.26)
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For S/ >« (12, R?>26N. )) there is another requirement

on gt that F should be real, so that

Low (1~ 250 ) 1
q® / ( R ) RE (4e27)

For R, = 3(}}!/02 the right hand side of this
equation has a maximum. Therefore, for 4 < 3734M/> , F is
always real. One can notice that eq. (4.26) is automatically
satisfied for R, < 24M| My de@e, for S, < %v," « We shall,
however, be more interested in eq. (4.26) which applies in

the very early stages of the white hole~- explosion,

h.5 THE RATE OF GROWIH OF ANGULAR SIZE:

Now we shall atudy the angular appearance of a
white hole seen by a remote abserver. ¥We have already noted
that the angle subtended by the white hole ie proportional
to the impact parameter (q) of nomnradially emitted photon
from the white hole surface. We now ask what the maximum
value of q is at any given time '1’2 and how it changes with

T To answer the question we will assume that only the

2°
blueshifted photens ars easily detected by the remote observer.
The redshifted photons would be too faint to be detected.

This is only a orude approximation to reality where the
actually measured angular size of a white hole would depend

on a number of parameters related to the measuring instru-

ment, such as its sensitivity, its response to specific
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wavelengths, the signal to noise ratio, etc. All that is
implied in the following analysis is that the photons which
are blueshifted are relatively easier to detect than those

which are redshifted.

So, let us consider a typical blueshifted photon
whose impact parameter is g and which leaves the white hole
surface at a comoving time ¢t = t a in such a way that it
arrives at the distant detector at R = R, at the observer's
proper time T = Tz. The answer to our question is then
obtained by calculating the largest value of g for a given

T,y subject to eq. (he26) 104,

T < Y S(ty) = Ra, (k.28)

For this photon, sq. (4.16) reads as

R
T, = Tlq) + 'gi " (4.29)

' —246M

C'}

As we change q, ¥ 3, also changes, Thus for a

fixed ‘!‘:z the last «qua’tzj.un glives
s -3
[T xrra]
Y TRy R T g (k30)
2507 Tl Ry L Sl
(=) TER)

It can be verified that in the sarly stages of the expansion
of the whie hele (R << 2GM/c?) and for the photen with
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impact parameter

R
q" N </"’()5L>’//L (4.31)

t‘i decreases as q increases. This in fact means that @
photon with a larger impact parameter should sters earlier
than its counterpart with a smaller q, in order to arrive

simalatenously at R = R Obviously the radially emitted

2°
photon (g = o) starts last, As 4 increase from q = o,
photons have to start at earlier epochs with smaller S,
Clearly, q can increase only upto the limit set by eq.
{(4.18) which is consistent with eq. (4.31). Hence the
largest angular size is obtained by setting q = Rq in the
specification of the null geodesic. This gives us:

Ry

Iy % C € </~ ?__G_M F(R/’i) (h.32)
Ret

This is an implicit relation between q and 12. Ve differen-
tiate this equation with respect to q and use eq,. (449) smo

that

I

AT / Q”"“’bl)% ] @anriqe)”

Tty ¢ (- Lmy
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Since ] = Ty S(tq),

C',[Z - .)t) g(i_rl.) c’[é% (h.Bh)

Hence, eq. (%4.33) becomes
Ar, 2qm> [ (-0 )4 v?ff’“f)
g < 1¢ v Sg) Tt
+ 1 (.. 26 ]
‘f R [‘ Rcl)
1

For q << ZGH/ez. < ’gt ocozfs. Hence

‘iz?—~ . o e e ) R -

For small q, we approximate the value of the integral in

eg. (4.35) 4n the following manneri
o R -3
J 9 9t/ 26H :
L 7@[ w2 lCFR) ARz (enr)

q/
VI ;)
v %J - 9%t + "zﬁqux” A x (4.236)
o

where x = R~! . Using the tmafomution

y = (282 )"
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this further leads to

») =3
P ’ez ~ l/.‘ P fl . )'f = i
r / b‘.’l," -~ | [ L ,\\By’
I,{ - :\“‘a’}:") f [—[~<G.f“/l YT+ 2Y Ay
o
g N "//“5 ; ?)~ :
A 2
C',‘[““’?C } Q—f \7{ d\f
ol
{
s £ / ..i’ >/3
i N LM
(%.37)

vhere A is a constant of the ordexr of unity, Thus for small
values of g, the behavior of g with respsct to 'rz can be

wkitten down as

AT, p (i E
de Q}M(> (4438)
which gives
“f
TZ Fa¥ ~__§_ﬁ—————7 CL > (“‘39)
Ly ( GMc)'®

Finally we get

W, ¢ ~ §/
—_— o~ i, “\g hoh
d T 7;‘//# '’ K <4' ) ( (4.40)

K being a constant. The cerrespending angular radius of

the white hole therefore inereases at a rste givean by
de€ k

o

dTl Rl TL- ’/4/ (“-'41)
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For small values of T,, eq. (4.40) suggests the white hole
expansion taking place at a superluminal ( U > ¢ ) speed.

It is interesting to note that in the case of radio components
of many quasistellar sources superluminal speeds of seperation
have been observed ({6h:] « In a typical example, two compo-
nents appear to be separating from each other at speeds v
exceeding that of light. This feature has puzzled astronomers
to a great extent. For, if the speeds are real, they either
contradict the special theory of relativity or the cosmolo-
gical interpretation of the QS0 redshifts, The example of
supexrluminal expansion that we have cited here although refers
to n sphericeal white hole, it peints out a likely explanation
of the above phenomenon. In order to get quantitative
ostimates for comparison with observations, it is however
necessary to consider linearly expanding white holes. Kqs,
(4.39) and (4.40) give the observed expansion speed as

v = 4%

4
., T @y (heh2)

where

= R = oy (24N
97 Ro= (2

Thus, a white hele superluminally expands vhem > < Vs

Lastly a few words sbout the ‘o =integral (4.17)

may be mentioned, In this equation, ‘p( sy the gravitational
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bending suffered by & nonradially emitted photon, is finite

except wvhen

Flée/ﬁ, ) = o
(4.43)

has a double root in R. This of course happens when

= 13 M
1= == (4.44)
As g > 3136M[c*, w, diverges, implying that such a photon
keeps going round the object at R = 3GM/G2. In the case of
a collapsing mass or a highly collapsed object, photons with
3 > 2am/ > glve rise to i:lngn and multiple images
[ 62, 63j « However, this is not expected to occur in the

case of a white hole fox the following reasonsi

(1) The interesting values of q for white holes are far
smaller than 3/34M/c* o+ For these photons,pis not

very large.

(2) The expanding white hole cammot permit even the photons
with 4 2 3(536M/c>  to ociroulate for ever because it

soon encompasses the region R = 3&)!/02.
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CHAPTER %

MOTION OF A PARTICLE IN THE BACKGROUND OF A
WHITE HOLE

5.1 INTRODUCTION

In this Chapter, we shall study the motion of
a particle in the background of a white hole, particularly
from the viewpoint of its visibility to an ebserver at
infinity, with the hope that the analysis may find application
in a number of situations in astrophysics., In what follows,
we shall confine our attention to radial timelike geodesics

and the photons emitted by particles following these geodesics.

We consider the canonical white hole model of

Section (4.2). In its interior, the Frledmann metric applies:

deto e~ S »———diﬁuﬂ(dd’l—#s'%‘c?dﬁ’ﬁ (5.1)
=< oo

< Y,

while in the exterior the Schwarzschild one applies:

2 26M AR* ~ Y b ddp
afe edT (15 ) - g - A s

Re™ 26M
(" 5=



The motion of a particle can be studied by
solving equations of geocdesic motion for the interior (5.1)
and for the exterior metric (5.2) matching them at the

boundary of the white hole, Ty

According to Hoyle and uarltkarl[hqu‘th.
Schvarszschild coordinates R and T are related to the comoving
r and t through

Y

t
L - g "dE ydy |
Rf”(&)”"’j”(‘””qfﬁ%ﬁ"’* - ) (5.3)
b ¥ -

=ty

such that eq. (5.1) is

st = @VdTlm @AdR?d Rl(dﬂhﬂﬁﬁﬁdﬁ) (5.4)

wvhere
} 2 _ 1) ;
v ST (-0 A
¢ = Y e =
() ooy 1ETY (343)
< {~ pd ( - —

j)/ = i{’gg )

dA

In this Section, we restrict ourselves to a
study of radial 3imelike trajectories. The squation of

motion

c R

Jsr I’K"'L ds

k22 (dr ) e (5.6)
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solves in view of the metric (5.1) to give

. /
At [{‘}’ 48
_32 o <f+ Sl ) (5.7)

<

K being a constant, a measure of the energy of the particle
with respect to the comoving frame of reference, and < > S s
the epoch of the commencement of the pecular motion. Hence,

oq. (5.1) suggests

g4 T & (5.8)

The three-velocity of a particle, as according to
an observer whose instantenecus position coincides with that
of the partiocle at (x, &), is

A s K <
ULy = t‘c}u) —d—I;d-S—— - =z Q("—fgls—,/L (5.9)

This shows that U decreases from ¢ at S=0 to Kc(1 + Kz)-1/2

at S = 1, For very small K (and for X << 8, also), y{t)~

Ke/8. Solving eq. (5.9) for K, we get

S(v/e)

T wvet e

K =

The linear momentum of
For XK to be >1, u(t + sz)'}> ¢ .

the particle per unit mass is given ss

- v ke
P(S) — &’—“ U.VCLDI),_ \g (5.11)




which decreases with expansion., The equation for scale

Tactor, S, describing its evolution with time according to

. )
As ] =08 e
T = < (3.12)

and eq. (5.8) together enable one to study the radial motion
of a particle while inside the white hole. As long as the

expansion lasts, eq. (5.8) can be used in the form

« 2 dy

-/
y - o<w’7 [5(1,g)(k348)jh

while the particle is in motion between the epochs S‘ and

(5.13)

82 +» For the sake of cemvemience, one may choose ry=o and

r, = Ty, 80 that

/
Tioe 5 o= e (&) = st (5.14)

The upper limit on the 1n§0;ra1 on the right hand
side of eq. (5.13) would them refer to the epoch of emergence,
i.e., vhen the test particle reaches the white hole boundary.
By fixing constant values for 31 . 2 and K, one can find
sz by iteration. If 82 ~ 1, the particle reaches the white
hole boundary whemn the expansion is just complete, It can be
seen from eq. (5.11) that a particle centinues to move along
a geodesic, even after expansion is complete once it is set

inte a peculiesr motifm inside the white hele, unless breught
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to rest by irregular forces like gravitational scattering

etc. Eq. (5.13) can be rewritted in terms of the transforma-

tions
fesmh) L oS s Th (5.15)
&8
M |
Z = 2k i (5.16)
(k4 se‘»f”))/’

In the limits X >> 1 and X < - S1 y its

approximations read ams

z 'l’& 3*\ - ‘\k-,_ 3_?? - %S\‘hﬁCeDﬁ ——£ S\\y}\] CrﬁD]

M3
(3.17)
")

and

. 2k stalyam
s A | 2 =) (5.18)
Siwm ", §|‘y\7}l

respectively., As K > (:l... vy > 8), = 2(1;1——»]‘ )}, or

i | (3.19)
2
Thus vhen ), <"Zi , the pariicle reaches the
Boundary of the white hole before the latter erosses the event
horizon at the epach s(s') - s:!.rm2 Z_. « In the extreme case
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of 7 = 77/2 (expansion complete at the event horizon, the
white hole is gray), the particle and the white hole boundary

would reach the event horizon simultaneously if Y, ® T/

For X - s:i.n2 »} . + 1.e., for a slowly moving

particle, - would be quite larger than y!tand from eq. (5.,18),
| :

we have

™

TRk, )y e T (5.20)
For instance, if < = 7 /100 and K ~ 0,005, v, & 18%
In case a particle, set into paculiar motion at an instent
when the white hole sxpansion is nearing completion, or,

a slowly moving particle, resches the boundary of the white
hole at epochs later tham . = 7 /2, eq. (5.16) should

rather be replaced by

W | t/

Iy
_ e e At 8421
? i j ) 2')— : M d/’L ‘+_ k © ( F"’ k"> 4{ ( )
i (R #p) &

where to refers to the time of explesion from the epcch

8 =0 to 8 = 1 (eq. 4.7). The second part in eq. (5.21) arises
by setting v) = 7 /2 in eq. (5.16) and it is assumed that
the white hole stays stable after the cempletion of the
expansion, at least for & peried %', such that t < v/ <
where t‘ is not arbitarily large. Im the limit X >> 1
(vhich means that ), > ), = /2 ),



(5.22)

1..0'

t/ > Zte ~T Y. 2t i
- Z 27 —;)~~ w('§+w> (5.23)

For the case of a slovly moving particle (K << s:5°%),

¢

{ 24;‘u(z.._2dei—’>)l—;— j}_:’;) (5.2#)

T

Faulkner et al /9 / and Narlikar and Apparse /10
have shown that leakage of radially emitted photons from an
exploding surface through the event horison is possible.

The same has been shown in the case of nonradially emitted
photons in the previous Chapter. Ve now asks can a radiating
particle ejected from the boundary of the white hole also

be visible before it bursts out of the event horizon?

To answer the question let us consider the
situation wvhen a parxrticle sjected with = peculiar speed v
in the frame of reference of an observer comoving with the
outgeing white hele matter instantaneously happens to be at
the boundary of the white hole. Using the Schroedinger
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formula, we can c¢alculate the frequency shift of a photon
radiated by the particle in the radial direction. For this,
we focus our attention on an ejection along the line of sight
through R = o towards the observer at infinity. Eqs. (5.3)

then lead one to

A ¢ At v b :
%;Y 'T’:’QQS tg;*g;—j{} [@( -+S’T) f5+ k(’ “Y‘)}/(j‘25)
R ' Y=

-yb
and
gﬂ - (“f{‘j”f *éajf@) SEA (Hk1 bk (5.26)
cslyey oo« 5.2
b Y=y S§ A 1(’0”) -
b
wvhere f’——— = zf’-—g refers ta the white hole boundary.
. H <
Therefore

. 0< ,
u“/gmnc,: (c_ﬂ" %’O/ C)> , U )oES:(l,o)O,Q

1S

f

}}»<: <¢_!_T_ dR o)o), 4T ¥/

A ol dr T - Rg/R
| (5.27)
‘j_@ — b” Re = 240
Ay ' >

o
Here A 4s an affine parameter, )3 refeors to the ik ~ momentum
of the pheton., The Schroedinger's formula

_>0-9
(+z = Yo _ T-F ) s sumee
Y - ~—3 -2

G- /’ ‘O)’JQWV&—I



gives

» ‘ h
yiz A SPn’}z A :(kl-,l—SQ')j"‘;)?)L_ K
5220)2 +2) R TS (5:28)

For K=o, this equation refers to the frequency shift of a
photon radially emitted from the white hole surface [ 10:] .
For £ < s:l.nz Lo

[+7 fk(k kae<‘7L> St My (5.29)
5"'ht>71 +Z)
vhereas for X > -:l,x:t2 Ny 0 O = S;'wlv),l/zk and
¢ 3
N
itz = > e (5.30)

2k 5)%@)1 +T)

This suggests a highly severe fregquency blueshift [ (1 +z)'t_7
compared to that for radiation from the white hole surface.
The expression (5.28), is well behaved at R, = R, = 2GH/e2 .
1.0, (1 ¢ n)" is finite and larger than that for the white

hole radiation.

Ournext step is to consider the sjection of the
particle inm an arbitary direction. There would always be
photons with a certain value of impact parameter g to be
able to reach infinity. For a nonradially semitted photon,
the Schwarzschild meiriec and the eguations of motion suggest

that



3 | ”‘,)\*ﬁ"}/) 93 ’/’L
(,4% Ve (R.9) , F(R9)= ()—g__‘g)
s ~ ﬁ - ._é,
- — ; 2 "~
(,\(\ o ¢
. I - . ) .
ST B - 1 (3.31)
L A G&(\ 6‘(). -

Here, h is the orbital angular momentum parameter, F = 1}
for a radial and F = O for a tangential photon. The Schroedinger

formula now gives
~ / i

I'+z ‘:; <:‘* i’:,.j)’z ;(l*d*j)%" }_és__ F} k ; YE;. ,.(:(,,,(7?.”1/2 '
’ I

- (-~ ReJR - Rs/R rev,

The frequency shift is less severe than that suggested by

eq. (5.28)., For K m 0 this equation reduces to eq. (4.22)
describingthe frequency shift of a nonradial photen smanating
from the white hole surface, Eq. (5.32) also is well behaved
at Rb = R.. To show this, we let R-b"bz’ R' ¢ Le0., F—1-

oqu/zn.z s 80 that

2
} NECTEA it c"f(4+ 2k >
)+z — r (' 2 LY »
R>Ry "2 2 R; sy, /) (5433)

which is finite. If K 5> sin®), ,
2
/+z/ s k st & Cnecz 4

-3k
R, R RE (5.93%)
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In order that a photon suffer a blueshift, the corresponding
limiting impact parameter can be found out by the following

considerationss Ve multiply eq. (5.32) by a factor

(‘ - R
b L

/1 & o - ~ L f ) h . :
s w2 ) 4 K5 H:z Mfs)lw A IS
E\ g (e ) Te— T ( /= AS

S

in the numerator and demominator, The factor {( ¢ - RefR, )

drops out and conseguently

#/’?62/ +;§L) q;_-r 9<Y1’> %J

- (/L

o)ty o 3l Y e

4z =

<

Fwrrs

Now let R, —> R-. Then (1 = «r }i’-ﬁrb $/¢ and F —> 1 so

2
I oL ' A
4 [ %'6(1’“)"51) LEL(‘F 3-1) -+ < EJ
b ke
byt [yt

2 -1
For 8 <<%, 1 -p(rg o~ o<rb/8. Hence requiring (1+Z)" > 1,

that

42 =

we are led to

1 S+ v+
15 ST (3.33)

This is considersbly smaller than that for & nonradial
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photon emitted from the white hole surface (K = 0). When

K/S2 << 1, we have the limiting impact parameter as
L . 2 e > ~ b g R
- { - — J A
ARG > (5.36)

This is about the same as that for a nonradial
photon emitted from the white hole surface (g SN s).
Eqs. (5.35% ~ %.36) epply only to the epoch when the
rarticle just leaves the white hole boundary. Onoe the
particle has left the surface r = Ty Schwarsschild geometry

governs its propagation.

If X is positive definite, the frequency shift
in the radiation from the white hole and the particle would be
different, In the exterior of the white hole, the Schwarmchild
metric suggests the frequency shift of radiation from the

particle to be
-f i,
o R ;
o alrrdfe)  GRLlr ()] o

for sjection at an angle § vith respect to the line of sight
through R = 0, Here U , the energy of the particle per unit
rest mass as measured as infinity, can be evaluated with
reference to ita position when instantemecusly coincident with

the white hole surface, If we compare the last equation
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with eq. (5.25), we get

] N .
/k'l +§)1)7"))7_,) ComS + SitnS C{q_ )]1

SIUTS VRl AN 7 (5.38)

56377
For K >> Sin? N

_ir_(__ é!f‘n L")) ""Z)

Y = >>) (5.39)
NN Sty
Eqe. (5.37) would then suggest
(Hz)hl n ¥ (it wd) = Const (3.40)

and from Liouville's theorem, 1t can be seen that intensity

enhancement takes place when

Cnd > <4 "’)

Y (5.41)

In case the particle is ejected at an epoch 52 ~ 1, or after

the completion of the expsnaion of the white hole,
Y(f’l ) o~ Q+ L&)U1 (S (5.42)
2 - L)

Hence, in general,

Ya) v T (T[2) (3.53)

If one conmsiders a simple gecmeiry, the speed of separation
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between the particle and the white hole can ba shown to be
superluminal for EY'ZV 1 /%7;]. In principle, the velocity
of ejection of a partlicle from a white hole should be O Vv e}
for ejection during the expansion phase of the white holise,

this condition can be easily achlieved.
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PART 111

ONCLUSIONS

In conclusion, we summarize the main results
and implications of our investigations on some astrophysical
aspects of black hoeles and white holes, especially from the
view point of their ability to serve as poasible models for
the bizarre activities going on in quasars, extragalactic

radio sources and related objects,

The justifications for invoking supermassive
black holes are:

(1) The formation of a black hole could be
a natural phenomenon in galactic nuclei
and quasarsj

(2) Small size ensures rapid brightness
variations, s feature common to many
quasars and related objects}

(3) The streng gravitational field of a
black hole ensures tremendous amount

of energy release ( 0,06 - 0,42 ncz ).

However, there are some diffieulties also. Tirst
of all, mass loss from galactio nuclei ( ~10-100 M, yr"")

is not explained by a black hole model. The radiation
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must fluctuate with a period ~ R'/c (~ 10™3 )!/M° sec).

In some quasars, such as 3C 273, the fluctuations are not
seén. Mest of the radiation in black hole models is thermal
and produced by gas and dust whereas the radiation from most
of the quasars is nonthermal {synchrotrom snd / or inverse
Compton) in nature. On the other hand, the white hole models
have got difficulties of their own; for example, as a source

of high energy radiation & white hole is teo short lived.

The study of the properties of the gravitational
searchlight, arising from the mon-Euclidean nature of the
geometry of spacetime mround a highly collapsed object has
revealed some interesting features, an important one among
them being the 5" form of the spectrum which is purely of
goometrical origin. The emission from the ring of particles
around the black hole could possibly have a thermal origin in
& narrow frequency range which progressively spreads over a
wider frequency band as & decreases. The usual objection
that the thermal emission spectrum does not give the

“  (x o 1) dependence clearly is net

o

observed Y
applicable to the medel that we have studied. But it is

not quite free from difficulties. The orbits about a black
hole between m/e’ and m/cz are unstable. In the
astrophysical situations of interesi, umless the particle

is injected at relativistic speeds into the unstable circular
orbits near m/ea. such a mechanism would net be plausible ﬁa] .
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However, the searchlight effect exists even for a source
radiating for an infinitesimally small duration of the coordi-
nate time. One such possible scenario is offered by the black
hole model of the quasars ejected from the galaxies as
discussed in the Chapter 3., Here, the gas to be injected

into high energy orbits is supplied by the stellar collisions

and tidal interactions.

We have proposed a model of quasars based on
gravitational recoil of a supermassive black hole from a
galactic nucleus, The black hole is rendered luminous by
the gaseous mataerial provided by stars captured on its way
out in violent physical processes. This model is consistent
with similar quasar models recently proposed by others Z‘Bﬁj ’
and with Arp's observations of quasar-galaxy pairings. Arp's
hypothesis of the ejection of gquasars from galaxies is suppor-
ted by the presence of disturbances in the inmer regions of
such galaxies pointing reughly in the direction of the guasar
and the photographie evidence of the tidal interactions
betwesn the quasar and the galaxy. In ocur model, the
recoiling supsrmassive black hole ocan give rise to such
disturbances and bridges as a consequence of its tidel
interaction with the galaxy, The omnly majer drawback of
the hypothesis remains in resolving satisfactorily the
discordant redshifts seen in the specira of the quasars

assocliated with galaxties, The anomaly can be only partly



accounted for by considering the contributions from the
Doppler effect and the gravitational redshift to the usual

cosmological redshift, common to both the gquasar and the

galaxy.

The failed recoeil of the supermassive black
hole can produce some interesting observable fe¢atures such
as large veloclity dispersior: and disturbances in the inner
reglons of the galaxy. Therefore, a detailed study of the
structural changes in the galaxy would itself be an interest-

ing problem.

In Part II of the thesis, we have presented
a study of the white hole. In Chapter &, employing the
geometrical optics approximation we have shown that, like
the radial photons, the nonradial ones emitted from the white
hole surface can also emerge from within the Schwarzschild
barrier and reach a distant ebserver, although the amount of
the frequency blueshift in this case is relatively smaller.
However, it is still possible to have photons blueshifted
in the early stages of the white hole expansion, provided
their impaet parameter is smaller than the Schwarzschild
radial coerdinate of the radiating surface at the time of
emission, Assuming that emly blueshifted photons are seen
by a remote observer, the apparent angular sise of the
white hele is found to grow so fast imn the early atages
that it gives the impression of a superluminesl expansion.
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Although this example appears to point out a likely
explanation of the phenomenon of superluminal separation
observed in some radie sources, it suffers from a major
drawback, vis., this happens only for an insignificant part
of the early stages of a white hole's 1ife. In order that
a white hole (one that would be observable today) be stable,
it has to come into existence with essentially zero delay,
1.04, pro.ctioally simultaneously with the Big Bang [66_7 .
It would therefore not bs possible to obaerve such a super=

luminal expansion today [ 92] .

In Chapter 5, we have studied the motion of a
particle in the background of a white hole, especially from
the viewpoint of its visibility while atill inside the
Schwarsschild barrier. Ve have shown that phetons, radial
as well as nonradial, emitted by a particle ejected from the
white hole surface can also leak through the evemt horizen
and reach a distant chaserver, 7Ths frequency blueshifts are
more severe compared to those of radial and nonradial phetons
from the white hole surface itself. Therefore, the emergence
of an sjectum carrying sn insignificant fraotion of the white
hole mass gan preducs su apparsnt intensity emhancement.
Using a simple geometry, the spead of separation of the
particle from the whife hels can be shovan to be superluminal
32 ' (energy per unit rest mass as measured at infinity)
> 1. Although, in the sase of a particle ejection during

"



the expansion phease of a white hols this condition ean be
easily achieved, for large sjecta masses, our analysis would
be inadequate; an N«body treatment of the problem ia called

for. The astrophysical significance of these poasibilities

is therefore ambiguous at present.

On the basis of the present investigations, we
fesl that the models for quasars and extragalactic radie
sources involving black holes merit serious consideration.
The viability of white holes to serve as possible models
for sertain high energy phenomena in the universe is rather
controversial at present; although our results concerning
white holes do not make the situation any better, one nesd
not consider the subject of white holes dead. The subject
of white holes remains largely unexplored and only the
idealiszations of a white hole explosion have been studied
to some extent. The studies should be pursued, particularly
in view of the sufficient evidence for exploding phenomena in
the universe, irrespeciive of the various implications in
the white hole theory seen st pressent. We hope that a detailed
study of the astrophysical aspects of black holes and white
holes will in the near future shed light on hitherto

unexplained phenomena in the universe,
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